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POWER CONVERSION DESIGN GUIDE
Introduction
This guide presents an overview of power conversion technology and lists the major
features of the most popular topologies. Basic guidance in selecting the proper topology and
its associated components is provided, first through listing the advantages and disadvantages
for each topology and secondly through component selection tables which are based on
topology, output power and other significant factors.
Clarification of some of the basic questions related to power conversion technology are
presented in Appendix I; furthermore, the task of designing of a power supply is made easier
by providing some important design equations and related information in Appendix II.
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Overview of Power Supply Technology
In recent years, there have been many significant technological changes in power supply
design. These became possible with advances in power transistors, integrated circuits,
capacitors, and design techniques. This has resulted in lower cost per watt with improved
performance.
Techniques for conversion of unregulated DC voltage into the desired DC level continue
to center around linear and switching regulators. Linears continue to be heavier, larger, and
less efficient than switchers, but they are still less expensive, less complex, and offer better
ripple, noise and EMI/RFI specs. Advances affecting linear regulators have been in capacitors
with greater "CV" product in small sizes, three terminal regulators with better regulation
specs, (like the UC7800A and UC7900A) and control integrated circuits like the UC3834
which offer the ability to build a high efficiency linear using PNP transistors.
Switching regulators continue to incorporate the most changes with many innovations
and improvements in technology. Multiple output switchers (40 to 150 watts) are used in
high volume for home computers and games. Their cost is setting new record lows, at 40 to
60 cents per watt. Large multiple output switchers (150 to 500 watts) are benefiting from
lower cost bipolar switching transistors, such as Unitrode T0220 UMT13000 series
transistors, Schottky rectifiers, like the USO T0220 series rectifiers, and broader selection of
UC integrated circuits designed to replace large quantities of discrete parts needed to control
pulse width modulation, current limit, over-voltage protection, and a variety of other control
and monitor functions.
Conventional pulse width modulation (PWM) techniques are being challenged by two
major innovations. One is the current mode control integrated circuit, like the UC3842 and
UC3846, offering faster and more predictable response than conventional PWM techniques.
Another is the voltage feed forward PWM technique which provides faster correction for
input voltage changes. A third innovation allows an order of magnitude upward change in
switching frequency. The latest technique, the series resonant power supply, operates from
lOOKHz to several megahertz. Using a sine wave instead of a square wave, this results in
lower EMI, lower switching losses and practical reverse recovery requirements.
Unitrode's power MOSFET's are prime contributors to new designs, including the series
resonant technique. MOSFET's and high speed bipolar transistors like the UMT2003 are
enabling power supply designers to raise PWM switching frequencies from 25KHz to 80KHz
and up. This results in a reduction in size of the magnetic and capacitive components.
DC to DC converters continue to find applications in a variety of systems. New
functional blocks, such as the PIC910, make the converter easier to build. This is a hybrid
circuit with the switching transistors and related components conveniently matched and
mounted in a single package including the control integrated circuit.
Designers are continuing to advance the state of the art in switching regulator technology by using new products which help to reduce the size and weight of power packages.
Power MOSFET's, Integrated Circuits, high speed platinum and Schottky rectifiers are such
examples.
In an Uninterruptible Power Supply (UPS), some interesting advances are taking place.
Small UPS products are emerging to serve the home and office computer market. Another
new concept is Direct UPS (DUPS). Only a few small computers have incorporated this
option, but its simplicity should attract widespread attention in the years to come. DUPS
simply connects battery storage to the DC bus in the system power supply, instead of having
to regenerate AC power. To make this a usable concept, designers will need to plan ahead for
it in the early stages of system and power supply development.
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How to use this "Guide"
The most common power sources and output voltages in a switching regulated power
supply are shown in table I. The output voltage and its load current will depend upon the
application. The power supply designs are tailored for each individual application.
There is no simple procedure in selecting the right topology for a given application;
however, the factors which influence the selection of topology are identified in detail in the
next section. One or more of the factors, listed in order of importance for a given
application, will help to select the best topology.
1) Efficiency
6) Performance
2) Single vs. multiple output
• RFI
• transient response
3) Power output
• output ripple etc ...
4) Input voltage source
7)
Size,
weight & volume
5) Maximum output current from each
8) Cost
output
9) Reliability
The chart shown in figure II provides an overview of most commonly used topologies,
and lists the most important characteristics, in brief, for each topology. These characteristics
are matched against applications needs for a proper choice of the topology. Further details
for the selected topology should be evaluated for the final choice. Guidance for this evaluation is provided in section IV.

Most commonly used topologies in various applications are listed below:
A. Computer Main Frames
E. PBX systems (switching station)
• full-bridge switching regulator
• two transistor forward converter
• current fed followed with a full-bridge
• half and full bridge regulator
• step-down or linears in secondary
• step-down or linears in secondary
outputs
outputs
F. CATV
•step-down
• linear regulator
• flyback regulator

B. Personal computer, Word processor,
Point of sale terminals
• flyback switching regulator
• half-bridge switching regulator
• single transistor or two transistor
forward converter
• step-down or linears in secondary
outputs

G. Video games
• linear regulator
• step-down regulator
• flyback regulator
• half-bridge regulator

C. Home computer
• linear regulator
• low cost flyback regulator

H. Portable equipment (medical)
• buck regulator
• linear regulator

D. Printer
• linear regulator
• step-down regulator
• flyback regulator
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The component selection tables for the switching transistor are developed based on
topology, input voltage and output power. The rectifier selection table uses the output
voltage and output load current to determine the proper rectifier. The component selection
table includes the effect of PWM regulation with 2: 1 variation of input voltage.
The next section contains guidelines for selecting the appropriate PWM control circuit
for a selected topology. It also describes features for various power supply supervisory
circuits, support and monitoring circuits.
Appendices include answers to most often asked questions about power conversion
technology and some design equations which will be helpful in the design of a switching
regulated power supply.
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MOST COMMON POWER SOURCES FOR SWITCHING POWER SUPPLIES
VOLTAGE

DC RANGE USED
FOR WORST CASE
DESIGN

WHERE USED

A. A.C. Lines

IOOV, 60Hz
117V, 60Hz
220/230V, 50Hz
B. Transformer Secondary
25V AC

90-165V
100-190V
200-380V

Japanese Power Lines
U.S. Power Lines
European Power Lines

Output Voltage:
20-40V

From AC lines in small equipment

c. DC Source
+12V
+24V
+28V
+48V
+400V

7-15V
14-30V
18-36V
42-56V
300-450V

Automotive batteries
Truck, etc., batteries
Aircraft
Telecommunications
Mines

COMMON OUTPUT VOLTAGE FROM POWER SUPPLIES
VOLTAGE

TYPICAL APPLICATION

A. -5V, 2.5V
B. 3 to 18V, [Typical 12V]
C. +5V
D. -5 to -12V
E.+5to+12V
F. ±12V, ±15V, + 30V
G. + 28V
H. +48V
I. 1.5KV to 8KV
J. 7KV to 30KV

ECL Logic
CMOS
Bipolar Logic
PMOS
NMOS
Operational Amplifier, Commercial Aircraft
Aerospace, IC Regulators, DC Motors
Telephone
Focus Voltage CRT
Anode Voltage CRT

Table I. Possible input-output requirements of a switching regulated power supply.
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Figure II. Overview of Power Supply Technology

Note: Maximum power shown is an only
indicator of majority of power
supplies presently built.

Power Conversion Technology
This section considers advantages, disadvantages and component selection for various
topologies which are commonly used for power conversion.
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LINEAR REGULATOR
Output Power: Up To 2 5 Watts

TYPE 1

TYPE 2 (3 Terminal Regulator)

Vo

UC7800,
ETC

Vo

CONTROL
CIRCUIT

Co

Co

LINEAR REGULATOR

LINEAR REGULATOR

IT'S USED FOR:
• Extremely low ripple and noise.
• Low input to output voltage difference.
• Tight regulation.
• Fast transient response.

ADVANTAGES
• Low output ripple and noise
• Fast transient response
• Low cost under 1.0 amp of output
current
• No RFI or EMI
• No need for high speed switching
transistor

DISADVANTAGES
• Efficiency
Main Regulator ::::: 45 % ,
Post Regulator ::::: 65 % ,
(with± 5% line).
• Large heat sink needed to remove the
heat, bulky in size
• In a 2 5 watt off line power supply, bulky
60Hz transformer is required
• Lower watt per cubic inch compared to
switching regulator

TRANSISTOR SELECTION (Type 1)
BVcEO or BVoss~l.2 Vin(max)

Ic(max) or Io (max)~ Io(max)
Is/B~lo(max)

at Vin(max) at 125 °C junction.
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Linear Regulator
A. DEVICE SELECTION (Type 1)
IC control circuit (used for both positive and negative regulators)
UC3834 High Efficiency
•Minimum VIN-VouT less than 0.5V at SA
Linear Regulator
Load with External Pass Device
Low Input-Output
• No additional pass device required for
Differential
I 0 ~200mA
Output transistor:
• Adjustable Low Threshold Current Sense
Q 1 Positive Regulator (>200mA)
Amplifier
2N2907 and 2N4150, GE D44
•Under- and Over-Voltage Fault Alert with
Negative Regulator (>200mA)
Programmable Delay
2N4150
•Over-Voltage Fault Latch with lOOmA
Crowbar Drive Output
B. DEVICE SELECTION (Type 2)
Positive Linear Regulator
Output
Current

Output Voltages•
+SV

1.0A
I.SA

I.SA

UC340-0SK
UC340-0ST
UC780SCK
UC780SCT
SV±4%
UC780SACK
UC780SACT
SV±l%

+12V

+ ISV

UC340-12K
UC340-12T
UC7812CK
UC7812CT
12V±4%
UC7812ACK
UC7812ACT
12V±l %

UC340-1SK
UC340-IST
UC781SCK
UC781SCT
1SV±4%
UC781SACK
UC781SACT
1SV±1%

3.0A

adjustable
+ 1.2 to 37V

UC317T
±0.1%

UC3SOK

*Max. Input Voltage"'+ 40V

Negative Linear Regulator
Output
Current

Output Voltages•
-SY

1.0A
+I.SA

+I.SA

UC320-0SK
UC320-0ST
UC7905CK
UC790SCT
-SV±4%
UC790SACK
UC790SACT
-SV±l%

-12V

-15V

UC320-12K
UC320-12T
UC7912CK
UC7912CT
-12V±4%
UC7912ACK
UC7912ACT
-12V±l%

UC320-1SK
UC320-1ST
UC791SCK
UC791SCT
-1SV±4%

adjustable
- 1.2 to - 37V

UC337T
±3%

UC791SACK
UC791SACT
- 15V±l %

*Max. Input Voltage"' - 40V
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SWITCHING REGULATOR
BUCK REGULATOR-(Step Down Regulator)
Output Power: 5 Watts And Up

Your

_..
lo(max)

Co

CONTROL
CIRCUIT

IT'S USED FOR:
• High efficiency
• Ease of thermal management
• When only one or two outputs are required
• Large input to output voltage difference
• Spot regulation/point of load
• Battery operated portable equipment
ADVANTAGES
• Provides high efficiency
• Lower cost, size and weight
• Tolerant of line input variations

DISADVANTAGES
• No DC isolation between input and output
(to protect output load: it requires a crowbar and fuse).
• Provides only one output per circuit
• Output ripple higher than Linear
• Slow transient response compared to
Linear
• Power circuit has 2 pole roll-off
characteristics
RECTIFIER SELECTION
Catch Diode
VR ~ 1.2Vin(max)

TRANSISTOR SELECTION
BVcEo or BVnss;?>I.2 Vin (max)
le (max) or In (max)~l.2 lo(max)
Rns (on)::::+r;-Q for

Vin~IOOV

Ip~Io(max); Ip(avg) =Io (max) (1-Dmin)
Reverse recovery of diode should be at least
3 times faster than the current rise time
of the transistor.

2
Rns (on):::: In Q for Vin~IOOV
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Buck Regulator (Step Down Regulator)
Semiconductor Component Selection
Max. Iry:>_ut Voltage

Max. Output
Load Current

--<"'--<

40V
Hybrid: PIC910
or PIC66o

~ ni z

Transistor: UFN523

~~~

. ""'"
m·o

2A

xr•

~-(}'I

~~o
,,. a> CD
"'m
TUl
~ll
..
0,,o

Rectifier: USD645 *
or UES1401
or UES1301
(axial)

"'-'ll

60V

sov

PIC601

PIC602

-

Hybrid: PIC910
or PIC660
Transistor:
UFN531
Rectifier: USD645 *
UES1401

UFN522

UMT13006
or UFN631

UMT13006
or UFN733

UMT13007
or UFN833

UES1402
or UES1302

UES1402
or UES1302

UES1403
UES1303

UES1305
UES1411

UES1412

PIC661

PIC662

UFN530

UFN530

UMT13008
or UFN641

UES1402

UES1402

2N5038
or UFN540

UES1403

2N5038
or UFN540

2N5672
or UFN251

2N6676
or UFN351

2N6678
or UFN451

UES1502

UES1502

UES1503

UES705

PIC646

PIC647

Transistor: 2N5671
or UFN151
Rectifier: UES701

2N5671
or UFN150
UES702

2N5672
or UFN150
UES702

2N5672
or UFN251
UES703

2N6676
UES705

2N6678
-

Transistor: 2N5671
or UFN151
Rectifier: UES701

2N5671
or UFN150
UES702

2N5672
or UFN150
UES702

UMT2003
or UFN251 (x2)
UES703

UMT2003

UMT2003

Rectifier: USD545*
or UES801

UES802

UES802

UES803

UES805

Hybrid: PIC645

15A

20A

50A
-

PIC800
UMT13009
or UFN841

Transistor: 2N5038
or UFN541
Rectifier: USD845 *
or UES1501

......

......

380V
PIC801

UMT13008
or UFN743
UES705
or UES1411

Hybrid: PIC625

lOA

190V
PIC800

UFN522

0

SA

lOOV

UES1412

PIC626

-

-

UES805

PIC600 and 800 series are power output stages for buck regulators which contain switching transistors and catch
diodes.
PIC910 is a complete buck regulator except for the filter components (includes transistor, catch diode, and PWM
control circuit).
*Input voltage 35 volts max.
RECOMMENDED PWM CONTROL CIRCUIT: Refer to section "Selection of PWM control circuit"
Nomenclature: UFN: Power MOSFET; USD: Schottky Rectifier; UES: tr= 20-SOns Rectifier; SES: tr= lOOns Rectifier;
PIC: Hybrid Circuit.

DISCONTINUOUS MODE FLYBACK REGULATOR
Power Output: Up To 200 Watts

Vo1

Vo2
Vo 1

CONTROL
CIRCUIT

FLYBACK REGULATOR

IT'S USED FOR:
•Low cost
• Multiple outputs
• Wide variations in output load currents
• Providing input to output isolation
• Output current less than 7 Amps for any
given output
• Good voltage tracking between outputs
ADVANTAGES
• All the output voltages track each other
• Output voltage can be sensed through
power transformer
• Fast transient response
• Slow (trr) rectifier is acceptable in outputs
• Only one diode in secondary per output
• No filter inductor in secondary
• Easy to stabilize the closed loop.
(single pole)

DISADVANTAGES
• Large peak current in the switching diodes
and transistors.
• Output capacitor must be twice as large
(to obtain lower ESR) when it is compared
with continuous mode.
• Transformer is 3 times larger than
continuous mode flyback regulator.
• In some cases Vp matching is required to
obtain proper output DC level for multiple
outputs.

TRANSISTOR SELECTION
BVCEO;;i:: 1.2Vin(max)

RECTIFIER SELECTION

{:~~:a!t~nce}

BVcER or BVoss;;i::Vin(max) + nV0 +
spike
2 Po
le k or Io k;;i:: - - - - - - p
P
Y/ Vin(min)Omax

2 P0

Ip k;;i::----- IF(avg) = 0.41Fpk
p
(1-0max) Vo
Slow diode (100-400ns) is acceptable due to
low di/dt during turn-off.

RDS( on)::::-..£_Q
Io
lJNl!llOlll CORPORATION• 5 FORBES ROAD
I! XINGl ON MA 02173 • TEL (617) 861-6540
1WX 1110) J?&-6509 • TELEX 95-1064

V >-:V.
Vin(max)
R,,.... o+
n

12

PRINTJ:n 11\111 <:: .d

DISCONTINUOUS MODE FLYBACK REGULATOR
A. TRANSISTOR SELECTION
Output
Power

sow

Input voltage 11 7 /
220V AC line input

Input voltage
l l 7V AC line input

UMT13005

UMT13006
UFN742
UMT13008
UFN740
UMTlOll
UFN740
2N6546
UFN350

lOOW

UMT13007-9

150W

UMT13009
2N6545
2N6547

200W

B. RECTIFIER SELECTION
I 0 =0utput
Current

V0 = Output Voltage
+5V

+12V

+15V

+28V

+48V

USD1130
USD1130
USD635
IN5821

SES5001
SES5002
SES5402
SES5301

SES5002
SES5002
SES5302

SES5003
SES5003
SES5303

UES1104
UES1304
SES5404

(axial)

(axial)

(axial)

(axial)

5.0A
lOA

USD835
USD935

SES5502

SES5403
SES5403
SES5503

15A

USD935

SES5401
UES1402
SES5501
UES701

SES5402
SES5402

UES702

UES703

0.5A
l.OA
3.0A

SES5404
SES5404

Snubber Diode
-1N3613, 1N3614
Clamp Diode
-1N3613
Baker Clamp Diode -1N4946
C. CONTROL CIRCUIT SELECTION
Refer to section "Selection of PWM Control Circuits"

UNITRODE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 • TEL (617) 861-6540
TWX (710) 326-6509 • TELEX 95-1064
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PRINTED IN U SA

CONTINUOUS MODE FLYBACK REGULATOR
Power Output: Up To 250 Watts

CONTROL
CIRCUIT
RL
= n2(1-D)
DL
p
2

RHP zero at w

FLYBACK REGULATOR

IT'S USED FOR:

•Low cost
• Multiple outputs
• Wide variation in output load current
• Output current is less than l SA per output
• Providing input to output isolation
ADVANTAGES

DISADVANTAGES

• Output filter cap is half the size when it is
compared with discontinuous mode
flyback
• Peak diode and transistor current is
approximately 1/2 times discontinuous
mode

• Rectifier diodes should be 4 times faster
than discontinuous mode flyback
(trr ~ 25-100 ns)
• Transformer Ti is larger than discontinuous mode flyback regulator
• Difficult to stabilize the loop because the
power circuit has 2 poles and RHP zero

TRANSISTOR SELECTION

RECTIFIER SELECTION

BVcEo~l.2

~V.
Vin(max)
VR""'
o+
n

BVcER or

Vin(max)

BVnss~Vin(max)+ n v0 +{~~~~~~nce}
spike
(1.2) Po

I

c(max) or ID(max)F= fJ Vin(min) D(max)

~

.. ,.,

1-.~n'

·•·•£?

acnn ..

TCI

cv

ai::._1n~.t.

~
1.2 Po
Fpk""' (1-Dmax)Vo

IF(avg) = 0.71Fpk

Rectifiers with fast reverse recovery are
required.

Rns(on)::::-LQ
Io
UNITAODI CORPORATION • 5 FORBES ROAD
I EXINGTON, MA 02173 • TEL (617) 861-6540

I
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PRINTED IN US A

A. TRANSISTOR SELECTION
Output
Power

Input voltage 220V AC line
or 117V line with doubler

Input voltage
117V AC line

sow

UMT13005

IOOW

UMT13007

UMT13004
UFN732
UMT13006
UFN742

150W

UMT13009
2N6545

250W

2N6547

UMT13008
UFN740
2N6675
UMTlOll
UFN350

B. RECTIFIER SELECTION
Vo = Output Voltage

10 =0utput
Current
+5V
0.5A
l.OA
3.0A

5.0A
IOA
15A

USD1130
USD1130
USD635
1N5821
(axial)
USD835
USD935
USD935

+12V

+ 15V

+28V

+48V

UESIOOl
UESIOOl
UES1401
UES1301
(axial)
UES1401
UES1501
UES1501
UES701

UES1002
UES1102
UES1402
UES1302
(axial)
UES1402
UES1502
UES1502
UES702

UES1003
UES1103
UES1403
UES1303
(axial)
UES1403
UES1503
UES1503
UES703

UES1104
UES1304
UES1404
UES1304
(axial)
UES1404
UES1504

Snubber Diode
-1N3613, 1N3614
Clamp Diode
-1N3613
Baker Clamp Diode -1N4946

C. CONTROL CIRCUIT SELECTION
Refer to section ''Selection of PWM Control Circuits''

UNITRODE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 • TEL (617) 861-6540
TWX (710) 321>-6509 • TELEX 95-1064
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PAINTED IN US A

SINGLE ENDED FORWARD CONVERTER
Power Output: Up To 250 Watts

Vo

I
I
1

1N3614

L ______

Vo

I
I
I

Co

_j

CONTROL
CIRCUIT

FORWARD CONVERTER

IT'S USED FOR:
• Low output noise and ripple voltage
• Avoiding flux symmetry problems

DISADVANTAGES
• Higher cost than flyback design
• Inefficient use of power Transformer Ti
(Dmax~50%) compared to bridge or pushpull topology
• Blocking voltage of transistor Q 1 is 2
times input voltage
• Regulation problem at light load for
multiple output
• Power circuit has 2 pole small signal
characteristic

ADVANTAGES
• Drive circuit is simpler compared to other
forward converters
• Only one switching transistor is required

RECTIFIER SELECTION
Output rectifier D 1

TRANSISTOR SELECTION
VcEo;ai:i.2 Vin(max)

leakage
}
1
{leakage }
1.2 (Vo+ VF) Vin(max)
+ { in~uctance
BVcER or BVoss;ai:Vin(max) 1-Dmax ~~~~~tance VR;ai:
Vin(min) Dmax
spike
1.2 Po

lc(max) or ID(max);;i:
R

-

2

IFpk;;i:1o(max)

ri Yin(min)Dmax

Ipl(avg) = D(max) lo(max)

Q

IF2(avg)::::(l-Dmin)lo(max)

DS(on) ID(max)

D1 Reverse recovery::::l00-200 ns
D2 Reverse recovery::=25-100 ns
UNITRO()E CORPORATION • 5 FORBES ROAD
LEXI NG l ON, MA 02173 • TEL (617) 861-6540
~•·•v '"" .. "' .,,...., i:::cnn. TC:I r::v QS:0.10R4
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PRINTED IN US A

SINGLE ENDED FORWARD CONVERTER
A. TRANSISTOR SELECTION
Output
Power
75W
150W
250W

Input voltage 220V AC line
or l l 7V line with doubler

Input voltage
117V AC line

UMT13005

UMT13006
UFN732
UMT13008
UFN740
UMTIOI 1

UMT13007-9
2N6545
2N6547

B. RECTIFIER SELECTION
Io =

Vo = Output Voltage

Output
Current
±SY

±12, ±15V

±28V

±48V
UES1105

USD640C
IN5819 (axial)
USD640C
IN5822 (axial)

UES2402
UES1002
UES2402

UES2404
UES1104 (axial)
UES2404

UESI305

IOA
20A

USD740C
USD345C

UES2402
UES2602
UES1502

UES2404

UES2605

40A

USM145C
USD545 (D0-5)
USM145C
USD545 (D0-5)

IA, 2A
5A

70A

Snubber Diode

1N3613, 1N3614

Clamp Diode

1N3614

Baker Clamp Diode

1N4946

C. IC SELECTION
Refer to section "Selection of PWM Control Circuits"

UNITRODE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 • TEL (617) 861-6540
TWX (710) 326-6509 • TELEX 95-1064
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PAINTED IN US A

B. TWO TRANSISTOR FORWARD CONVERTER
Power Output: Up To 500 Watts

06

Vo

CONTROL
CIRCUIT

FORWARD CONVERTER

IT'S USED FOR:
• High input and transient voltage
• High efficiency and reliability
• Low output ripple and noise
ADVANTAGES
• Lower transistor voltage rating compared
to single ended circuit
• High efficiency because of simple nondissipative snubber and clamp
• Larger input transient capability

DISADVANTAGES
• Dual output drive circuits required
• Poor transformer utilization compared
to push-pull and half bridge topology
• Other disadvantages are same as for single
ended circuit
• Power circuit has 2 pole small signal
characteristics

TRANSISTOR SELECTION
BVCEO or BVDss ;;;i: 1.1 Vin(max)
1.2 Po
ID(max) or lc(max);;;i=-------Y/ Yin(min) Dmax
Reasonable switching time is required at
lc(max)

RECTIFIER SELECTION

r

Output rectifier
{
l .2(V0 + VF)Vin(max) ~eakage
+ mductance
Yin(min) Dmax
spike

VR(min);;;i:

IFpk;;;i:Io(max)
IF 1 (avg) = D(max) Io(max)

RDS(on)~(max)

IF 2 (avg)= (1-Dmin) Io(max)

ID

D 1 Reverse Recovery: 100-200 ns
D 2 Reverse Recovery: 25-100 ns
Clamp diodes D 6 -D 7 reverse recovery:
200-400 ns
UNITHODE CORPORATION • 5 FORBES ROAD
LEXI NG 1ON, MA 02173 • TEL (617) 861-6540
TWX (710) 326-6509 • TELEX 95-1064
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PRINTED IN U SA

A. TRANSISTOR SELECTION
Output
Power

Input voltage 220V AC line
or 117V line with doubler

Input voltage
117V AC line

UMT1300S
UFN833

UMT13006
UFN731

lSOW

UMT13007-9
2N6673
2N6S4S
UFN843
UFN742
2N6768

UMT13008
UFN741

2SOW

2N667S
UFN841

2N6674
UFN3Sl

soow

2N6678
UFN4Sl

2N6676

7SW

B. OUTPUT RECTIFIER-DIODE D 1 and D 2 SELECTION
Io =

Vo =

Output
Current
±SY

Output Voltage

±12, ±lSV

±28V

±48V

IA, 2A

USD640C
1NS819 (axial)

UES2402
UES1002

UES2404
UES 1104 (axial)

lJESl lOS

SA

USD640C
1N5822 (axial)

UES2402

UES2404

UES130S

UES2404

UES260S

lOA

USD740C

UES2402

20A

USD345C

UES2602
UES1502

40A

USM14SC
USDS4S (DO-S)

70A

USM14SC
USD545 (DO-S)

Snubber Diode

1N3613 (2A-800V)

Clamp Diode-D6 , D 7 1N5420
1N4946
Baker Clamp Diode

1N4946

C. IC SELECTION
Refer to section "Selection of PWM Control Circuits"

UNITRODE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 • TEL (617) 861-6540
TWX (710) 32&-6509 • TELEX 95-1064
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PRINTED JN US A

HALF-BRIDGE CIRCUIT
Power Level: Up To 500 Watts

V1N

o-~------~
,-------1
I
I

I

:

I

I CONTROL I
I CIRCUIT I
I
I
I

I

Vo

I
--->1
I

o~~~c-4-~.-~~~L~-----~--~~~--~
HALF-BRIDGE CIRCUIT

IT'S USED FOR:
• Providing high output power
• Optimizing transformer utilization by operating in 1st and 3rd quadrant
• To provide efficient design
ADVANTAGES
• Flux symmetry problems are corrected
with capacitor C 1
• Leakage inductance and magnetizing
energy are pumped into input and output
filter caps thus improving efficiency
• Transformer utilization is better than
forward converter

DISADVANTAGES
• It requires two 60cps filter caps
• Transistor's storage time should have tight
tolerances to avoid gross imbalance in
operating flux level
• Power circuit has 2 pole small signal
characteristics
• Can't use current-mode PWM control

TRANSISTOR SELECTION
BVcEO or BVnss~l.l Yin(max)
2 P0
lc(max) or ID(max)~----
'7 Yin(min)

RECTIFIER SELECTION
{ Voltage
}
spike due
V . . _ 2 2 [Vo + Vp] Yin(max)
R="" ·
+ t. 0 1e ak age
Yin(min)
mductance
lfpk~lo(max); IF(avg) = 0.5 lo(max)

Rns(on)::::-2- Q
ID(max)

D 1 and D 2 should be fast (20-lOOns)

UNITRODE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 • TEL (617) 861-6540
TWX (710) 32&-6509 • TELEX 95-1064
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PAINTED IN U SA

A. TRANSISTOR SELECTION
Output
Power

sow
lOOW

lSOW

2SOW

soow

Input voltage 220V AC line
or 1l7V line with doubler

Input voltage
117V AC line

UMT1300S
UFN821
UMT13007
2N6S43
UFN831
UMT13007
2N6673
UFN843
UMT13009
2N6673
UFN841
2N667S
UFN4Sl

UMT13006
UFN733
UMT13008
2N6671
UFN743
UMT13008
2N6671
UFN741
2N6674
UFN3S3
UMT2003
UFN3Sl

B. RECTIFIER SELECTION
I0

=

Vo

Output
Current

SA
lOA
20A
40A
70A
lOOA
2SOA

Output Voltage

±12, ±lSV

±SV
lA, 2A

=

USD640C
1NS819 (axial)
USD640C
1NS822 (axial)
USD740C
USD34SC

±28V

±48V

UES2402
UES1002
UES2402

UES2404
UES1104 (axial)
UES2404

UESllOS

UES2402
UES2602
UES1S02

UES2402

UES260S

UES130S

USM14SC
USDS4S (DO-S)
USM14SC
USDS4S (DO-S)
USM2004SC
2xUSDS4S
3xUES801

Snubber Diode
Clamp Diode-D 3 , D4
Baker Clamp Diode

2N3613
1N4946, 1N5420
1N4946

C. IC SELECTION
Refer to section ''Selection of PWM Control Circuits''

UNITRODE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 • TEL (617) 861-6540
TWX (710) 32&-6509 • TELEX 95-1064
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PRINTED JN US A

FULL BRIDGE-SWITCHING REGULATOR
Power Level: 500-2000 Watts

Q3
01

Co

FULL-BRIDGE SWITCHING REGULATOR

IT'S USED FOR:
• Providing over 500 watts of output power. Sometimes transformers are paralleled to
provide higher power output.
DISADVANTAGES
• 4 switching transistors and clamp diodes are
required
•Power circuit has 2 pole small signal
characteristics

ADVANTAGES
•Provides same advantages as listed for halfbridge regulator
•Only one 60 cps filter cap is required
except in doubler configurations
•Provides 2 times the output power of the
half-bridge circuit with the same type
switching transistor

l

TRANSISTOR SELECTION
BVcEo or BVoss~I.I Yin(max)
Po
Ic(max) or Io(max)~----
Y/ Yin(min)

RECTIFIER SELECTION
{"
vOl tage
V
. ~ 2 2 [Vo+Vp]Vin(max) + spike due
R(mm),... .
Vin(min)
!O leakage
inductance
IF(max)~ lo(max)

Ros(on)::::-1.-Q
Io

UNITRODE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 • TEL (617) 861-6540
TWX (710) 326-6509 • TELEX 95-1064

Ip 1 2 (avg)= 0.5 Io
'
0 1 and 0 2 should be fast (20-lOOns)
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PRINTED IN U S A

A. TRANSISTOR SELECTION
Input voltage 220V AC line
or 117 V line with doubler

Input voltage
117V AC line

UMT13007
2N6543
UFN831
UMT13009
2N6673
UFN843
UMT13009
2N6673
UFN841

UMT13008
2N6671
UFN743
UMT13008
2N6671
UFN741
2N6674
UFN353

lOOOW

2N6675
UFN451

UMT2003
2N6676
UFN351

2000W

UMT2003
2N6678
UFN451(x2)

Output
Power
200W

300W

soow

B. RECTIFIER SELECTION
Vo = Output Voltage

Io = Output
Current
±SV
IA, 2A
SA
lOA
20A
40A
70A
lOOA
250A

USD640C
1N5819 (axial)
USD640C
1N5822 (axial)
USD740C
USD345C

±12, ±15V

±28V

±48V

UES2402
UES1002
UES2402

UES2404
UES 1104 (axial)
UES2404

UESl 105
UES1305

UES2402
UES2602
UES1502

UES2404

UES2605

USM145C
USD545 (D0-5)
USM145C
USD545 (D0-5)
USM20045C
2xUSD545(D0-5)
4xUSD545

Snubber Diode
Clamp Diode-D6 , D 7
Ds, D 9
Baker Clamp Diode

1N3613, 1N3614
1N4946, 1N5420
1N4946

C. IC SELECTION
Refer to section ''Selection of PWM Control Circuits''
UNITRODE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 • TEL. (617) 861-6540
TWX (710) 326-6509 • TELEX 95-1064

23

PRINTED IN US A

CENTER TAPPED PUSH-PULL SWITCHING REGULATOR
Power Level: Up To 150 Watts

CONTROL
CIRCUIT

Vo

n:l

PUSH-PULL REGULATOR

IT'S USED FOR:
• Small size and weight
*New control chip UC1846 solves flux symmetry problems associated with push-pull
switching regulator.
DISADVANTAGES
• Inherent flux symmetry problems can be
ADVANTAGES
corrected with current-mode PWM control
• Smaller size, weight and cost
circuit
• Efficient design
• Transformer must be slightly over• Easier base drive (both referenced to
designed
ground)
• Transistor rating twice the input supply
voltage
• Power circuit has 2 pole small signal
characteristics
• Power circuit has 1 pole small signal
characteristics with current-mode
control
TRANSISTOR SELECTION
RECTIFIER SELECTION
BVcEO(min)~l.1 Vin(max)
[Vo+Vf]Vin(max)
{voltage spike}
2
2
~eakage ~VR~ '
Vin(min)
+
BVcER(min) or BVoss~2Vin(max) inductance
~
spike
IFpk,,...Io(max)

i

lc(max) or Io(max)~
Ros(on)-

Po
'1 Vin(min)

IF i,2 (avg)= 0.5 lo(max)
1 and 0 2 should be fast reverse recovery
rectifiers.
0

0. 75
Io( max)

UNI ff10DE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 • TEL (617) 861-6540
TWX (710) 326-6509 • TELEX 95-1064
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PAINTED IN US A.

A. TRANSISTOR SELECTION
Output Power
20W
50W

12V DC Input
PIC610
UFN531
PIC635
UFN541

IOOW

28V DC Input
PIC612
UFN522
PIC637
2N5038
UFN530
2N5038
UFN542

150W

117 VAC

220 VAC

UMT13005
UFN821
UMT13005
UFN831
UMT13007
UFN841

2N6543

B. RECTIFIER SELECTION
Vo= Output Voltage

Io = Output
Current

1A-2A
5A
IOA
20A
40A

±28V

±48V

UES2402
UES1002
UES2402

UES2404
UES1104 (axial)
UES2404

UES1105

UES2402
UES2602
UES1502

UES2404

UES2605

±12, ±15V

±5V
USD640C
1N5819 (axial)
USD640C
1N5822 (axial)
USD740C
USD345C

UES1305

USM145C
USD545 (D0-4)

Snubber Diode
Clamp Diode-D 3 , D4
Baker Clamp Diode

UNITROOE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 • TEL (617) 861-6540
TWX (710) 321>-6509 • TELEX 95-1064

1N3613
1N3613
1N4946 (600V) trr 250ns.
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PAINTED IN US A.

CURRENT-FED PUSH-PULL SWITCHING REGULATOR
Power Level: Under 150 Watts

n:l

Vo
CONTROL
CIRCUIT

Co

D,
CURRENT-FED PUSH-PULL REGULATOR

IT'S USED FOR:
• Multiple outputs
• Low output ripple and noise
• Large input transient voltage
• Good voltage tracking between multiple outputs
• Providing good transient response to all multiple outputs.
DISADVANTAGES
• Input filter L1 must have low leakage
inductance to provide good current
balance in T 1
• Three output filter rectifiers are required
• Power circuit has 2 pole small signal
characteristics

ADVANTAGES
• Input filter inductor L 1 prevents flux
symmetry and cross conduction problem
• Low output ripple due to continuous
conduction of current in the output filter
cap
• Provides isolation to large input transient
voltages
• Reduces the minimum output load
requirements

TRANSISTOR SELECTION
RECTIFIER SELECTION
BVcER or BVnss ~Vin+ n(Vo + Vp) +{spike}
Rectifier D 1 and D 2 could be a sl{ol:a:~:=e
Ic(max) or In(max)::::: 1.2 Io
voltage rating ~ 2. 2 (V 0 + VF) + in~uctance
n
spike
2
Rns(on)Q
Diode D 3 must be fast (20-100 ns)
ID(max)
VR(min) ~ Vo + (Vin(max) - nVo)

t

n

Forward current Ifpk is same as output
current.
IF(avg):::::0.5 Io(max)
UNITRODE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 • TEL (617) 861-6540
TWX (710) 326-6509 • TELEX 95-1064
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PRINTED IN US A.

A. TRANSISTOR SELECTION
Output
Power

Input voltage 220V AC line
or ll 7V line with doubler

Input voltage
117V AC line

75W

UMT13005

150W

UMT13005

UMT13004
UFN720
UMT13004
2N6542
UFN730
UMT13006
2N6544
UFN740

2N6543
250W

UMT13007

2N6545

RECTIFIER SELECTION
Diode D 11 D 2 Selection:
Output Current
Io (max)
IA, 2A

±5V

±12V

±15V, ±28V

±48V

USD635C
USDI 130 (axial)

SES5401C
SES5101 (axial)
SES5401C
SES5301 (axial)
SES5401C
SES5401C
SES5501
UES701

SES5402C
SES5002 (axial)
SES5402C
SES5302 (axial)
SES5402C
SES5402C
SES5502
UES702

SES5403C
SES5003 (axial)
SES5403C
SES5303 (axial)
SES5403C
SES5403C

3A

USD635C

5A
lOA
20A
40A

USD635C
USD635C
USD835
USM140C
USD6035

Diode D 3 Selection:
±5V

±12V

±15V, ±28V

±48V

USD1130
1N5821

UESIOOI
UES1301
UES1401
UES1401
UES1501
UES701
UES1501
(x2)

UES1002
UES1302
UES1402
UES1402
UES1502
UES702
UES1502
(x2)

UES1003
UES1303
UES1403
UES1403
UES1503

USD635
USD835
USD935
USD935

(x2)

Snubber Diode
Clamp Diode

-1N3613 (2A-800V)
-1N4946 (1A-600V)

Baker Clamp Diode -1N4946
D. IC SELECTION
Refer to section ''Selection of PWM Control Circuits''
UNITRODE CORPORATION • 5 FORBES ROAD
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SERIES RESONANT SINE WAVE SWITCHING REGULATOR
Power Level: Less Than 150 Watts

CONTROL
CIRCUIT

Vo
Co

SERIES RESONANT REGULATOR

IT'S USED FOR:
• Reduced size, weight and sometimes cost
• Low RFI and EMI
• Increased efficiency (85-90%)
• Higher frequency
ADVANTAGES
• Higher efficiency
• Smaller weight and volume
• Low switching losses allows high
frequency operation. Thus reduced size of
magnetics and heat sink.
• Reduced EMI-no trr related current
spike, low di/dt current waveforms
• Increased reliability
-LR acts as current limiter
-zero current switching, no heat
generated
• Problem with leakage inductance is
minimized.

DISADVANTAGES
• Requires additional resonant network,
LR and CR
• Current rating of the switch is 3 to 4
times higher than conventional switching
regulator
• Output filter cap carries high ripple
current

TRANSISTOR SELECTION
BVoss ;;i.: 1.1 Vin(max)

RECTIFIER SELECTION
For 0 3 , 0 4 :
VR;;i.:2.2 V0 + Voltage Spike

2 Po
Io(max) ;;i.: 3.5 - - - Vin(min)

IFpk;;i.:y'21o(max)
IF(avg) = 0.35 IFpk

Io(rms) = 0. 5 Io(max)
Ros(on)-

For 0 1 and 02; VR = 1.2 Vin(max)

2v
Io(rms)

UNITRODE CORPORATION • 5 FORBES ROAD
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For 0 3 and 0 4 ; slow reverse recovery diodes
relative to frequency of operation can be used.
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A. TRANSISTOR SELECTION
Output
Power
50W
lOOW
150W

Input voltage 220V AC line
or 11 7V line with doubler
UFN831
UFN841
UFN451

Input voltage
117V AC line
UFN743
UFN741
UFN351

B. OUTPUT RECTIFIER-DIODE D 3 or D 4 SELECTION
I 0 =0utput
Current

IA, 2A
3A
5A
lOA
20A
40A

V0 = Output Voltage
±5V

±12V

±15V, ±28V

±48V

USD635C
USD1130 (axial)
USD635C

SES5401C
SES5001 (axial)
SES5401C
SES5301 (axial)
SES5401C
SES5401C
SES5501
UES701

SES5402C
SES5002 (axial)
SES5402C
SES5302 (axial)
SES5402C
SES5402C
SES5502
UES702

SES5403C
SES5003 (axial)
SES5403C
SES5303 (axial)
SES5403C
SES5403C

USD635C
USD635C
USD835
USM140C
USD6035

Snubber Diode
-1N4944, 1N4946
Clamp Diodes D 1 , D 2 -1N4944, 1N4946
C. IC SELECTION

Refer to section "Selection of PWM Control Circuits"

UNITRODE CORPORATION • 5 FORBES ROAD
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SELECTION OF PWM CONTROL CIRCUITS
The important features of the PWM control circuit and their recommended applications are
listed below. It should be used as a guideline for selecting the PWM control circuit.
Conventional
PWM Circuits

Recommended
Applications

Features

UC3524A

• pin to pin compatible with
UC3524
• uncommitted push-pull with
200mA and 60V capability
• under voltage lockout (8V)
• ± l % reference
• fast pulse by pulse current limit
with wide common mode input
range
• double pulse suppression circuit
• low stand-by current

•
•
•
•

UC3525A/3527 A

• push-pull totem pole output
with 500mA peak current
capability
• oscillator range up to 500KHz
• ± 1 % reference
• under voltage lock out (8V)

•power MOSFET single ended
flyback and forward
• two transistor forward
• half bridge
• push-pull/full bridge

UC3526

• push-pull totem pole output
with 200mA peak current
capability
• oscillator range up to 400KHz
• ± 1 % reference
• under voltage lock out (8V)
• fast pulse by pulse current limit
with wide common-mode input
voltage
• double pulse suppression circuit

• power MOSFET flyback
regulator
• power MOSFET single ended
forward
• two transistor forward
• half bridge
• push-pull/full bridge
• current-fed

UC493A series

• uncommitted push-pull output
with a 200mA capability
• under voltage lock out (6.5V)
• ± 1 % reference
• two independent error amplifiers
with a wide common-mode
input voltage range
• double pulse protection
• 80mV internal threshold included
in one of the error amplifiers
forUC493A and UC495B
• UC495A and B includes 39V
zener for over 40V input supply

• single ended forward
• two transistor forward
• flyback-type

LJNITRODE CORPORATION • 5 FORBES ROAD
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step-down regulator
flyback-type
single ended forward
two transistor forward
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SELECTION OF PWM CONTROL CIRCUITS (Cont'd)
Feed-Forward
PWM control
circuit
UC3840

Current-mode
PWM Control
Circuits
UC3842

UC3846/47

Features
• single ended output with a
400mA output current capability
• pulse by pulse and over current
limiting amplifiers with a 3.0V
common-mode input voltage
range
• ± 1 % reference
• low stand-by current with a
programmable start voltage
• programmable under and over
voltage protection circuit
• intended for primary side
control
• UC3840 + UC3706 allows pushpull operation

Features
• low cost 8 pin IC circuit
• single totem pole output circuit
with a 200mA peak current
capability
• less than lmA start-up current
up to 16 volt
• pre-set 16V start-up voltage and
lOV under voltage lock-out
• + 1 volt internally set threshold
for pulse by pulse current
limiting
• push-pull totem pole output
with 500mA peak current
capability
• ± 1 % reference
• under voltage lock out (8V)
• double pulse suppression
• current sense amplifier with
wide common-mode input
voltages

UNITROOE CORPORATION • 5 FORBES ROAD
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Recommended
Applications
• single ended forward
• two transistor forward
• flyback-type
• current fed

Recommended
Applications
•
•
•
•

single ended forward
two transistor forward
flyback-type
current-fed

• step-down regulators
• push-pull/full bridge
(not half bridge circuit)
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POWER SUPPLY SUPPORT FUNCTIONS
Type

Description

Key Features

UC3543
UC3544

Power Supply
Supervisory Circuit,
Monitors and Controls
Power Supply Output

• Over/Under-Voltage, and Current
Sensing Circuits
• Programmable Time Delays
• SCR "Crowbar" Drive of 300mA
• Optional Over-Voltage Latch
• Internal 1 % Accurate Reference
• Remote Activation Capability
• Uncommitted Comparator
• Inputs for Low Voltage Sensing
(UC3544 series only)

UC3706

Dual High Current
MOSFET Compatible
Output Driver

UC3901

Isolated Feedback
Generator
Stable and Reliable
Alternative to an
Optical Coupler

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

UC3903

Quad Supply and Line
Monitor Precision
System

UNITRODE CORPORATION • 5 FORBES ROAD
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Dual l.5A Totem Pole Outputs
Parallel or Push-Pull Operations
Single-Ended to Push-Pull Conversion
Internal Overlap Protection
Analog, Latched Shutdown
High-Speed, Power MOSFET Compatible
Thermal Shutdown Protection
5 to 40V Operation
Low Quiescent Current
An Amplitude-Modulation System for
Transformer Coupling an Isolated
Feedback Error Signal
Internal 1 % Reference and Error
Amplifier
Loop Status Monitor
Low-Cost Alternative to Optical
Couplers
Internal Carrier Oscillator Usable to
5MHz
Modulator Synchronizable to an External
Clock

• Monitor Four Power Supply Output
Voltage Levels
• Both Over- and Under-Voltage
Indicators
• Internal Inverter for Negative Level
Sense
• Adjustable Fault Window
• Additional Input for Early Line Fault
Sense
• On Chip, High-Current General Purpose
OP-AMP

APPENDIX I
QUESTIONS MOST OFTEN ASKED
1. Define Topology.

The circuit configuration by which power is transferred from the input power source to
the output. Topology refers to the type of power transfer circuit.
2. What is an error amplifier and error voltage?

The voltage difference between the fixed reference and the regulated output is amplified
by the error amplifier of the control circuit. The output of this amplifier is called the
error voltage. The error voltage is used to change the on-time of the power output
switch.

3. What is the PWM technique?
PWM is the abbreviation for Pulse Width Modulation. This technique translates the
voltage level of an analog signal into the appropriate pulse width by comparison with a
voltage ramp circuit. At the beginning of the cycle, the ramp voltage starts at zero and
the output of the comparator is set high. Ramp voltage increases linearly through the
entire cycle. When the ramp voltage is equal to the analog signal, the comparator output
is set low (the analog signal represents the output of an error amplifier). The peak
amplitude of the ramp voltage is fixed in a conventional PWM technique.
4. Describe the input voltage feed-forward PWM technique & its advantages.
It is a variation of the pulse width modulation technique. The output pulse-width of the
control circuit is not only controlled by the error voltage but also the input supply
voltage. The level of the error voltage remains fairly constant for several cycles. (Note
that the ramp voltage starts from zero at the beginning of the cycle, and continues to
increase linearly for the entire cycle.) The ramp slope is proportional to the input line
voltage. Thus any change in input line voltage is immediately translated into a change of
pulse width in the same cycle.
The main advantages of the PWM technique are:
• Low input audio susceptibility
• Smaller transformer
• Less loop gain required
5. What are the basic differences between current-fed converter (topology) and currentmode control (control method) converters, and what are the main advantages of the
current-mode PWM technique?
In a current-fed converter the power source used to power the post converter has
constant current characteristics. Usually a filter inductor is used in the input line to
achieve constant current source characteristics. With a current-mode control, the
primary current is utilized to generate the ramp voltage, instead of the fixed ramp
voltage which is used for the conventional PWM technique. This ramp voltage is needed
to determine the output pulse width of the control chip. The major advantages of
current-mode PWM techniques are:
• Stable circuit
• Fast transient response
• Pulse by pulse current limiting
UNITRODE CORPORATION • 5 FORBES ROAD
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6. What is the main function of the compensation network?
It provides stabilization necessary to avoid oscillation, with the higher loop gain

necessary for good line and load regulation.
7. What is a right half plane (RHP) zero?
The RHP zero is a particular characteristic of the closed loop system. A right half plane
zero in a control loop occurs only in a continous-mode flyback topology rather than the
control circuit. The continuous-mode flyback is an example. In a switching regulator,
the on-time of the power switch increases when the output voltage drops below the
desired level. This results in increased output power until output voltage reaches the
desired level. However, in a continuous-mode flyback, this increase in on-time results in
reduction of output power temporarily. (Note that power is delivered to output only
during off-time.) This provides additional 90 ° phase lag in the control loop. This can
result in unstable circuit operation at high frequency.

8. What is pulse by pulse current limiting?
The pulse by pulse current limit circuit senses the switching current and if it exceeds
the pre-set maximum current level, it terminates conduction of the output voltage
control loop and switching transistor. The transistor turns on again at the beginning of
the next cycle and if the switching current is over the current limit, the transistor
immediately turns off.

9. What is ripple?
The AC voltage across the output filter capacitor is referred to as the output ripple
voltage. The peak to peak variation in current in an output filter inductor is also
sometimes known as ripple current.
10. Why is minimum reverse recovery time desirable?
To reduce current pulses which will result in;
• Reduced radio frequency interference (RFI)
• Reduced turn-on switching losses in transistor
• Reduced turn-off losses in the rectifier
11. What is the difference between a soft and an abrupt reverse recovery characteristic?
The rate at which reverse recovery current (di/dt) goes to zero determines the
characteristic. Turn-off current waveforms for soft and abrupt reverse recoveries are
shown below:

~High i~I

Low~

t.~
"ABRUPT"
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"' ~~~~~?.::?~~-M_A..~317~~. '.:E.L_J61!) .861-6540

"SOFT"

dt

12. List advantages of a soft reverse recovery characteristic over an abrupt one.

Soft reverse recovery advantages are:
•Lower RFI
• Less voltage ringing

13. Determine the reverse blocking voltage requirements for the output rectifiers in a + 5 V
off-line PWM switching regulator.
The voltage waveforms to determine voltage requirements of the rectifier at low line are
shown below:
.,._ -,
I

I

RLf
I

I
:

I
I

'

I

Vo

I

L...J

Reverse blocking voltage:
~ ~

=

2R [

V0

(T- td)/T

5- +
=4 [ 0.9

+VF

J + leakage inductance spike

td

= dead-band period

(T - td)

= 0.9 to 0.95

T

o.s] +7 = 32 volts

Note that the ratio (R) between the maximum input DC voltage across 60cps input filter
capacitor (just before capacitor recharges-at minimum input voltage with full load) to
the maximum DC voltage (at high line with no load) is approximately two.

14. What are the functional differences between clamp, catch and rectifier diodes?
Clamp diode-Limits the maximum voltage excursions across device.
Catch diode-Provides current path for the inductor load current or transformer
magnetizing current.
Rectifier diode-Directly converts AC voltage into pulsating DC voltage.

15. What is the main function of a crow-bar circuit?
The output voltage of the power supply provides power for many logic circuits. The
voltage across these logic circuits must be limited to a safe value to prevent damage to
these devices. The techniques used to limit excessive voltage are:
A. Zener clampIt is used to limit voltage due to short duration transient pulses. Voltage is clamped
with a power zener.
UNITRODE CORPORATION • 5 FORBES ROAD
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B. Crow-bar circuitWhen output voltage exceeds pre-determined value, the silicon controlled rectifier
(SCR) across the output turns on, and clamps the voltage by the forward drop of the
SCR. Crow-bar needs to be reset to resume normal operation.
16. What is a Synchronous rectifier?
A power MOSFET or bipolar transistor can be used in place of a rectifier to improve
the efficiency. Operating these devices in on-state, the developed voltage drop is
considerably less than the low forward drop of a schottky rectifier. The device operates
from the AC input voltage and conducts when input voltage is slightly greater than
output voltage.

17. What is the difference between a buck regulator and a step-down regulator?
They are the same circuit. This circuit converts a high input voltage to a lower output
voltage.
18. What are the advantages and disadvantages of the single transistor forward converter

compared to a buck regulator?
Advantages:
Provides DC isolation between input supply voltage and the output voltage.
Provides multiple outputs.
Optimizes the switching transistor and rectifier utilization when there is a large
difference between input and output voltage.
Disadvantages:
Needs transformer in addition to filter inductor.
Less efficient, it needs snubber network, switching losses are higher.
More expensive.
19. Which is the lowest cost topology for multiple output power supply?
Discontinuous-mode flyback.
20. List the differences between a continuous-mode and a discontinuous-mode flyback.

DISCONTINUOUS-MODE
• current in transformer drops to zero
every cycle
• smaller transformer
• output filter caps 2 times larger
• single-pole

CONTINUOUS MODE
• it has RHP zero and 2 poles
• needs fast output rectifier
• approx. 2 times lower peak currents in
transistor and rectifier

21. What is the main difference between an inverter and a converter?
Inverter has DC input and AC output;
converter has AC or DC input and DC output.
22. What is proportional base drive?

A base drive circuit where base current is always a certain fraction of the collector
current. The ratio between these two currents is determined by the turns ratio of the
current transformer used in the base drive circuit.

UNITAODE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 • TEL (617) 861-6540
~

---

---- --· ................

~

36

PAINTED IN U SA

2 3. Define storage-time and why minimum storage-time is desirable.

The time elapsed between the on-set of the turn-off signal to the instant when collector
voltage starts to increase. It is important to have low storage-time to:
• control minimum pulse width
• reduce saturation losses during storage time
• prevent core saturation due to transformer asymmetry

24. Give two main functions for the snubber network.
• to reduce peak power dissipation during switching
• to reduce radiated noise
25. What are the advantages of a power MOSFET over a bipolar device in a switching
regulator application?
A. Higher Efficiency
B. Faster Switching Characteristics
C. Lower System Cost
• drive circuit simpler
• no snubber circuit required
• smaller magnetics & filter capacitor
• in a high current application, devices can be paralleled easily
D. Improved Performance
• no cross conduction current in push-pull circuits (no storage time)
E. Allows the use of new topology-series resonant converter
F. Improved Reliability
• no forward or clamped reverse bias second breakdown problems
• uniform junction temperature
• integral diode can reduce component count
26. Why is isolation necessary?
When an output is derived from a 117V or 220V AC line input voltage, the output
should have 3750V isolation (VDE requirements) from the 117V or 220V AC line for
safety reasons.
27. What is the function of a Baker Clamp?
The collector current of the power transistor in a switching regulator is proportional to
variable output load current. Normally, with bipolar transistors the fixed base drive
current is optimized for a maximum output load current. This can result in unacceptably
large storage time at light load, because the transistor will be driven into deep
saturation. The baker clamp prevents deep transistor saturation by providing a path for
excessive base drive current. Many applications, such as flyback and forward converters,
are utilizing this technique. The baker clamp diode must have a fast reverse recovery
time.
28. Define power factor and why it is important to keep close to one.

In an off-line switching regulator, the pulsating DC input voltage is derived through an
input bridge rectifier. This pulsating DC voltage is utilized to charge the (60cps) input
filter capacitor. The capacitor charges during the peak portion of the input pulsating DC
voltage. The input AC voltage is isolated from the capacitor during the rest of the cycle.
UNITRODE CORPORATION • 5 FORBES ROAD
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When the capacitor charges from the input line voltage, it draws large peak currents,
rather than continuous currents during the entire cycle. This large current drawn from
the line, during a short period of the cycle, causes additional PR losses in the lines. The
power factor can be defined by equation:
P.F. =

Output power
Input AC voltage x RMS input current

29. Why does the input supply line see a negative input impedance when the output load
is a switching regulator?
With a fixed output load current, the peak current drawn from the input supply voltage
remains the same even if input voltage is increased; however, the duty cycle is reduced
to maintain output voltage regulation. Therefore average current drawn from the supply
voltage is reduced while the input voltage increased to maintain constant power output.
This negative change in current results in a line which sees a negative input impedance.
Any inductance in the input line will cause oscillation if proper damping is not
provided.

30. Is efficiency affected by the absolute value of the output voltage?
Efficiency

=

Output Power
Input Power

Output Power
Output Power + Losses

Most of the power losses in a switching regulated power supply are due to the forward
losses of the output rectifiers. For example, in a 5V supply, 20% of the output power
will be lost in the rectifiers. This will limit the maximum efficiency to less than 80%.
However, in a + 12V supply only 8% of the output power will be lost in the rectifiers.
This will result in maximum efficiency of approximately 92 % .
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APPENDIX II
ENGINEERING NOTE-BOOK "DESIGN EQUATIONS"
This section lists some of the important switching regulator design equations.
I. Input filter capacitor for 60 Hz

rectification;
Po
Cin =-'1-ft-(V_p_K_
2 ---V-m-in_2_)

(EQ. 1)

Where: VpK-peak voltage at min. input line
Ymin:VpK-ripple across the
capacitor
ft - line frequency
Po-output power
J'j-efficiency
with a line drop-out specification:
PoN
Cin::::-,,-------ft J'j(VpK2-Vmin 2)

(EQ.2)

Where: N-number of drop-out cycles
II. The output filter capacitor:
(EQ. 3)

8 fsl::iVo

Where:l::iV0 = output ripple voltage
The selected capacitor must have

ESR~l::iV0 /l::ilt

III. Magnetic design

Energy stored in the core material
We

=

Y.z

B Ae Hle 10_8

(EQ.4)
Where: B-magnetic flux density in gauss
H-magnetic field intensity in
oersted
Ae--effective magnetic cross section
area in cm. sq.
le- mean magnetic path length
in cm.

.4n
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The required circuit energy:
(EQ. 5)
Where: L- circuit inductance
ip- peak current in inductor
Magnetic potential, from Ampere's law:
Hle

--=

.4n

N .

(EQ. 6)

plp
lg
le
B

= gap in the magnetic path in cm.
= lg

=H

for gapped inductor

The inductor value:
L

= At

Np 2 x 10-9 henries

(EQ. 7)
AL - inductance index
L- henries

From Faraday's law, the minimum number of primary turns for the push-pull converter:
Vin(max) 10s
Np . ;is: - - ' - - - - ' - - mm
4 fs Bmax Ae

(EQ. 8)
Where: Vin(max)
fs

max. input DC voltage
switching frequency

For forward converter
Vin(max) 10s
Np . ;is: ---''----'--mm
2 fs Bmax Ae

(EQ. 9)

The output filter inductor in PWM switching regulator:
Vo+ VF

L:::::----

fs

(EQ. 10)

~IL

Where: Vo
VF
~IL =

output voltage
forward voltage drop in
the rectifier
peak to peak inductor current

:::::: 2 lo(max) or lo(min)
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The temperature rise of the core with natural convection cooling:
.6.t

850PL

(EQ. 11)

= --

As

Where: Pt
As

power losses (copper and
core losses)
core surface area in cm 2

IV. Equations for determining RMS current

t

t

D=T

T
FULL WAVE
=zl-SINUSOIDAL

t~

IRMS=l1{%

I- t-l

PULSED
SINUSOIDAL

t
D=y

hT-l
··~--1r21
I- t ..j
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v. EC CORE DATA
EC core data is from Ferroxcube databook.
There are many suppliers of this core series.
Pregapped cores are available. All
dimensions are in centimeters:

CORE

EC35
3.45
3.46
.95
.95

EC41
4.06
3.9
1.16
1.16

EC52
5.22
4.84
1.34
1.34

EC70
7.0
6.9
1.64
1.64

Ac
le
Ve
Core Volume

.843
7.74
6.53

1.25
8.8
11.0

1.83
10.3
18.7

2.83
14.1
39.8

bw (E)
hw (H)
Aw
Bobbin Cross
Section Area

2.45
.66
1.65

2.78
.77
2.15

3.18
.98
3.12

5.55
1.22
6.39

1.03

1.35

2.13

4.77

B
D

c

A

43.5

As

1.39

AsAw

91

59
2.69

170
18.1

5.71

CORE LOSS vs. FLUX DENSITY
10 3
10'

1
D
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WINDING DATA
WIRE TABLE-Copper Wire-Heavy Insulation:

AWG

DIAMETER
Copper

AREA
Copper

DIAMETER
Insulated

cm

AREA
Ins.
cm 2

OHMS/CM
20 c

OHMS/CM
100 c

AMPS
for
450A/cm 2

cm

cm 2

16
17
18
19
20
21

.129
.115
.102
.091
.081
.072

.013088
.010379
.008231
.006527
.005176
.004105

.139
.124
.111
.100
.089
.080

.015207
.012164
.009735
.007794
.006244
.005004

.000132
.000166
.000209
.000264
.000333
.000420

.000176
.000222
.000280
.000353
.000445
.000561

5.890
4.671
3.704
2.937
2.329
1.847

22
23
24
25
26
27

.064
.057
.051
.045
.040
.036

.003255
.002582
.002047
.001624
.001287
.001021

.071
.064
.057
.051
.046
.041

.004013
.003221
.002586
.002078
.001671
.001344

.000530
.000668
.000842
.001062
.001339
.001689

.000708
.000892
.001125
.001419
.001789
.002256

1.465
1.162
.921
.731
.579
.459

28
29
30
31
32
33

.032
.029
.025
.023
.020
.018

.000810
.000642
.000509
.000404
.000320
.000254

.037
.033
.030
.027
.024
.022

.001083
.000872
.000704
.000568
.000459
.000371

.002129
.002685
.003386
.004269
.005384
.006789

.002845
.003587
.004523
.005704
.007192
.009070

.364
.289
.229
.182
.144
.114
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PROGRAMMABLE UNIJUNCTION TRANSISTORS
INTRODUCTION
The Programmable Unijunction Transistor is today's preferred device for low cost timing circuits,
oscillators, sensing circuits, and a wide range of other applications where a variable voltage level
threshold is desired. This note describes the principle of operation of the PUT, its electrical characteristics, and its various applications.
PRINCIPLE OF OPERATION
The PUT is a three-terminal device as shown in the schematic representation, Fig. 1a. The anode
voltage VA and the gate voltage VG are measured with respect to the cathode (k). The corresponding anode, gate and cathode currents are given respectively by IA, IG, and IK. The most
general usage of a PUT involves an external gate resistor RG as shown in Fig. 1a. Hence, the voltage generally referred to in characterizing PUT's is the applied voltage Vs rather than the gate
voltage VG which is less than Vs by the voltage drop across RG.
The theory of operation of the PUT can perhaps be best understood by considering that it is a
four-layer (PNPN) device, as is a silicon-controlled rectifier (SCR). The basic PUT structure is
shown in Fig. 1b, in which it is noted that the gate is adjacent the anode, in contrast to an SCR in
which the gate lead is adjacent the cathode. As shown in Fig. 1c, the PUT, has a two-transistor
analogy, which is similar to that used to explain the operation of an SCR, except that the gate
connection is common to the PNP base and the NPN collector. Regenerative switching occurs
when the sum of the alpha's dynamically approach unity. The net result is that when the anode
voltage exceeds the gate voltage by an amount equal to the emitter to base drop of the PNP transistor, the positive feedback drops the anode-cathode voltage and presents a negative resistance.

A

+VA

VG

RG

G

-

p

IG

N

+Vs

G

p

K
IK

N

t

K

Figure 1a. PUT Parameters
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A (Anode)

-

IAf
a1

1s1

01

1c1 = 1s2

i

IG

---i

G (Gate)

'c2

0'.2, 132

K (Cathode)
Figure 1c. Two Transistor Analogy

ANODE CHARACTERISTIC
The PUT, together with RG as shown in Fig. 1a, exhibits a negative resistance characteristic illustrated in Fig. 2 for a fixed value of Vs and RG. For anode voltages less than the peak voltage Vp
at which a current IGA flows. (Region I), a positive incremental resistance results. For anode
currents above the valley current Iv, which occurs at the valley voltage Vv (Region 111) a positive
incremental resistance also occurs. However, for anode currents between the peak point current
Ip and the valley current Iv (Region 11) the incremental resistance is negative. This region is unstable and forms the basis for use in oscillator circuits. With VA less than Vs forward anode current flows. At the peak current point, Ip where VA exceeds Vp the PUT will regeneratively
switch to its low impedance state: anode current increases rapidly to a level limited by external
load resistance. The PUT will remain on this "ON STATE" until the anode current is reduced to
a level below the valley current, Iv. At this point the PUT returns to its blocking or "OFF
STATE", because operation in the negative region is unstable. Operation in the region between
Ip and Iv will be covered in detail.

Iv

--

f
I'...._
II
I

Ip

F

111
VT = Vp-Vs
EV

~II

'...r.....,

.............

_ _ 1_ _ _ _ _ _ _ _ _

~

PEAK

Figure 2. PUT Characteristics
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ADVANTAGES
The primary advantage of the PUT over the UJT is the programmability of operating parameters
such as peak point current (IP)' valley current (Iv), and offset voltage (VT), which is defined as

( 1)

These are easily programmed over a range by the choice of circuit components. Shown in Fig. 3
are the relationships between Ip and Iv vs stand off voltage (Vs) and gate source impedance
( Rg). As observed from Fig. 3, operation at higher voltages al low a greater spread between Ip and
Iv. The significance of this becomes apparent in applications where the negative resistance
(Region 11, Fig. 2) must be large and must remain relatively broad over a temperature range.
Other advantages of the PUT over the UJT are:

1.
2.

3.
4.
5.

6.

Lower current drain through R 1 and R2 ; the UJT required several milliamperes of
current, The PUT micro amperes of current.
Lower peak point current of the PUT allows use of larger Rt (timing resistor) therefore, the Ct may be smaller for the same time delay hence, lower in cost. Lower capacitance values also result in lower leakage current and lower temperature coefficient.
Higher efficiency is available due to greater energy transfer from the capacitor to the
load. The on state voltage (VF) is considerably lower for a PUT than for a UJT.
High or low operating voltages may be used; Vs as low as 2V or greater than 40V will
operate the PUT.
The PUT has an overall extended operating range due to programmability of Ip and Iv.
Greater uniformity of triggering point. Stand off ratio T) is not determined by manufacturing tolerance.
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BASIC PUT OSCILLATOR
An analysis of the basic PUT oscillator demonstrates the inter-relationship of parameters. From
Fig. 4b, the voltage Va changes at a rate determined by the RtCt charging path. When the PUT is
operating in Region I, the anode voltage is given by
Va= Vgg(1-e·t/RtCt)

(2)

The standoff voltage is related to the supply voltage Vss
(3)

where
R1
7)

(4)

= ----

R 1 + R2
Triggering is accomplished when the voltage on the capacitor reaches the standoff voltage V 5;
plus the offset voltage VT, i.e.
Vss (1-e·tlRtCt)-VT =fl VsB

(5)

The switching time occurs at
t=Rtct

in (

-v~)

(6)

,_fl ___
Vss
VT varies only slightly with temperature having a temperature coefficient of about 2.5 mv/OC.

Advantages of the PUT over the UJT are readily observed by comparing their operation in a simple relaxation oscillator circuit. Figure 4a shows a typical UJT oscillator with the simplified UJT
model. In the off state the resistance ratio at the intersection of r1 and r2 is a fixed value represented by 7J (intrinsic stand off ratio). This ratio which determines the device triggering voltage
is established in the manufacturing process by the resistance of the silicon material and the diode
contact. Manufacturing tolerance result in values of T) which typically range in value from about
0.4 to 0.9. Replacing the UJT with a PUT results in stable operation in any given circuit (Fig.
4b). The parameter stand-off ratio T) is now established exclusively by setting the value of R2
and R1 and remains relatively temperature stable. Ip and Iv are controlled by gate source resistance Rg and stand off voltage Vs (Fig. 3). A detailed discussion of the PUT oscillator will be
given.

s,
Typical UJT Oscillator

UJT Model
Figure 4a.
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Ri
T/

Ri + R2

R2

RT

Vs
A

T/ VBB

Standoff Voltage

G

T
Va

Standoff Ratio

PUT

K

CT

t

Ri

VT

Vp -

Vs

Offset Voltage

Vs
RiR2
RG

Ri + R2

Gate Source
Resistance

(7)

Fig. 4b
CONDITIONS FOR OSCILLATION
Switching on takes place at the peak point (Ip) switching off requires that current through the
PUT be less than the valley current (ly). Therefore, the load line must intersect the characteristic curve in the negative resistance region Fig. 5 and must be above the Ip point.
CONDITION FOR SUSTAINED OSCILLATION
V99 - Vp
RT
(max) > Ip (max)

VT
1 - T/ >>--v-

BB

This condition insures current
levels greater than the Ip

(8)

This condition insures current
levels lower than the Iv

(9)

This condition insures more
stable operation.

(10)

Iv
Negative Resistance

Load Line
Ip

Vv ~ 0.6v
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CONDITIONS FOR ONE SHOT OPERATION

>Ip (max)

>Iv

must be satisfied. Since the load current is in the positive resistance region, the PUT will LATCH
on and remain on.
PUT OFFSET COMPENSATION
In order to compensate for offset voltage (VT) temperature shift, a diode 01 forward biased
through Ro may be used Fig. 6. The value of Ro is selected by:

Ro= - - Ip (max)
A diode having a forward voltage temperature characteristic similar to the offset voltage temperature coefficient (TC) would provide optimum compensation.

PUT

PUT

o,

Figure 6. Offset Compensation Methods
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TUNABLE FREQUENCY OSCILLATORS

Variable oscillator circuits which include active elements for discharging the timing capacitor CT
are shown in Fig. 7. A second method is given as in Fig. 8.

FREQUENCY RANGE
40 l-lz to 65 kHz

OUTPUT PULSE

Rise time-200 nsec.
Pulse width -10µ.sec.
Recovery time< 200 nsec.
CT
.005 µF

Fig. 7

FREQUENCY RANGE

40 Hz to 40 kHz
OUTPUT PULSE

SCR

Width-5 µsec.

R
470S"2

Fig. 8
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DESIGN EXAMPLE
A relaxation oscillator. A trigger generator is needed to provide a pulse of energy.
The required repetition rate is 1000 pulses per second. A power source of 20 Vdc is available.
Step 1

Select the value of R1 and R2 based on Ip, Iv requirements. For RG = 10Krl,
(Fig. 3) R1 ~ 27KS1, R2 ~ 16KS1 this will give an 77 of~ 0.63. (Equations 7 and 4).
From Fig. 9 with T given as 0.001 sec and
= 0.63.

Step 2

7)

of 0.63. RtCt = 0.001, T IRTCT = 1

@ 7)

Step 3

The condition for sustained oscillation must be satisfied (equations 8 and 9)
hence, 275K <Rt< 1.4 meg (using spec values for a 2N6027).

Step 4

The value of capacitance is chosen by considering the rise time and energy
required. Since RTCT = 0.001 the CT range is 0.0007 < CT < 0.0036µfd.
Choose a standard value of capacitance and resistance. For example, CT= 0.002µfd
and RT= 470KS1 (Standard Value).

For this example Rt = 470KS1, Ct = 0.002µfd. A cathode resistance of 20S1 will provide a
pulse of current of 130 ma with a pulse width of 300 nsec.
1.1
1.0
.9

I

.8
.7

I-

)

.6

I-

.5
.4

L

.3

7

.2

.1

I

l
I
I
T

~
L:J

t)

a:

j:::

l-

7
~I
I
T

I
I

v

I
I

lZ

I

T

I
l
I

0

0

.1
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.6 .63

.7
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Stand Off Ratio T)

Fig. 9
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SWITCHING REGULATOR DESIGN GUIDE

I. The Advantages of the Switching Regulator
industrial process control systems, instrumentation,
and communication.
Compared to the dissipative regulator, the switching
regulator does have some disadvantages which preclude its use in some applications. The primary power
source delivers current to the switching regulator in
pulses which, for efficiency reasons, have short rise
and fall times. In those applications where a significant series impedance appears between the supply
and the regulator, the rapid changes in current can
generate considerable noise. This problem can be
reduced by reducing the series impedance, increasing the switching time, or by filtering the input to the
regulator

Unlike conventional "dissipative" series or shunt
regulators, in which the power-regulating transistor
operates in a continuous-conduction mode, dissipating large amounts of power at high load currents especially when the input-output voltage difference is
large- the switching regulator has high efficiency
under all input and output conditions. Furthermore,
since the power-transistor "switch" is always either
cut off or saturated (except for a very brief transition
between those two states), the switching regulator
can achieve good regulation despite large changes in
input voltage, and maintains high efficiency over wide
ranges in load current.
Because the switching regulator regulates by varying
the ON-OFF duty cycle of the power-transistor switch,
and the switching frequency can be made very much
higher than the line frequency, the filtering elements
used in the power supply can be made small, lightweight, low in cost, and very efficient- i .e , with almost
negligible power losses. It is possible to drive the
switching regulator with very poorly filtered DC (in
fact, in high-power applications, three-phase rectification without filtering of any kind is often used to
develop the input DC from the power line), thereby
eliminating large and expensive line-frequency filtering elements.

A second problem of the switching regulator, compared to the dissipative regulator, 1s its response time
to rapid changes in load current The switching regulator will reach a new equilibrium only when the
average inductor current reaches its new steady-state
value. In order to make this time short, it is advantageous to use low inductor values, or else to use a
large difference between the input and output voltage
Improved circuits for controlling switching regulators
have been developed at Unitrode, thereby eliminating
some earlier design constraints and opt1m1zing the
performance attainable with available hardware
These new circuits permit taking full advantage of the
economy and efficiency of the Unitrode PIC600
Series Hybrid Power Switch

Finally, 1t is possible to design switching regulators
with excellent load-transient properties, so that step
increases of load current cause relatively small instantaneous changes in output voltage, recovery from
which is essentially completed in a few hundred
microseconds

The design approach used herein 1s believed to be
original, and to be clearly superior to earlier methods
of calculating the key parameters and designing the
power inductor . . yielding explicit, accurate results
in significantly less time than the approximate equations 1n common use.

The switching regulator has become 1ncreas1ngly
popular in new-equipment designs, not only in aerospace and defense applications, but in computers,
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II. The Switching Regulator Described
and Characterized
The basic configuration of a switching regulator is
shown 1n Figure 1 It accepts a DC voltage input, Ein,
and regulates a DC ouput voltage, Eo, despite variations in Etn and load current Although the static regulation, dynamic regulation, and ripple rejection of this
type of regulator cannot be as easily optimized as they
can in a continuous (so-called "dissipative") series
regulator, its elltc1ency, power density (Watts output
per cubic inch) and economy are all markedly superior
to the series regulator . particularly for low-voltage,
high-current supplies Unlike a series regulator, 11
maintains high elltciency with high input voltages
Sw1tch1ng regulators can thus be employed with high
efficiency to derive low voltage outputs from a high
voltage unregulated supply

load, circulating through "catch" diode D1. The input
of the LC filter 1s now at zero Volts, 11 decreases to
its original value and the cycle repeats.
The output voltage, Eo, will equal the time average of
the voltage at the input of the LC filter.

where.

T

=

1/f

The control c1rcu1t senses and regulates Eo by controlling the duty cycle, a = lo,/7". If Ein increases,
the control circuit will cause a corresponding reduction in the duty cycle, a, so as to maintain a constant
Eo.

All of these advantages derive from the method of
regulating the output voltage. by varying the duty
cycle of a power-transistor switch, rather than varying
the voltage drop across a power transistor operating
1n the linear mode. Because the switch (01 1n Figure
1) is always in the saturated state when 1t 1s conducting, and 1s otherwise completely non-conducting (except for a brief commutation time between the ON and
OFF states), the power dissipated in the regulator is
much lower than it would be in a series regulator for
the same input and output conditions

Eo

=

a

Ein

10-

01

Re

Eo, eo

The basic switching regulator circwt functions
as follows·

The control c1rcu1t causes transistor switch, 01, to
switch on and off at a predetermined frequency, f
During the time that 01 is on, 10 °' the input voltage,
E1n, 1s applied to the input of the LC filter, causing
current 11 to increase When 01 1s off, the energy
stored 1n the inductor, L, maintains current flow to the
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Ein -Eo

to ff
Figure 2a
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=
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Figure 21
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NOTE See Appendix A for rigorous analysis and 1ust1f1cat1on

Figure 2. Switching Regulator Waveforms
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Figure 2 shows some of the important waveforms and
equations which define the operation of the switching
regulator power circuit. The following discussion 1s
based on several s1mpl1fying assumptions which are
explained and 1ust1f1ed or corrected in Appendix A.
The most s1gn1ficant assumptions are to neglect the
saturation voltage of 01, the forward drop of 01, and
the series loss resistance, R5 , of the inductor, L.

peak to peak capac1t1ve ripple component ti.Ve =
ti.0/C = ti.1i/8fC (The factor Sf for a triangular current waveform 1s comparable to 21Tf for a sinusoidal
input current.)
Figure 2e shows the resistive component, VEse. of the
ripple voltage which simply equals 12 x ESR, and 1s
in phase with i2
Figure 2f, the total output ripple voltage, e0 , 1s the sum
of the waveforms in Figures 2d and 2e Note that since
Ve and VEsR are in quadrature, the greater of these two
components dominates, and for all practical purposes
the peak to peak output ripple voltage, ti.ea. 1s equal to
either tl.ve or ti.vEsR whichever 1s greater

Figure 2a shows the voltage across inductor, L, which
equals (Ein - Eo) during t"" and (-Eo) during t0 rr
Under equ1l1brium cond1t1ons, when output load current, lo, 1s constant, the average voltage across L
must, by def1mt1on, equal zero
Figure 2b shows the current 11 through the inductor
Under equ1l1brium output current cond1t1ons, the increase 1n current during too· ti.11, must equal the decrease 1n current during larr The average value of 11
equals the output current, lo

The magnitude of VEse in comparison with Ve shown 1n
these waveforms 1s not exaggerated Indeed, when
designing a sw1tch1ng regulator to operate at frequencies greater than 20 kHz in order to achieve small size
and low cost in the Land C filter elements, the ESR of
the capacitor usually dominates completely Even
when high quality capacitors (low ESR) are employed,
1t 1s usually necessary to use a larger capacitance
value than would otherwise be required in order to
realize the ESR required to achieve the ripple ob1ect1ve of the design

Figure 2c shows current 12 through the capacitor,
which 1s equal to (11
lo) The average value of
12 = 0, and ti.1 2 = ti.1 1 Current 12 causes a ripple voltage to appear at the output The output ripple voltage,
e,,, has two components, a capac1t1ve component, Ve,
and a res1st1ve component, vEsR. caused by the equivalent series resistance ot the capacitor

With conventional free running switching regulator
control circuits, capacitor ESR also causes very significant departure from the design frequency, which
can result in large ripple magnitude, inductor saturation, and switching transistor failure In the c1rcu1ts
developed at Unitrode and presented in the next
section, the frequency-variation effect caused by ESR
1s effectively eliminated, leaving only the ripple cons1derat1on

Figure 2d shows the capac1t1ve component, Ve, of the
ripple voltage, which 1s the time integral of the capacitor current, 12 Note that Ve 1s the integral of a triangular
wave, and 1s not sinusoidal Also note that Ve 1s 1n
"quadrature" with 12, in the sense that Ve min and Ve
max occur at times A and B, midway in the !00 and t 0 ,,
intervals, when 12 1s zero The total charge, ti.0 flowing
into C 1s computed graphically by finding the area of
the triangular current waveform between time A and
t1 me B (Area = V2 bh, ti.O = V2 x r /2 x ti.12/2) The
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power c1rcu1ts are contained in Section IV
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Ill. Applications Circuits for Switching Regulators
The design and performance of conventional switching regulators are usually dominated by the ESR of the
output capacitor. However, in the group of circuits
described in this section, the following parametric relationships and circuit characteristics are easily and
economically attained:
• The switching frequency may be selected
and established at the optimum value for the
switching components, and will be independent of the value of the ESR of the output
capacitor.
• The value of t0 11 is held relatively constant,
over wide ranges of load current and input
voltage, and independent of the ESR of the
output capacitor. Constant !off results in constant ripple current and output ripple voltage
• Settable overcurrent limiting is provided,
thereby protecting both the load and the
switching transistors under all conditions,
and preventing saturation of the power inductor during the startup transient period,
thereby minimizing startup overshoot
•

•

3 typifies this family of regulators. It is shown implemented by the popular LM305 regulator IC, and a
Unitrode Series PIC600 Hybrid Power Switch, comprising a quasi-Darlington switching transistor, a fast
recovery catch diode, and transistor bias resistors,
all matched for optimum efficiency and switching
speed (up to 100 kHz without derating) The configuration of Figure 3 is a positive output regulator, with
performance characteristics as follows
Ein
Ae

5V ±

1%

100 mV p-p (2% p-p ripple)

0

lo

2 to 10A

lsc

12A

Regulation versus E1n (20 to 40V) <25 mV
Transient Recovery Time for step change in load
current from 2A to 1OA, or 1OA to 2A < 150
µ,sec.
=

50 kHz nominal

Efficiency

The overcurrent limiting circuit is significantly
lower in dissipation than conventional
current-Ii mil-feed back arrangements.
The drive current to the power output (switch)
stage is regulated to a pre-determined value,
for best efficiency and optimum switching
speed. Drive current is automatically increased at low temperatures and decreased
at high temperatures, thereby maintaining
optimum drive conditions for the power
switch.

> 70%

The circuit of Figure 3 operates in the fixed-off-time
mode; hence, output ripple 1s independent of input
voltage over wide ranges In this circuit, two feedback
signal paths are provided·
•

Note that, although the use of this circuit approach
permits essentially constant "! 011 " operation even with
capacitors having relatively high ESR, the output
ripple voltage is increased by high ESR (If the ripple
developed across ESR is significantly larger than that
developed across C, then the ripple is essentially
proportional to ESR.)
Not all of the circuits that follow have all of the virtues
listed above, but the exceptions will be noted. Figure
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Eo
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DC Feedback. A fraction of the DC output
voltage, Eo, 1s fed back to the inverting input
of the LM305 through voltage divider R1, R2
The DC voltage at the inverting input 1s compared to a reference voltage (approximately
1 8V) within the LM305, and the LM305 regulates Eo so that the voltage fed back to the
inverting input 1s essentially equal to the built
1n reference voltage The R1, R2 divider ratio
therefore establishes the level of the DC output voltage, Eo. Resistor R5 improves output
voltage regulation versus input voltage
changes by feeding a small compensating
voltage proportional to the input voltage into
the inverting input of the LM305
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• AC Feedback. Capacitor C1 feeds back an AC
voltage waveform to the inverting input of the
LM305 This voltage 1s proportional to the output ripple voltage plus the AC voltage developed across R,, Ci.ea + 6.v"

Current-l1m1t1ng action is provided by transistor 01,
the collector of which 1s connected to the "gate" or
"1nhib1t" terminal of the LM305 (pin 7). When the load
current is normal, 01 is cut off and pin 7 floats; but
when the voltage drop across R, increases to a value
greater than the sum of VB, (01) and v"'' 01 turns on,
cutting off the drive current from the LM305 and, ultimately, the power switch. This cutoff action is made to
"latch" by the fact that, with the drive cut off, v"i disappears This keeps 01 on, until the current through
R, drops significantly - enough to make the voltage
drop across R, fall below the VB, of 01.

Capacitor C2 feeds back ari AC voltage to the
non-1nvert1ng input of the LM305 This voltage
1s proportional to the output ripple voltage plus
the AC voltage across R3, Ci.ea t V1u
When the circuit values are properly established, the
same fraction of 6.e 0 is fed back to both inverting and
non-inverting inputs, thereby effectively cancelling
The operation of the switching regulator is thus rendered independent of the output ripple voltage developed across the C or ESR of the output capacitor.

The current through R,, following such an overload
cutoff action, falls linearly at the rate of Eo/L When
01 is cut off, drive current is restored. The circuit will
then continue to switch on and off at a frequency comparable to normal operation, with the average current
limited at the design limit, and power dissipation held
to safe values.

Since the 6.eo components cancel each other, the
LM305 essentially compares 6.v"' at the inverting input
to 6.vR3 at the non-inverting input. Voltage 6.v,1 1s a
rectangular waveform with a peak-to-peak amplitude
equal to I drive x R3, where I drive 1s the base drive
to the hybrid switching transistor provided by the
LM305, and 6.v"' is a triangular waveform with a peakto-peak amplitude equal lo 6.11 x R,, where 6.1 1 1s
the ripple current through inductor L. When the drive
current is on, 6.vR1 is at its peak positive amplitude As
il increases, vR, increases proportionately When the
positive amplitude of 6.v"' reaches Liv"'' this causes
the LM305 to switch off the drive current, .:ivRi immediately drops to its peak negative amplitude, and 11
starts to fall. When Liv"' reaches a negative amplitude
equal to 6.vR1, the LM305 switches the drive current
back on, and the process repeats In this manner, the
LM305 controls the power switch so that .:ii, is fixed
Since 10 11 = 6.1 1 x L/Eo, with fixed values of L and
Eo, t rr 1s fixed and independent of changes 1n E1n
or capacitor C or ESR values.
0

R4, connected between pins 1 and 8 of the LM305,
establishes the desired level of base drive for the
PIC600 Series Hybrid Power Switch, and determines
the hysteresis voltage across R3.

UNITRODE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 • TEL (617) 861-6540
TWX (710) 326-6509 • TELEX 95-1064

Figure 3. Positive Voltage Switching Regulator

58

PRINTED IN US A

U-68A

APPLICATION NOTE

rectangular current pulse associated with the power
switch turning on and off from propagating into the
Ein supply line The capacitance value required is a
function of the impedance characteristics of the Ein
supply and intervening wiring. Watch out for underdamped resonance with the inductance of the input
w1nng, or transient induced ringing may occur. The
input capacitor must have short leads, and the ground
side should preferably be connected directly to the
ground side of the output filter capacitor

Transient response of the switching regulator of
Figure 3 is shown in Figures 4, 5, and 6.

-l-

Output

Volts

1t

~ ""~

"""'

.........

A 1OA negative voltage switching regulator, util1z1ng
an LM304 and PIC600 series, is shown in Figure 7.

0

0

100

300
200
Time µsec

400

500

A reference voltage 1s determined by resistor R1 and
R2 The error ampl1f1er controls the output voltage at
twice the voltage across R2 Diode 01 is used to ensure a potential difference of less than 2V at the unregulated input (pin 5) with respect to the reference
supply (pin 3) (If the unregulated supply terminal gets
more than 2V positive with respect to reference supply, the collecto1 1solat1on Junction of transistor 06 of
LM304 becomes forward biased and disrupts the
reference)

Figure 4. Ein from 0 to 25V

I~

Current limiting 1s achieved, in Figure 7, by means of
reducing the reference voltage to ground with the
help of transistor 01 and resistor RS. instead of turning off the base drive to the power output switch as
in Figure 3

O+-~-+-~~+-~-+-~~+-~-<

0

'00

200
300
Time µsec

400

500

Figure 5. lo from 4A to 1OA

The functions of the rest of the components and the
operation of the switching regulator are the same as
described for Figure 3

~

,.....-

!"'"

A positive switching regulator using a µA723 1s shown
in Figure 8

Output

The basic performance and circuit operation 1s the
same as Figure 3

Volts

The circuit shown in Figure 9 1s a high voltage pos1t1ve
switching regulator Because the LM305 (like almost
all IC regulators) cannot be operated at supply voltage
1n excess of 40V, this c1rcu1t uses a fraction of E1n as
a power supply for the IC c1rcu1t by means of zener
diode and current l1m1t1ng resistor R9 The voltage
isolation between LM305 and power switch, and the
regulated base drive to the power switch are provided
by transistor 02

0
0

100

200

300

400

500

Trme, /.(Sec

Figure 6. lo from 10A to 4A

It is usually necessary to employ a noise filtering
capacitor across the input of any switching regulator.
This functions to prevent the steep waveform of the
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This circuit is similar to the low voltage negative
switching regulator with a minor modification Transistor 02, resistor R1 O and R11 are all used to provide
regulated base drive to the power output stage and
also to provide the voltage isolation between power
output stage and LM305 The resistor R9 is used to
limit current through zener diode under steady state
and startup conditions.

The basic operation of the circuit and design approach is the same as that of a low voltage positive
switching regulator

The c1rcu1t shown in Figure 10 1s a negative high voltage sw1tch1ng regulator

01

C1

R6

22

R,
006
Eout

RB
82Q!\

1

Figure 7. Negative Voltage Switching Regulator

+ E1n

Figure 9. High Voltage Positive Switching Regulator
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R,
006
+Eou1
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001µ1
R2

1

Teo
-=

Co

240µ.f
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240µ!
0025(]
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4 7K

Figure 10. High Voltage Negative Switching Regulator

Figure 8. Positive Voltage Switching Regulator
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IV. Designing the Power Circuit
In designing a switching regulator power supply, the
following parameters will normally be predefined
Specific values shown for each parameter will be used
as the basis for a design example·
Eo
~e 0

Referring to the specification for the Unitrode PIC
625/635 Hybrid Power Switch, the DC losses (Transistor Vce;,i, Diode VF) under the conditions of this
application amount to 1OW The following tabulation
shows the sw1tch1ng losses and overall eff1c1ency at
several frequencies

5V Output Voltage
100 mV Output Ripple Voltage,
Peak to Peak

lo max

10A Output Current, Full Load

lo min

2A Output Current, Minimum Load

Ein max

40V Input Voltage, Maximum

E1n min

20V Input Voltage, Minimum

1 kHz

20 kHz

Power output
DC losses
Sw1tch1ng losses
Total power input
Realizable efficiency

50
10
0 05
60 05
83 3%

50
10
1
61
82%

50 kHz

50
10
25
62 5
80%

100 kHz

50
10
5
65
77%

For our example, we will choose a frequency of
50 kHz, even though the eff1c1ency is not significantly
reduced at 100 kHz At 100 kHz most currently available tantalum and aluminum electrolytic capacitors
begin to exh1b1t series inductance

The first step in the design is to decide on the operating frequency of the switching regulator. No concrete
rules can be given for this decision
High frequency operation 1s distinctly advantageous
in that the cost, weight and volume of both L and C
filter elements are reduced However, above the frequency where the capacitor ESR exceeds its capacitive reactance, no further reduction in capacitor size
or cost will occur. This frequency, in the range of 1-50
kHz, depends upon the "quality" of the capacitor 1n
terms of ESR Above this frequency, the inductor will
continue to diminish in size and cost, although when
the inductor reaches a very small size, cost will
level off

Transistors and diodes which do not have the fast
sw1tch1ng capab1l1t1es of the PIC 625/635 will become eff1c1ency limited at much lower frequencies
Note that in this spec1f1c appl1cat1on, a diss1pat1ve
regulator design will incur power losses in the series
transistor of 350W, resulting in an eff1c1ency of 12.5
percent'
The control c1rcu1ts shown 1n the previous section
control the on-off switching periods by sensing and
controlling the ripple current, ~11, through the inductor
L. This mode of operation results 1n a constant ripple
current and (assuming Eo and L are fixed) constant
off time, to11, independent of input voltage The relat1onsh1p between t 0 ff, f, Eo, and Ein 1s as follows (from
Figure 2a)

Operation above 20 kHz is desirable to eliminate the
possibility of audio noise.
The main factor limiting high frequency operation 1s
the drop 1n efficiency caused by switching losses 1n
the power switching transistor and "catch" diode The
higher cost of these fast switching semiconductors required to operate eff1c1ently at high frequencies must
be weighed against the reduced cost, size and weight
of the L and C components to arrive at the optimum
frequency for any specific application. It may be desirable to work the design through at several frequencies 1n order to make a decision

to11

= (1 - Eo/Ein) If

With t0 rr and Eo fixed by the control c1rcu1t, f will
change when Ein changes, and f will be maximum
when E1n 1s maximum. In our specific example,
f max
E1n max
Eo

In the specific application defined at the beg1nn1ng of
this section, the power output (Eo x lo max) 1s 50W.
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so that
t

0

3

=

ff

(1

-

5/40)

I 50,000

=

175µ,sec

Now, with lo" fixed at 17 5 µ,sec, 1f E1n changes to Ein
min
20V,
(1 - Eo/E1n)

(1 - 5/20)
175x10 6

toff

==

One ma1or ob1ect1on to a low UC ratio 1s that 1t causes
large and sometimes intolerable overshoot 1n input
current and output voltage on startup, when the circuit
1s first energized Input current overshoot can saturate
the inductor and destroy the sw1tch1ng transistor The
current l1m1t1ng feature of the applications c1rcu1ts
shown in Section Ill effectively controls the startup
I rans1ent, thereby protecting all components and m1n1m1z1ng voltage overshoot With current limiting, this
problem 1s el1m1nated and no longer pertains to the
selection of Land C values

43 kHz

The fact that the frequency changes slightly with E1n
1s really not important, as stated earlier, because constant torr operation results 1n more constant output
ripple than constant frequency operation
Having determined (or assumed) the maximum operating frequency and calculated t 1, we next proceed to
find spec1f1c values for Land C Land C together form
a low pass filter which reduces the rectangular waveform at the filter input to a DC output voltage, Eo, with
a small amount of ripple, !le", superimposed To
achieve a spec1f1ed /'le requires a specific LC product, independent of load current Theoretically, this
LC product can be achieved with any UC ratio - small
Land large C, or large Land small C (or very large L
and no Cat all, using instead the load resistance R, as
one element of an LI R filter) There are, however, several practical economic and performance cons1derat1ons that apply to selecting spec1f1c L and C values
0 ,

Referring to Figure 2b and its associated equations,
the peak-to-peak ripple current through the inductor,
L'l11, 1s inversely proportional to the inductance, L As L
1s made smaller, L'l11 increases Maximum l1m1ts on L'li1
determine how small L 1s permitted to be, as follows

0

Under the power and frequency ranges
commonly encountered 1n sw1tch1ng regulator c1rcu1ts, 1t costs more to store energy
1n an inductor than in a capacitor Also, an
inductor will have considerably greater
weight and volume than a capacitor with
equal energy storage capacity Small Land
large C, within the l1m1ts defined below, will
usually' result in the lowest cost, weight and
size design

The instantaneous current through L ranges
between a maximum of lo+ L'lii/2 and a
minimum of lo - L'lii/2 If L'lii/2 1s permitted
to become larger than lo, the minimum inductor current becomes a negative value
This 1s 1mposs1ble, since neither the sw1tch1ng transistor nor the "catch" diode will
conduct Therefore, the sw1tch1ng regulator
goes into a d1scont1nuous mode of operation which 1s perfectly safe, but the frequency changes considerably and regulation with output current changes becomes
relatively poor The worst case cons1derat1on to insure that d1scont1nuous operation
does not occur 1s to make Ali/2 equal to the
m1ntmum load output current, lo min, or
L'l11 = 2 lo min

Small L and large C results 1n low "surge
impedance" of the filter, hence better transient behavior with step changes in load
current

It 1s not practical to apply this criterion if lo
min 1s very small (<0 05 lo max) because
L'l11 would then be very small, forcing an impractically large L value In applications

It 1s favorable to push 1n the d1rect1on of small Land
large C for the following reasons

2

Losses 1n a practical inductor are higher
than in a capacitor with equal energy storage capacity (assuming low ESR) This
again argues for small L, large C
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where lo min is very small, there are two
alternatives: (a) raise lo min by preloading the supply, or (b) make Ai 1 = 2(0.05
lo max) = O 1 lo max realizing that when
lo becomes less than 0.05 lo max, the discontinuous mode will occur.
2.

The final step is to determine the requirements for
the capacitor C and ESR values which will result in the
desired output ripple voltage, Ae Since the two components of Aeo : Ci.Ve: and /lvEsR, are in "quadrature",
we can consider each component separately, with a
worst case error of less than 20 percent when both
components are equal. This much error is highly unlikely, since the ESR component usually dominates
completely when operating at high frequencies.
0 •

The maximum peak current is equal to the
full load current, lo max + Aii/2. As L is
decreased, the corresponding increase in
Ai1 will begin to cause a significant increase
in the maximum peak current. Since the inductor must be designed not to saturate at
the maximum peak current, this begins to
negate the cost, size and weight advantages
of making the L value smaller. Higher peak
currents will have an adverse effect on efficiency and transistor drive requirements,
and may require transistor and "catch" diodes with higher current ratings (and higher
cost). It is, therefore, recommended that
Aii/2 be no greater than 0.25 lo max, which
will limit the maximum peak current to 1.25
lo max, or Ai 1 max = 0.5 lo max

From Figure 2d.

c

note that C varies inversely with f. In order to achieve
llvc less than the desired maximum Ae the minimum
value for C must be determined at the lowest frequency, Im,,,, calculated previously
0 ,

Cmin

2 lo min, within the following
somewhat arbitrary limits:

From Figure 2e:
ESR max

0.1 lo max
0.5 lo max
In our example, lo min= 2A, lo max= 10A Calculating Ai 1 = 2 lo min = 4A, which is acceptable
since Ai 1 max= 05 x 10A = 5A, and Ai 1 min=0.1
x 10A = 1A

L

=

Ai1

lore

5x175x10

6

-----------

4
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Av EsR
fli I
100 x 104
0.025J.l

3

With high frequency operation, capacitor ESR usually
dominates, forcing the use of a C value much greater
than C min in order not to exceed ESR max.

Now that 10 ,, and Ai1 have been determined, L can be
calculated as follows·
X

fli I

-----

8 x 43 x 103 x 100 x 10-3
114 µF

In summary:

E_o

=

Subsequent sections deal with designing the inductor
and selecting the capacitor and other components of
the switching regulator

21 9 f.tH
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V. Design of the Power Inductor
This simplified nomograph1c method fac1l1tates selecting the smallest core that will achieve the desired
characteristics of the power inductor This procedure
1s useful 1n selecting the proper core and determining
wire size, number of turns, copper losses, and temperature rise It also permits 1nvest1gat1ng the effects
of change in assumed in1t1al cond1t1ons and 1n "trimming" the design
A detailed analysis of this inductor design procedure
1s contained 1n Appendix B

too small, as the gap 1s increased to the point required
to achieve the necessary energy storage capab1l1ty
without saturating, the DC resistance of the increased
number of turns of finer wire has increased to the
point where the power d1ss1pat1on and temperature
rise 1s too great This conflict 1s resolved by going to
a larger core with appropriate gap
To fac1l1tate core selection, Tables 1 and 2 contain
tabulated values of (Ll 2 ).,, energy storage capab1l1ty
(saturation l1m1ted) and (Ll 2)2sc capab1l1ty (based on
power d1ss1pat1on resulting 1n 25°C temperature rise)
These values have been calculated for various size
cores with different gaps, by methods described 1n
Appendix B Also given in the tables are the power
d1ss1pat1on corresponding to a 25°C rise for each core
size, and the effective window area for the winding,
Aw' Tabulated AL values relate to different gaps (AL 1s
the inductance index at a particular gap setting defined as the inductance 1n mH for 1000 turns)

Tables 1 and 2 give core parameters for a variety of
commonly used ferrite pot cores and Mo-Permalloy
toroids (Note There 1s no s1gn1f1cance to the selection of manufacturers, nor 1s any intended Many manufacturers make roughly equivalent cores 1n these
sizes, with s1m1lar magnetic properties )
Ferrite and Mo-Permalloy powder are excellent core
materials for the sw1tch1ng regulator inductor Since
the rms AC current through the inductor 1s small
compared to the DC current, AC losses in the w1nd1ng
and core losses will be negl1g1ble compared with DC
w1nd1ng losses
Selection of the proper core for a spec1f1c appl1cat1on
1s a process concerned with two factors (1) The core
must provide the desired inductance without saturating magnetically at the maximum peak overload current, 11 max In this respect each core has a spec1f1c
(Ll 2 ),,1 energy storage capab1l1ty (2) The core must
have a window area for the w1nd1ng which admits the
number of turns necessary to obtain the required inductance with a wire size which will result 1n acceptable DC losses in the winding at the full load output
current, lo Each core has a spec1f1c (Ll 2 ) 0 ,,, capab1l1ty
that will result in a spec1f1c power loss or temperature
rise
The s1gnif1cant core parameters are primarily core
size and the magnetic gap 1n series with the flux path
Consider a very small (for the appl1cat1on) ferrite pot
core with no air gap The effective permeab1l1ty, µ"
will be very large because there 1s no gap Relatively
few turns will be required to achieve the desired inductance, and the power loss at lo will be small, but
the core cannot store the required energy L(11 max) 2
without saturating If we introduce a gap into this core,
the energy storage capab1l1ty increases (the extra
energy 1s actually stored 1n the gap, not in the ferrite
material) However, the gap causes the effective permeab1l1ty to drop, which requires more turns of finer
wire to achieve the desired inductance If the core 1s
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The optimum cores for sw1tch1ng regulator inductor
appl1cat1ons generally have quite large gaps, and
consequent relatively low A, values This 1s fortuitous,
since the core properties are then dependent mostly
on the gap itself, and variations 1n the magnetic materials of the core are swamped out, resulting 1n
excellent stali1l1ty and linearity Note, however, that
in the ferrite pot core table, many of the lower AL
values are not supplied as stock items by the manufacturer, and the desired gap must be ground to size
on a special order basis
Mo-Permalloy powder cores are effectively "gapped"
by the manufacturer by means of varying the amount
of non-magnetic binder that holds the Mo-Permalloy
particles together within the core, and by the size and
shape of the Mo-Permalloy particles Thus, the "gap"
1s actually distributed throughout the core material
These cores are supplied with many different A, values
1n each size
One of the main advantages of ferrite pot cores and
ferrite E-1 cores (not tabulated, but worth considering)
1s that the winding 1s easily formed on a bobbin which
1s subsequently assembled within the two-piece core
assembly Ferrite toroids are not recommended because of the practical d1ff1culty of introducing a gap
Mo-Permalloy toroids are not as convenient to wind,
but this 1s not a serious problem as most switching
regulator inductor designs require few turns of relatively heavy wire
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Example of Inductor Design
Power loss rn inductor,

The example shown below will illustrate the method of
solution, as drawn on the nomograph of Figure 11

Actual Pw =

Given:
L
lo
i1 max
Eo x lo

21.9 µH
10A
14A (current limited)
SOW (output of regulator)

P2sc

LI ,
(L1 2 2sc

J

X

0.547

x

2221898

w

0 524W
Actual power loss rn the inductor as a percentage of
the power output of the switching regulator rs:

Copper losses not to exceed 1 % of
output power, and temperature rise of
inductor not to exceed 25°C.

~w X 100°./c,
Eo x lo

.0 524

X

50

100%

=

1 OS%

If power losses are not acceptable, then select a core
wrth higher (Ll2) 25 c capability

Step 1. Draw line CD from lo= 10A on the "I" scale,
to O 0219 mH (21.9 µH) on the "L" scale through the
"Ll 2" scale. Note that Ll 2 = 2.19 millijoules.

Step 5 In the nomogram, draw lrne@ from 0 0219
mH on the "L" scale through A,= 160 on "Al" scale
to the "N" scale Note that 12 turns are required to
obtain the desired inductance

0

Step 2· Draw line ~from i1 max = 14A on the "I"
scale to the 0.0219 mH on the "L" scale through the
"Ll2'' scale Note that L(11 max) 2 = 4.3 millijoules

Step 6 Enter the Aw' = 0 193 from the table for the
core selected on the "Aw'" scale Draw@ from "N"
scale where N = 12 through Aw' = 0.193 to the "wire
size" scale. From this scale, note that wrre srze rs
AWG 15.2 Select the next highest integer, AWG 16,
in order to frt within the available window area This
will result in a slight increase rn power loss and temperature rise

Step 3: Find the smallest core in Tables 1 or 2 that has
(Ll 2J,sc capability greater than LV defined in step 1,
and (Ll 2),,, capability greater than L(i1max) 2 defined in
step 2 This appears to be a 2616-387 pot core with
Al = 160 from Table 1, or an A-291061-2 toroid from
Table 2
Step 4· Actual temperature rise of the core and power
loss can be calculated as follows.

The same procedure applies 1f a toroid rs selected
instead of a pot core

Temperature rise of pot core;

If both the L1 02 and L(r 1 max)2 values calculated 1n
steps 1 and 2 are less than the appropriate lrmrtrng
(Ll2) values for the core selected, it is suggested that
the L value of the applrcatron be increased untrl one
or the other of the core limits 1s reached This will
permit reduction of Lli 1 , and reduce the requirements
of the output capacitor

Actual LlT

250 C
25 oc

LV (step 1)
(Ll 2)2sc from core table
2 19

x

2 288

24°C
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Table 1. Ferrite Pot Cores

Ferroxcube
Part No.

1107-A 100-387
11 07-A160-387
1408-A100-387
'1408-A 160-387
1811-A160-387
2213-A 160 -387
2616- * -387
2616-A250-387
3019- * -387
3622- * -387
4229- * -387
*lnd1~ates

Dimensions
(Inches)

Power
Dissipation
25°C rise
(watts)

Window Area
0.65 Aw
(cm')

Inductor
Index

Saturation
Limit
(mJ)

Dissipation
Limit
25°C rise
(mJ)

(ODJ

(HT)

(P,.c)

(Aw')

(AL)

((LI').,+)

( (Ll'lzsc)

0 445
0 445
0 559
0 559
0 716
0 858
1 024
1 024
1 201
1 418
1 697

0 264
0 264
0 334
0 334
0 428
0 538
0 640
0 640
0 754
0 880
116

0 100
0 100
0 158
0 158
0 259
0 358
0 547
0 547
0 754
1 04
1 60

0 034
0 034
0 063
0 063
0 122
0.193
0 263
0 263
0 382
0 486
0 910

100
160
100
160
160
160
160*
250
200*
200*
200*

0 200
0 144
0 490
0 324
1 02
2 12
5 06
3 24
8 57
18 4
31 8

0 077
0 124
0 180
0 288
0 719
1 32
2 29
3 58
4 90
7 21
17.9

Window Area
0.5Aw
(cm')

Inductor
Index

Saturation
Limit
(mJ)

Dissipation
Limit
25°C rise
lmJ)

not stock item Gap must be ground to obtain desired A1

Table 2. Mo-Permalloy Toroids

Arnold
Part No.

A-307032-2
A-051027-2
A-189043-2
A-059043-2
A-894075-2
A-291061-2
A-298028-2
A-085035-2
A-087059-2

Dimensions
(inches)
(OD)

(HT)

(Pzsc)

(Aw')

(A,)

((LI') .. +)

( (Ll'J,sc)

0 425
0 530
0 710
0 930
1 09
1 33
1.33
1 60
1.875

0.180
0 217
0 280
0.330
0.472
0 457
0.457
0 605
0 745

0 072
0 125
0 209
0 346
0 520
0 708
0 708
1 04
1 48

0 082
0.192
0 319
0 703
0 781
1.47
1 47
214
2 14

32
27
43
43
75
61
28
35
59

0 180
0 296
0 782
1 55
3 40
4.54
9 90
20 1
40 2

0 065
0.199
0 659
2.06
4 32
8 97
4.12
8.65
16 0
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rwx

Power
Dissipation
25'C rise
(watts)
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VI. Component Selection
recovers, pulling the additional current through the
diode in the reverse direction

Power Switching Components
Voltage ratings of the power switching transistor and
catch diode must be greater than the maximum input
voltage, Ein, including any transient voltages that may
appear at the input of the switching regulator Low
transistor Vee;, 1 and diode V, at full load output current
are important cons1derat1ons to maintain high efficiency (Ref efficiency calculations -Appendix A)

Fast switching diodes and transistors are required to
maintain good eff1c1ency in high frequency sw1tch1ng
regulators Transistor sw1tch1ng losses become significant when combined rise time plus fall time exceeds approximately 0 025 x r Thus, for 50 kHz
operation, t, + t, should be approximately O 5 µ.sec
or less Transistor delay and storage times do not
affect eff1c1ency, but cause delays in turn on and turn
off resulting in lowering the frequency of operation
and increasing ripple Combined td + t, should be
less than 0.05 x r
Unitrode manufactures a broad variety of fast switching
power transistors and Darlingtons, which are listed 1n
the Power Transistor & Darlington Product Selection
Guide. Their combinational high voltage, high current,
low saturation voltage and medium to fast switching
characteristics make them ideal for this application
The diode reverse recovery time must be no more
than about half the current rise time through the transistor If this requirement is not met, large amplitude
reverse recovery current spikes will be drawn from the
input power supply causing severe EMI problems.
Large transient currents through the transistor may
cause degradation or second breakdown. Referring to
Figure 1, Section II, during the time that the transistor
1s off, the catch diode is conducting the output current,
lo, and the transistor Ve, equals Ein. When base drive
is applied to the transistor to turn 1t on, current through
the transistor rises from Oto lo. During this current rise
time interval, t,,, the diode remains in forward conduction, but the diode current declines from lo to 0, since
the inductor maintains the total current at a constant
value equal to lo. If the diode has recovered at the end
of the t,, interval, the voltage across the transistor will
start to decrease and the diode will go into the reverse
direction. This period of time is the transistor voltage
rise time interval, t,,, which is terminated when the
transistor Ve, reaches Ve,,,, and the diode VR reaches
Ein. If the diode has not recovered at the end of the t,,
interval, it will remain a low impedance instead of proceeding smoothly into the reverse direction. Transistor
current will increase well above lo until the diode
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This problem has probably caused more grief 1n
switching regulator applications than any other, and
almost completely dominates diode selection Diode
sw1tch1ng losses will be completely negligible 1f the
diode is fast enough to minimize the recovery problem, 1e., two to three times faster than the transistor
turn-on rate
Unitrode UES rectifiers, listed 1n the Rectifier Product
Selection Guide, are uniquely suited to this type of
application With low forward drop and typical recovery
time of 20 nsec from forward currents as high as 50A,
they cause no discernible recovery spike when used 1n
coniunct1on with Unitrode's medium frequency switching transistors.
Unitrode PIC600 Hybrid Power Switches summarized
1n the Switching Regulator Power Circuits Product Selection Guide combine in a single package the UES
rectifier and power switching transistor with its associated drive transistor and bias resistors Power transistor, drive transistor and rectifier are matched to
optimize switching speeds and vCE sat Available in NPN
and PNP versions, the PIC600 series can operate at 50
kHz with only 2.5 percent loss of efficiency compared
with operation at lower frequencies S1gnif1cant reduction of EMI can be achieved because of the reduction of
circU1t wiring.

2. Output Filter Capacitor.
The most difficult component selection problem for
high frequency switching regulator applications 1s to
find and specify an output capacitor w1ih suitably low
ESR Most tantalum and aluminum electrolytic capacitor types do not have ESR specifications (probably
because ESR 1s not very good) In some cases, the
dissipation factor, OF, 1s given in the specification.
However, OF is usually specified at 60 Hz, which is
more indicative of effective parallel resistance, and is
virtually useless in determining ESR. When DF is
spec1f1ed at 1 kHz or higher, it may be used to determine ESR:
ESR = OF(%) x 0.01 x Xe = OF (o;~f~ 0.0 1
The power circuit design example given in Section IV
requires an output capacitor with Cmm of 114 µ.fd and
ESRm,, of O 025!1 The capacitor which comes closest
to meeting this requirement (after a limited search) is
solid tantalum, Mallory THF, 120 µ.fd @ 1OV. This
capacitor has a max OF of 8% at 1 kHz, which defines
ES Rm,, = 0. 106!1. ESR is typically 0.05!1. Two of
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In the design example of Section IV, Ae 0 RMS = 0.033V,
which is less than the 0.05V max ripple rating of the
1OV Mallory THF capacitor, and AIRMs = 1 14A, which
is less than the 2 47A max ripple current rating of the
1000 µfd, 12V Sprague 6720 capacitor

these capacitors 1n parallel are required, based on
typical ESR, to achieve an ESR of 0.0250; four in
parallel are required, based on ES Rm,, of the capacitor.
The aluminum electrolytic which comes closest (again
based on a limited search) is the Sprague 6720 series,
1000 µfd @ 12V, which has an ESRm,, of 0.0650 @
50 kHz. Typical ESR is 0.0250. In either case, a much
larger C value is required in order to achieve the desired ESR. This does have the advantage of reducing
transient voltage changes with sudden changes in
load current.

Series inductance of the capacitor is usually not significant compared to ESR at frequencies below 100
kHz However, inductance can become dominant 1f
good wiring practices are not followed. Specifically,
the ground side of the catch diode should be returned
directly and as close as possible to the ground side of
the capacitor, and capacitor lead length including
circuit wiring on both sides of the capacitor should
be minimized.

It is worth noting again that with the control circuits
shown in Section Ill (unlike conventional switching
regulator control circuits), the operating frequency
will remain relatively constant, regardless of ESR, although the output ripple voltage will vary directly with
ESR In some cases, it may be economically advantageous to increase the value of L (and the size and
cost of the inductor) in order to reduce ripple
current, Lli1 = Lli2, and thereby increase the ESR""
requirement.

3.

In addition to considering the C and ESR values and
appropriate volta~e derating for the application, most
capacitors have maximum RMS ripple current or max
RMS ripple voltage ratings which should not be exceeded. Actual RMS ripple current and voltage in the
appl1cat1on can be calculated as follows.
Aeo RMS
AiRMS

=

Lleo p-p/3 0
Lli1 p-p/3.5
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Control Amplifier and Reference

Control c1rcu1ts for sw1tch1ng regulators can be designed around IC operational ampl1f1ers and separate
voltage references, or around low power voltage regulator IC's which have built-in references Voltage regulator IC's such as the LM304, LM305, and µA 723
have the added advantage that the output current they
provide to drive the power switching transistor can be
caused to d1m1n1sh at higher temperatures, which
conforms to the transistor drive requirements vs temperature and helps to maintain optimum sw1tch1ng
speeds over a range of temperatures Amplifiers used
in the control circuit should be uncompensated 1n order to obtain fast switching speeds, otherwise the
delay times introduced will result in lower frequency
operation and larger ripple amplitudes, and may
cause circuit 1nstab1l1ty.
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Appendix A
Analysis of Power Circuit
(Ein - Eo)
(Ein - Eo - V,,, - loRx)

The design equations for the sw1tch1ng regulator
power c1rcu1t used throughout this design guide were
based on several s1mpl1fy1ng assumptions, which will
now be dealt with

to ff'
toff

The s1mpl1f1ed equations neglected the effect of
"catch" diode forward drop, Ve, transistor saturation
voltage, V"'' and the IR drops in the inductor and current sensing resistor, lo Rx. If a design is implemented
using the values of L, C, ESR, and 111 derived from the
s1mpl1f1ed equations, then t00 , t0 " , I, and Lie 0 will differ
from the design values because of the effect of the
s1mpl1fying assumptions as follows, from Figure 2b·
(Ein - Eo)t 0 ,,
L

(1)

Lli I

(Em - Eo - V" 1 - lo Rx)ta,,'
L

(2)

Lli I

Eo lorr
-L-

(3)

Lll 1 =

(Eo +Vo+ lo Rx)toff'
L

(4)

Exact

The only other assumption that could have possible
s1gnif1cance is that the transistor switching times
are negl1g1ble at the highest frequency of operation
The val1d1ty of this assumption 1s normally assured
by selecting appropriate devices (see Section VI)
This also applies to the speed of the control c1rcu1t
If delay time through the control circuit in addition to
transistor turn-on and turn-off times 1s s1gn1ficant with
respect to the total period, T, the consequent delay in
turning the power circuit on and off will cause a proportional increase 1n Lii1 and Lie 0 , and a proportional
decrease 1n frequency.

Simplified

Exact

Note that Lii1 is fixed, because the control circuit controls this value directly. Instead of the original design
values of t 0 ,, and ! 0 " , actual values t0 ,,' and t 0 " ' will be
observed. Since Lii1 1s fixed, we can equate Equations
(1) to (2) and (3) to (4):
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Eo
Eo + V0 + loRx

Although the actual t 0 " ' is less than the assumed ta"'
to,,' is greater than the assumed t 0 ,,, so that their net
effect on the operating frequency is reduced. In the
worst.case, when Eo is small (5V) and Ein is high
(50V), the actual frequency will be 25 percent higher
than the original assumed frequency, resulting in a
very slight drop in efficiency. Output ripple component Live will be smaller because of the higher frequency, and LivEsR will not change because Li11 is fixed.
Component tolerances will result 1n larger deviations
than those caused by the use of the simplified
equations.

Simplified

Lll 1

and
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Efficiency Calculations: The efficiency of a switching
regulator depends upon the factors given in the following equation:

Efficiency ==

pp~ut x
in

4. Switching Losses - Diode.
This is a very complex calculation if diode recovery
time is not much smaller than the transistor rise time,
because the diode will short-circuit the power supply
prior to turn-off, affecting the transistor dissipation,
possibly causing second breakdown, and generating
intolerable EMI. By using a diode whose recovery time
is not more than half the transistor rise time, all these
problems become negligible.

100%

Eo x lo
Eo x lo+ Pr+ Po+ Pr+ Po+ PL+ P, + Pc+ Pc
Note that the worst case for each factor does not
necessarily occur under the same conditiorrs.

1.

Pr == VcEsot X lo X
where

2.

5.

DC Losses - Transistor. (Worst case when Ein is
lowest because 10 0 is largest.)

100

_-

7

PL == lo 2 x Rs

~
T

where:

Eo
Ein

6.

DC Losses - Diode. (Worst case when Ein is
highest.)

3.

!off

_

r

-

1

DC Losses - Current Sense Resistor. (AC losses
negligible when Aii is small compared to lo.)

p

Ein

8.

+ t"'

t, == 11,
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== Ai12 x ESR
12

c

Pc == Ein
where:

+ t,,

71

x R1

Control Circuit Losses. (Base drive to switching
transistor is dominant, but usually negligible.)

Pr == Ein x lo t, ~ 1'
t, == t"

lo2

AC Losses- Capacitor. (Usually negligible.)

_~

Switching Losses - Transistor. (Worst case when
Ein is high. td + t, do not contribute to power
losses.)

where:

Rs is equal to effective series resistance of
inductor.

P1 ==

7.
where:

DC Losses - Inductor. (AC losses are negligible
when Aii is small compared to lo.)

x

loo

Eo

r

== Ein

lb

x~
==
T

Eo

x

lb
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Appendix B
Analysis of Power Inductor Design
This appendix describes the methods used to develop
the core tables given 1n Section V and the nomograph1c method for design of the power inductor. Core
parameters for any cores not listed 1n the tables can
be derived from the equations given.

Core Saturation Limits

Any specific core has a maximum ampere-turn, NI,
capab1l1ty limited by magnetic saturation of the core
material. (NI)"' 1s listed 1n some core catalogs, in
which case the maximum (Ll2),., capability of the core
can be calculated from Equation (2). (NI),., is related
to the saturation flux density, 8,.,, as follows

The following equations provide the basis for this
design approach. Equation (1 a) defines the value of
inductance, L, in terms of basic core parameters and
the total number of turns, N, wound on the core:
N2 x 047T"A. x 10 ·5

L

.

r£.

(NI),., =

10 8 '~,A.

ampere-turns

(3)

Substituting Equation (3) into (2),
mH

(1a)
(Ll2)"'

=

8 " 12 A·~:

rn-·

4

m1ll1Joules

(4)

effective permeability of core

where

£.

effective magnetic path length
cm

A.

effective magnetic cross sect1oncm2

Values of (Ll 2)"' are given for each core represented
in Tables 1 and 2 of Section Ill Equation (2) or (4) was
employed, using values for either 8,., or NI which
would result in a reduction of A, (and L) of 20 percent
under maximum overload cond1t1ons, according to the
core manufacturer's data The core selected for an
appl1cat1on must have an (Ll 2),., value greater than
L(11 max) 2 to insure that the core will not saturate
under maximum peak overload current cond1t1ons

For most standard cores, the above calculation has
been s1mpl1f1ed by l1st1ng the compound parameter
A,, called the "inductor index", as follows

Power D1ss1pat1on and Temperature Rise Limits.

L =
where

N2A,x10-6

0 47T

µ:.· x 10

mH

(1b)

In switching regulator applications, the AC current
component is small compared to the DC current
through the power inductor. Power dissipation in the
inductor 1s almost entirely DC losses in the winding
DC resistance of the winding, R,, is calculated from
the following

mH for 1000 turns

Multiplying both sides of Equation (1 b) by 12,
Ll 2

=

(Nl) 2 A, x 10- 5
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millijoules

(2)
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Substituting for N from Equation (1 b), and rearranging.
ohms

(5)
Ll2

mean length of turn - cm
effective area of wire - cm 2

where:

A,

Core geometry provides a certain window area, Aw,
for the winding, but only a fraction of this area can be
occupied by the actual conductor. The effective window area, Aw' is taken as 0.5 Aw for toroids, and 0.65
Aw for pot cores. This allows for wasted area of uniformly wound round wire with HF insulation, allows
for the fact that the central fourth of the window area of
a toroid cannot practically be filled, and allows for a
single section bobbin in the case of the pot core. The
number of turns, area of wire, and effective window
area of a fully wound core are related by:

A
'

,n = 850~
A,
where

A' 2
= ___Y:!_cm
N
~N2

PAw'

(6)

ohms

~N2

PAw'

(7)
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Watts

millijoules

(9)

=

oc

(10)

temperature rise
surface area of inductor- cm 2

The factor 850 in the above equation represents a
temperature rise of 850°C for 1W power dissipation
from 1 cm 2 surface area, empirically determined for
natural convection cooling. The surface area, A" used
1n the calculation 1s taken as the top and sides of the
inductor, ignoring the mounted bottom surface. Substituting a temperature rise of 25°C

Multiplying both sides of Equation (7) by 12 , the power
dissipation in the winding, PL, 1s·
12

Li T

A, =

Substituting Equation (6) into (5):

R.

p A,Aw' '< 10-6
I p£w

Equation (9) shows that the Ll 2 capability is directly
related to, and is limited by the maximum permissible
power dissipation. Using a value for P, that will result
in a 25°C rise 1n the temperature of the inductor,
values of (Ll 2 )2sc are calculated for each core in
Tables 1 and 2 of Section Ill For these calculations,
res1st1v1ty, p, 1s assumed to be 1.9 x 10- 5 !l-cm, the
res1st1v1ty of copper wire at 65°C The power d1ss1pation that will result in a 25°C rise 1s calculated and
tabulated for each core as follows

resistivity of wire-!l-cm

p

=

25

(8)

x A,

850

73
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Appendix C
Analysis of Application Circuits
The design equations for the critical components and
operating parameters of Figure 3, Section 111, are
given below, for the following design ob1ect1ves
Eo
Ae 0
E1n
lo
Current L1m1t

-

C2

Flin x f

C1

=

2

x

C2

R4 1s calculated from the threshold voltage of the
LM305 drive current l1m1ting c1rcu1t and the required
base drive current

0 3V
0 03A

Since Al 1 has been previously defined as 4A p-p, if
we assume a m1n1mum value of 10A for 11 under overload cond1t1ons, then the maximum peak overload
value for 11 will be 14A, and the average value of
11 = lo under overload cond 1t1ons 1s 12A

First, we may calculate the values R1 and R2 of the
output d1v1der We will make the effective parallel resistance of R1 and R2 equal to 2 4K, so that the
impedance at the inverting input will be approximately
the same as the non inverting input of the LM305

Flin

R,

0 6V
10A

0 06fl

Power d1ss1pat1on 1n R, will be 6W under full load cond1t1ons. and S 64W under overload cond1t1ons

2 4K

R3 determines Al1 under overload cond1t1ons as well
as for normal operation of the sw1tch1ng regulator

The resulting values are R1 = 6 SK, R2 = 3 SK
R2 may be trimmed for precise setting of Eo
C1 and C2 function to provide negative and pos1t1ve
AC feedback, and should be large enough to result 1n
small losses to the AC signals Assuming that R1n ==
(R1 x R2)/(R1 1 R2), the value of C1 should be
twice the value of C2, so that the negative feedback
will be dominant over pos1t1ve feedback at all frequencies, thereby ensuring c1rcu1t stab1l1ty The following
relat1onsh1ps satisfy these cond1t1ons·
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V,,

=

11 (min overload)

1S
5

=

10,{1

v,,

From the Un1trode data for the PIC625 Hybrid Power
Switch, the drive current (I drive) required for
lo= 1OA1s 30 mA The V11 , of 01 1s taken as O 6V

R1 R2
R1 + R2

=

Current sampling resistor R, 1s determined by the desired short c1rcu1t current limit and the
of 01 As
described in Section 111, under current overload conditt0ns, current 11 ranges between two values. The
maximum instantaneous overload current 1s defined
by 11 x R, = Vee + VR, The minimum instantaneous
overload current 1s defined by 11 x R, =Vee

From the manufacturer's design data for the LM305,
we know that the internal reference voltage, V,,,, 1s
1 SV, nominal; the impedance of the inverting input 1s
very high, the threshold level of the drive-currentl1m1ting c1rcu1t 1s 0 30V, and the impedance of the non1nvert1ng input (R1n) 1s 2 4K, nominal

Vref
Eo

the nominal switching frequency.

These equations are satisfied by C2 = 0 01 µF and
C1 = O 02 µF Making C1 and C2 too large will have
an adverse effect on transient recovery time of the
sw1tch1ng regulator

50 kHz (nominal)
17 5 µsec
22 µH
120µ,Fmin
o 025 nmax
4A

R2
R1 +R2

=

where

100 mV p-p
20V min, 40V max
2A min, 1OA max
14A max peak

Using the procedure described 1n Section IV, the following parameters were established
to11
L
C
ESR of capacitor
Al1

°"'-

+5V

R3

= o 06

x 4

0 030

= sn

The value of R5 1s determined empirically to opt1m1ze
regulation versus changes in Ein With R5 omitted, Eo
changes approximately 70 mV when Ein 1s changed
from 20V to 40V With R5 = 1 2 Mn, the change in
Eo 1s reduced to less than 25 mV
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THE IMPORTANCE OF RECTIFIER CHARACTERISTICS IN SWITCHING
POWER SUPPLY DESIGN
With the increasing interest in switching regulated
power supplies designers have directed much of their
effort to selecting transistors with low sw1tch1ng losses
and adequate power handling capability. While recogn1z1ng that they must use fast recovery rectifiers, less
attention has been given to "how fast" or "what type of
recovery characteristic" 1s desired More detailed
knowledge of rect1f1er behavior allows determination of
the magnitude of increased losses and stress on the
transistor by the non-ideal diode By choosing the best
available rect1f1er, transistor stress can be minimal,
thereby resulting 1n higher reliability Other benefits are:
A. Improved power supply eff1c1ency
B. Lower noise
C. Lower cost and/or
D Smaller size and weight
The performance of fast rec1t1f1ers 1n the most popular
switching circuits 1s discussed below.
"Switcher" inputs use available DC voltages,
rect1f1ers directly off the AC line This DC "input"
converted by semiconductor switches operating
high frequency in circuits such as buck, flyback
boost regulators and in pulse-width-modulated
square wave inverters

or
is
at
or
or

where T is the period. t is determined by the control
c1rcu1t which senses output voltage and controls transistor base drive.

Figure 1a

In this regulator the inductor current 1s essentially constant as 1t flows alternately through the transistor or
"catch" diode The sum of the transistor current and
diode current must always equal the current in the
inductor, which cannot change instantaneously.
At t0 the diode 1s conducting inductor current while the
transistor 1s blocking the input voltage.

Inverter output rectifiers and regulator "catch" diodes
are subject to unusual stresses due to the fast sw1tch1ng
rates and very low impedance seen by the diode during
the reverse transient (diode turn-off) and a momentary
high impedance during diode turn-on.
These new square wave switching supplies are l1m1ted
in eff1c1ency and frequency by transistor stress and
switching losses, some of which is due to diode switching characteristics Faster transistors and diodes are
helping to increase eff1c1ency and/or frequency. At low
output voltages, and lower frequency the DC characteristics (Vceisati and V.) have the ma1or influence on
eff1c1ency. However, as frequency and/or input voltage
increase the switching characteristics become 1ncreas1ngly important
BUCK REGULATOR ANALYSIS
Ideal Diode - For better understanding consider the
buck regulator and resulting waveforms, using an ideal
diode and assuming linear current rise and fall 1n the
power transistor during sw1tch1ng. Similar considerations apply to other types of sw1tch1ng regulator
c1rcu1ts.

The transistor "on" time, t controls the conversion such
that,

At t2 the transistor 1s conducting all the inductor current
so the diode turns off and voltage across the transistor

t

(1)V 0 =-V,
T
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Figure 1b

t 1 to t2 1s the current rise time t" of the transistor. Since
inductor current 1s not changing, the diode current must
decrease. The forward biased diode maintains full
input voltage across the transistor.
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starts to decrease toward V ce csau
12 to 13 is the voltage rise time, t,. of the transistor.
From 13 to 14 the transistor 1s saturated and conducting
the inductor current 1L

!,'

ti

At 14 the transistor starts to turn off and Vce increases.

lo

14 to ts 1s the voltage fall time 11• of the transistor During
this time the transistor must conduct the entire inductor
current because the diode 1s still reverse biased At Is
the diode 1s forward biased and the transistor 1s blocking the full input voltage. Diode current starts to 1ncrease and the transistor current decreases, the sum
equalling 1L

Yr---lf---+--1-----lf-"--+----+--

Is to ls 1s the current fall time t1, of the transistor. Diode
current increases 1n a complementary manner. From t~
to 11 the transistor 1s off and the diode 1s conducting all
the inductor current
t,

To simplify the 1llustrat1on assume the inductor current
constant and equal to 10 Transistor d1ss1pat1on PT 1s the
sum of transient sw1tch1ng and DC losses. Neglecting
losses due to DC leakages, which are generally negligible.
(2) pT = ~ (!,, + trv + t1v + t,,) +Vee (sat/ lo (4-la)

2
lo
(3) PT=-;:

T

T

Figure 1c

{V,2 (!,, + trv + l1v + t,,)+Vcecsatl (t4-l3) }

TRANSISTOR TURN-ON BEHAVIOR
The transistor "turn-on transient", when the diode is
switching from forward conduction to reverse blocking,
results in the following transistor and diode waveforms:

Practical diode - Now consider how the non-ideal
diode with reverse recovery, iunct1on capacitance, forward recovery and DC loss affects the c1rcu1t of Figure
1a.
In Figure 1c the solid lines are the waveforms using a
practical diode 1n a buck regulator circuit. Comparing
them with the dotted lines of the ideal diode previously
considered we see three s1gnif1cant differences during
transient sw1tch1ng and one during DC conduction:

- O _ _::~:__-1-.'.:+:~::;:::=:o:t~=- SWITCHING
TRANSISTOR

1. The peak collector current increases (above 10 ) during a period of high d1ss1pat1on 12 to 12'
2. Rise times t,, and t .. are increased. (t2 ' - 11 ) > (t2 - t,)
and (t3' - 12') > (!3 - 12)
3 Maximum collector voltage peaks up above V, briefly
at ts.
4 The diode has DC loss (from ls to 11 ) and switching
loss (principally from 12 ' to !3').

CATCH
DIODE

From the PT curve of Figure 1c 1t 1s obvious that transistor power d1ss1pat1on increases above that of (3) due
to the "real" diode, - see the hatched regions.
Flgure2

The magnitude of these detrimental factors depends on
the choice of rect1f1er Before considering losses more
fully let us examine the sw1tch1ng periods 1n greater
detail.

UNITRODE CORPORATION • 5 FORBES ROAD
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Dashed lines show what the current and power would
be if the d10de were ideal to the extent of having no
reverse recovery time or junction capacitance. (Dotted
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possib1l1ty of exceeding the transistor voltage ratings.
Diode characteristics and conditions under which
these transients occur are discussed in Appendix C.
The voltage spike 1s due to the forward recovery
characteristic and, when present, will occur as shown
(dotted) in Figure 3 To correct 1! a snubber (series RC
across the diode) may be needed. However, the choice
of an optimum diode will m1nim1ze or eliminate this
need

lines show the voltage for the ideal diode case.) The
reverse diode current caused by diode capacitance
and recovered charge 1s shown by the cross hatched
area of the i0 curve The transistor must conduct this
reverse diode current as well as the inductor current
The grey area represents additional transistor dissipation due solely to the diode recovered charge and
capacitance.
Faster sw1tch1ng transistors will not necessarily result in
reduced switching losses. Unless a diode with recovery time 2 or 3 times faster than the transistor current
rise time is used, a faster transistor will increase the
peak recovery current in the diode and thus increase
overall switching losses. Furthermore, a diode with a
"soft" recovery characteristic will cause more d1ssipat1on than an "abrupt" type with the same peak recovery
current. The relationship of recovery characteristic to
sw1tch1ng rate 1s discussed 1n Appendix B. With many
switching transistors now available a 200 nS fastrecovery rect1f1er will have a peak recovery current
IRMIRECI greater than shown 1n the i0 waveform of Figure 2, where 1t 1s about Y3 of the forward current. This
rather modest add1t1onal collector current (of 33%
above that l1m1ted by an ideal diode) can cause increased transistor power diss1pat1on of 100 to 150%
during the turn-on period. Other serious problems can
occur from high peak currents, such as noise transients
1n the line, the transistor coming-out of saturation and
forward-biased second breakdown.

POWER LOSSES IN THE
SEMICONDUCTOR DEVICES
DC Losses 1n the buck regulator occur alternately
when the diode 1s forward conducting and when the
transistor 1s turned on. Referring to Figure 1 these intervals are 16 to 11 and 13 to 14 respectively. During either
interval the d1ss1pat1on is independent of input voltage,
V,, or output voltage, V0 , depending only on load current
and device voltage drop. Total circuit DC losses are a
function of V0 /V, because a) this ratio relates to "on"
time and b) transistor VcEisatl will probably not equal
diode VF Neglecting sw1tch1ng intervals the d1ssipat1on
due to DC losses 1s:
V,-V 0
(4) Poe= VF lo -V-,-

TRANSISTOR TURN-OFF BEHAVIOR:
When the transistor turns off, the diode turn-on characteristic usually has little effect on power dissipation but
may cause voltage sp1k1ng, with resulting noise and the

,,

[)(

lo

,~

-0

L'J /',

v,_/

_L_

Vo7

\J.

OTHER SWITCHING CIRCUITS
The pulse-width-modulated inverter (PWM) supply
(Figure 4a) has much in common with the buck regulator Output rect1f1ers also perform the catch diode
function. Current waveforms are shown in Figure 4b,

Figure 3

UNITRODE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 •TEL. (617) 861-6540
TWX (710) 326-6509 • TELEX 95-1064

V0

Loss of eff1c1ency due to DC losses 1s greatest when V0
1s low, with diode loss being more s1gnif1cant when V, is
relatively high and transistor loss dominating when V, 1s
close to V0 .
Transient (switching) losses 1n the regulator vary
considerably with voltage, being highest at "high line"
V, (see Eq. 3). Furthermore, high voltage transistors and
rectifiers generally have longer sw1tch1ng times than
low voltage types Speed and "recovery characteristic"
(see Appendix B), and consequently losses, can vary
greatly between different device types and manufacturing processes. A relationship for calculating approximate transient d1ss1pation of practical devices during
the transistor turn-on interval 1s given in Appendix B.
The other component (turn-off interval) can be similarly
developed but it 1s not significantly affected by diode
selection. However, when transistors and/or drive
techniques are chosen for shorter fall times overall losses are reduced and the benefits of optimum diode
selection become more significant. Proper diode (and
transistor) selection 1s important in all switching
supplies, but the higher the voltage (and frequency) the
more significant will be the effect of selection on sw1tch1ng losses.

Rectifiers are now available with recovery characteristics to keep these problems minimal. Their use 1s required for a switching supply of maximum reliability and
efficiency

-0

+ VcE lsatl lo
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with overshoot due to diode reverse recovery and capacitance Here again slow diodes cause add1t1onal
transistor stress, usually not reduced s1gnif1cantly by
transformer impedance Leakage reactance will often
require the use of a snubber, to protect the transistor.

because they (D, and/or 0 2 ) are conducting the full
cycle regardless of V, to V0 ratio. Another difference is
that here the diode recovery 1s from half, rather than full,
load current.
The square wave inverter can be considered, in terms
of device operation, a special case of the PWM where 2t
approaches T. Regulation is achieved by varying V,.

Transistor "on" time t and the turns-ratio control the
conversion such that

EMI, RFI, NOISEG1ven any inductance 1n a c1rcu1t "loop" of wiring, a
rapid current change will generate a voltage transient,
V = L di/di, and the energy in such a transient will vary
with the square of the current, E = Y2 Ll 2 . The interference and voltage spiking will be easier to filter if the
energy 1s low and has predominantly high frequency
components.

(5) V = 2t N. V
T

0

Np

I

T1

Ne

ESj
T,

We can establish a priority of factors for reducing EMI:
1. IRMtREci should be as low as possible, - accomplish
by diode selection (see Appendix Band Fig 7).
2 L (circuit loop) should be minimum, -accomplish by
layout and interconnect geometry (See Fig. 5)
3. Use a "soft recovery" diode (See Appendix B). However, this is an item of possible trade-off since such a
device may have longer Irr, higher IRM<REci and, thus,
create much higher sw1tch1ng loss

o,

Figure4a

An ultra-fast device with moderate recovery (vs. abrupt
or soft) will often be the best choice.

- l r 1- Q - + - - - - - - - - + - - - I - - - - + - - - - -

REDUCE EMI BY LOWERING CIRCUIT WIRING INDUCTANCE.·

-o-1----+---+---..-------

-1r 2

-101 -

0

---j--+----ttr---!'---r----Low L needed in loop shown 111 grey Avoid ground loop noise by returning 1nputcapac1tor
directly to diode

-I

Figure Sa

\--

J~=:~~

y

-lo2- 0

- - - - - ; . - t ---t--+--t ~t-----t-----,.__-+---T---+----+<

t,

t,

t,

Figure 5b

t,

SELECTING THE BEST SWITCHING RECTIFIER
Ratings and characteristics have different priorities and
significance when they are to be applied to these power
switching circuits. Selection should be based on the
following.

Flgure4b

From t, to 12 transistor T, and diode 0 1 conduct, with
diode current equal to inductor current iL.
At 12 the transistor turns off and the.inductor "pulls" 1L
equally through D, and D2

1. Peak inverse voltage, PIV of "catch" diodes must at
least equal the highest input voltage, while PIV of
center-tap output rect1f1ers must be at least twice the
maximum output voltage in a square wave inverter and
much greater in the pulse width modulated inverter.
More s1gn1f1cant perhaps are the transient voltages in
practical fast switching circuits partly due to wiring
inductance and rectifier's own recovery. Unless these
are 1ntent1onally clipped, damped, or "designed out" it
is advisable to use a safety factor of 2 or 3. PIV selected

At t3 transistor T2 turns on, driving full iL through 0 2 and
causing D, to be reversed biased. 0 2 current 1s increased by the recovery current of 0 1 , and T2 current
also increases proportionally.
From t4 to t, both transistors are again off and at t, the
events of 13 occur on the opposite device pair.
One difference between the inverter and the regulator
1s that here the DC diode losses are more significant

UNITRODE CORPORATION • 5 FORBES ROAD
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should apply over a range from lowest ambient to the
highest expected junction temperature.

Unitrode UES series 1s closest to the Schottky, especially at expected operating conditions.

2. Reverse recovery time Irr must be much lower than
the rise time of the transistor with which it will be used,
- preferably by at least 3 times when measured at
conditions similar to circuit operation. Selection is
complicated because rectifiers are normally specified
at conditions less severe than in power switching circuits. Furthermore, correlation between test conditions
is not always the same (see Table I of Appendix B).

4. Maximum average rectified output current at
maximum expected case or ambient temperature must
always be considered. Note however, that standard
current rating is based on a half sine waveform. These
square wave applications at average current equal to
this rating will usually dissipate somewhat lower power,
and, thus, be used conservatively. However, regulators
with V, '.S 1.5 V0 should use a catch diode with a higher
rating than the average current 11 conducts at full load.

Following preliminary selection from available data the
devices should be compared in a circuit developing the
highest current, junction temperature and rate of current switching (- di/dt) expected.
The desired goal is to minimize peak recovery current
I RMIREci and switching loss. Note that these are the same
order of magnitude with Schottky rectifiers (due to high
capacitance, principally) as with the fastest PN
rectifiers. The figures below illustrate these points. Figure 6 shows the variation of peak current with switching
rate, using the Unitrode UES 801 in a special test circuit. Figure 7 shows the difference in IRMIREci and trr
when representative fast recovery 00-5 devices are
measured in a JEDEC test circuit at different temperatures. In Figure 8 the incremental collector current (the
peak value 1n excess of 30 A) for a 30 A buck regulator
using 50, 100, and 200 nS catch diodes is plotted as a
function of transistor rise time (and resulting di/dt). Figures 9a, b, and c show the loss of efficiency due to
transistor turn-on dissipation as a function of operating
frequency, with 3 transistor rise times and 3 diode recovery times, in a regulator operated with 40 Vin and 1O
V out. S1m1lar figures can be developed for other conditons using the model and assumptions in Appendix B.

3. Forward voltage should be as low as possible to
optimize efficiency, especially for inverter output
rectifiers and regulators with high V,/V 0 ratios. Loss of
efficiency due to v. is most significant at low output
voltages. Figure 10, which relates this loss to device
choice over the range of available forward voltages,
applies to output rectifiers of inverter supplies with
popular output voltages.

5. Peak voltage v. 1ovN 1 during forward recovery will
be of sign1f1cance when using transistors with fast fall
times at close to the VcE rating. This is further discussed
in Appendix C. See Table II for typical performance of
representative devices. At lower values of di/dt the
peak voltages will be lower.

6. Surge current (8.3 mS) is not of great s1gnif1cance
because transistor saturation limits fault current. If the
power supply is designed to provide rapid charging of
a large output capacitor the "overload" requirement for
the charge time (perhaps 0.1 to 2 seconds or so) must
be considered.
IRM(RECI & trr

VS

di
dt

Figure&

IRMIREci & t,, of DOS FAST RECTIFIERS
CONDITIONS.

Schottky rectifiers have the lowest V• and are therefore
widely used as output rectifiers for 5 V supplies. Their
limitations in PIV, transient voltage capability and temperature must be considered when applying them in
other applications.

IFM =

(30V JEDEC)

30A

25C

Selection should be based on conditions where losses
are most significant, - at rated supply output current
and anticipated junction temperature. The approximate
range of v•. at rated current and 25°C, as well as at
more typical operating conditions, 1s shown in Figure 11
for representative fast rectifier types. Note that the
Figure7a
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2

3
INCREMENTAL COLLECTOR CURRENT (AT TUAN-ON)
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f-----+--+~------+----l---+--+---f----4

5

.,.,...,,.

~
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Figure 7c

LOSS OF EFFICIENCY DUE TO TRANSISTOR TURN-ON LOSS* - BUCK REGULATOR
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Calculations of total switch mg losses (diode and transistor) per model 1n
Appendix B for a 30A buck regulator with V,n = 40V and VouT = 10V

Figure 9
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LOSS OF EFFICIENCY
DUE TO FORWARD VOLTAGE
OF INVERTER OUTPUT
RECTIFIERS.

10

04

12

14

16

18

V,(V)

Figure 10

V, available (approximate range) for low to medium VRM applications
V, 1n volts: .35

.45

.55

.65

.75

.95

1.15

1.35

1.55

1.75

I

l1

v,

Max (spec'd @rated
I, and TJ=25C.)

20 to 45

I

{

1so

12

1

13

15014

400

I5
j1
Typical V, @Y2 Max
current @ max TJ.

{

20 to 451

I
aool

2

~-_ _ _1s_o~I
13

100-150

I

14

400

I

Is

KEY~
1 = Schottky USD series

2 = Un1trode UES 150 V series

3

= Other devices for low forward voltage

4 =Typical fast recovery (200 nS) devices

N = Device Class

XY=VRw
(Max at Tj noted above)

5 =Fast devices to 800 V

Figure 11
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Appendix A
"Off-Line" Supplies
BASIC CIRCUIT

FlgureA-1

: ¥f"""f:

TYPE

FEATURES

a) Buck
Regulator

V0 <Vin·
Output non-isolated.
Easy to filter output. Noisy input.

w

C>

a:

::>

0

(/)

FigureA-2

b) Fly back
Regulator

0
Cl
a:

w

,..

I

0

a:

Q,
w

z

~
c) Boost
Regulator

Vo> Vin·
Output non-isolated.
Hard to filter output. Quiet input.

d) PWM
(Variable
Duty Cycle)
Inverter.

Used with single
V0 , ·also common
for lab supplies.
Provides isolation.
Does not
need separate catch
diode, - rectifiers
serve this function,
possibly with small
HV diodes in primary for
magnetizing current.

0

ci
~

U-

Figure A-3

i=
w

C>

V0 opposite polarity
from Von. (Unless
isolated).
Output can be isolated. Output can
be stepped up to HV.
Noisy input and output.

a:

::;

0

ff:

fP111s
Figure A-4

e) Square Wave
Inverter (50%
Duty)

(*) INV =Bridge, center-tap.
or half-bridge inverter
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Regulation provided
by previous input.
Regulates one of
(possible) multiple
outputs. Uses high
transistor count.
Provides isolation.
Does not
need separate catch
diode, - rectifiers
serve this function,
possibly with small
HV diodes in primary for
magnetizing current.
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Reverse Recovery Behavior and Dissipation
1. Waveforms and definition of terms:

4.

~.

TOTAL AREA OF REVERSE CURRENT=
l,M

Q"'"'c'
~t.,-~--1

This
area shown
enlarged
at

ttJY--~---+-'l;--1-------------1----~

~--. nght

/

"'

High di,

dt

slope=.::!:!!_
dt

t,

JEDEC test - standard slope = 25A/ µS
Figure B-1

"SOFT"

Figure B-2

Figure B-3

The diode or rectifier in a switching regulator 1s
switched from forward conduction to reverse at a specific ramp rate (-dl/dt) determined by the external
circuit, usually by the turn-on time of the associated
switching transistor. During the first portion of the reverse recovery period, t., charge stored in the diode is
able to provide more current than the circuit demands,
so that the device appears to be a short circuit. Transition from t. to tb occurs when stored charge has been
depleted to the point where it can no longer supply the
increasing current demanded by the circuit. The device
becomes a high impedance and during tb the reverse
voltage 1s permitted to increase. Reverse current, no
longer circuit determined, dwindles as excess stored
charge depletes to zero. Stored charge is depleted by
the reverse current flow and also by recombination
within the device.
At (-dl/dt) rates which are slow relative to the rate of
recombination of the specific device relatively little
stored charge is swept out. Recovery time, trr 1s determined mainly by the recombination rate, independent
of (-dl/dt). Peak reverse recovery current IRMIREc 1, and
total charge associated with reverse current, ORrR•ci
are almost directly proportional to (-dl/dt) (Region I,
Figure B-4). The recovery characteristic with slow
(-dl/dt) rates tends to be soft.
When the (-dl/dt) rate is fast compared to recombination rate (transistor turn-on faster than diode recovery
time), trr decreases as -dl/dt increases, because more
of the available stored charge is swept out sooner,
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"ABRUPT"

2. D1scuss1on of Variables:
Any PN junction diode operating in the forward direction contains stored charge in the form of excess minority carriers. The amount of stored charge 1s proportional
to the forward current level.

~

leaving little to be depleted by recombination. As
(-d l/dt) increases, peak recovery current increases
and can become much greater than the original forward current level. However, ORrR•ci levels off as (-di/
dt) increases because it can only approach but not
exceed the total stored charge which is a function of the
original forward current level (Region II, Figure B-4).
Higher voltage devices have poorer recovery characteristics because they require thicker regions of higher
resistivity, resulting in greater volume of stored charge
and longer recombination rates.
RECOVERY CHARACTERISTICS
I,

.5 ,,
,2 I,

dl/dt
Figure 8-4

With a given IF and di/di the ORrR•ci. IRMiREc 1, and trr all
increase with temperature. Recovery characteristic
changes as well (generally becoming more abrupt if
reverse current is not circuit l1m1ted, and softer 1f limited). Furthermore, ORrR•ci increases and recovery
generally softens if higher circuit voltage is applied to a
given diode.
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3. Comparison of devices at popular test cond1t1ons.
Table I, below, shows measured trr values (1n nanoseconds) using ultra-fast and fast recovery D0-5 rectifiers.
I,

IR

-di/dt

(A)

(A)

(AIMS)

05
10
10

10
10
10

30
30
30
30

-

-

step
step
step

T

(t"Measured to (A))

25
25
125

0 25
010
0 10
0
0
0
0

(85V JEDEC c1rcu1t)
30
25
30
125
100
25
100
125

MANUFACTURER

UNITRODE
UES803

IR(AEC)

c·ci

MAX t" per manufacturer's stated cond1t1on

B

c

D

38
45
60

50
75
90

42
50
122

-

-

63
135

120
300

75
100
45
65
50

120
150
72
114

85
140
66
106
50 to 100

105
210
92
160

150
300

E

-

200

Table I
4 Turn-on sw1tch1ng losses, assuming linear V and I
trans1t1ons:

( 83) p (ta) =V m (1 C + IRMIREC))
2

With an ideal diode, switching losses are entirely in the
transistor as follows (from Eq. 2).

(84)

(81)

P1tro)

(82) P1,.,l

le

t,,

=V,n

'2'-:;:

Vin

Irv

a

(I RMIREC))
n

le

(85) p (ta) =V in

(1

c

+ IRMIREC))(~
2
7

I
(
(86) Pita! =Vm ' RMIREC) I

=2 ·le·;;:

A practical diode with finite trr and IRMIRECJ will cause
additional switching losses as follows:

=t

t

~
T

+

I RMI REC)) I,;

~

-:;:

If diode IRMIREci is half of le (1.5:1 current overshoot in
transistor) total transistor switching losses during current turn-on (t,1 + t.) will be 2.25 times greater than with
an ideal diode (Eq. 81 ).
During diode recovery time component tb, the diode
continues to conduct reverse current, but becomes a
high impedance, permitting the transistor voltage transition, trv, to take place. Diode reverse current during tb
causes increased switching losses in the transistor
and/or the diode. It 1s difficult to quantify these losses in
the diode and transistor separately, since transistor VcE
1s decreasing and diode VR 1s increasing during all or
part of period tb. However, the total increase in losses in
both diode and transistor during tb is:
( 87) p

ltbl

=V . IRMIREC) . ~
'"
2

(area 8 =

Figure B-5

Diode recovery time component t. effectively increases
transistor rise time, and delays the voltage transition, t,v.
During time t., the diode conducts reverse current but
remains a low impedance. Transistor VCE remains equal
to V'" while collector current continues to rise above le
to le + IRMIRECJ· The entire amount of charge shown 1n
shaded area A results in increased switching loss in the
transistor only (increase in diode loss is negligible):
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RM1REc1 • tb)
2

T

Note: P1,b1 loss 1s in addition to the ideal diode case
transistor losses, Pu,vi (Eq. 82). With a very fast diode, tb
will be much shorter than t,., and most of the P1,b1loss
will occur in the transistor, although 1t will be negligible.
With a slow diode, where tb 1s much longer than t,., P,b 1
loss will be significant and will occur mostly in the
diode.
Pu.11s usually much greater than Pub 1. Since all of P11• 1is
dissipated in the transistor, it can be seen that most of
the increased switching losses caused by diode reverse recovery are borne by the switching transistor,
not by the rect1f1er.
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Appendix C
Forward Recovery Behavior and Characterization
When used in some c1rcu1ts, any diode may exhibit the
phenomenon known as forward recovery Under these
conditions, the device has an impedance which, for a
short time after initial application of forward current, 1s
higher than its normal "on" value. The magnitude and
duration of this transient impedance will depend on
circuit conditions and device design, varying from no
effect 1n many c1rcu1ts to a few microseconds in the
worst case When present, the effect 1s generally less
with fast-recovery rectifiers, and much less with
"computer-type" switching diodes
C1rcu1ts with very fast current rise time, 1n the d1rect1on
of forward conduction, will allow this phenomenon to
appear. Generally, these will be low-inductance circuits which allow the current to rise from zero to rated
forward current in less than the reverse recovery time
for fast stud-mounted rectifiers, and in less than 0.1 x trr
for lead mounted fast devices.

peak voltage decays to the specified measurement
level in the "forward recovery time" t1,. The peak voltage
V,covNi will be strongly influenced by the current rise
time di/dt, and current I,.
When a fast-rise source has an open circuit (compliance) voltage of less than several times the diode V,,
the forward recovery phenomenon may exhibit a delay
in the rise of forward current. In this case the peak diode
voltage 1s limited by the source, and the "turn-on" time
is the rise time to 90% of I,
A comparison of the Unitrode UES 803 with a typical
200 nS rectifier 1s shown in Table II below
005

Unitrode
UES803

I, to 1A 1n 8 nS

When such a source has a high voltage, of at least 1O
times V,, the forward recovery phenomenon exhibits an
initial higher-than-steady-state forward voltage. The
rise time of current is not l1m1ted by the diode and the

I, to 1A1n 125nS and
cont1nu1ng to
50A with
t, = 10µS

(v)

t.,
(nS)

20

12

300

-

28

350

(v)

t,,
(nS)

12

09

VF(DYNl

Test Condition

200nS
VF(OYNJ

Table II
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FLYBACK AND BOOST SWITCHING REGULATOR DESIGN GUIDE

Section One-Flyback Regulator
I. Definition
A. Continuous Mode

The flyback switching regulator described in this
application note accepts a DC voltage input and provides a regulated output voltage of opposite polarity.
This method of conversion, compared to a conventional DC to DC converter, provides advantages of
high efficiency, low cost, circuit simplicity, and a
rather wide, easily selectable choice of the regulated
output voltage. The switching transistor is not stressed
to second breakdown in either the forward or reverse
bias modes Thus, it provides a reliable method of
converting the input voltage The disadvantage of the
flyback switching regulator described here is that it
provides no isolation and requires a large output
filter capacitor. Primary usage of this type of regulator is in low current and/or high voltage applications.

In this mode of operation, a large inductor is required to insure that the inductor current never goes
to zero. Although the current through the inductor
flows continuously, the charging current to the filter
capacitor is in the form of discontinuous current
pulses. This large peak-to-peak current waveform
requires a much larger filter capacitor than the buck
regulator. Component cost is higher than with the
discontinuous mode of operation because of the
large inductance required, and transient response
is worse.

11. Design Approaches to
Flyback Regulator

B. Discontinuous Mode

(see Figure 1b, 1c)

In this mode, the regulator 1s designed such that at
maximum output load current and minimum input
voltage, the transistor starts conducting as soon as
the catch diode stops conducting. At a lower output
current or higher input voltage there is a dead time
when neither device conducts.

The principal difference between a flyback regulator
and a buck regulator (Ref. Unitrode Design Guide
U-68) is the manner in which energy is transferred
to the output capacitor. In a buck regulator, energy
is provided continuously, while in a flyback regulator,
energy is pumped in a discontinuous fashion. The
flyback regulator can be operated in two modes.

The output voltage can be regulated by varying the
duty cycle of the transistor switch.

D1scont1nuous Mode

Continuous Mode

Output current= 10
Transistor
current Ir

(see Figure 1a)

1,,
~-_
__J/'1_,
_ __L___J,__

ma,

I

Output current ~ 10

ma•

:I _A_
,,
-

+- -

0

I
Diode current
(capacitor charging
current & load current)

~
_

~~-~a
I

I

~I

Inductor current

-------1-

Figure 1.
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Figure 1a

Figure 1c

Current Waveforms
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111. The Flyback Switching
Regulator Described and
Characterized

p

x 1r

0,

Figure 2a.

1

ID

+ OE,_,__
CO_N_TA_O_L_ _ _ _ _ ___
--<J"

The basic circuit configuration and generalized current waveforms are shown in Figure 2. When transistor Q, is turned on, the supply voltage, E,N, is applied
across power inductor L. The current through the
inductor rises linearly to a peak current level Ip:

I = E,N

Q,

Ir

0

:

+F

Flyback Switching Regulator

A.

L

This results in an energy transfer from the input
supply to the power inductor:

W=_l_LI'
2 p

B.

When the transistor turns off, a voltage ·is induced
across inductor L which forces the current to flow
through diode D, . All of the energy stored in the
inductor is transferred to the output capacitor and
load RL, and the inductor current diminishes linearly
from Ip to zero according to the relationship:

I = Ea X to

Figure 2b.

c.

L

p

The power delivered to the load is equal to the peak
energy stored in the inductor times the number of
pump cycles per second:

Poet

=

E

0

X

1
0

= 21

Lip

2

X

f

increases when the transistor is off. This characteristic makes it difficult to control on a fixed frequency
basis.
The simplest approach to controlling the flyback
regulator in the discontinuous mode is to establish
a fixed peak current through the inductor, which
determines a fixed diode conduction time, to. Frequency then varies directly with output current, and
transistor on-time varies inversely with input voltage.
This is the approach used in this application note,
resulting in a simple and economical control circuit.

D.

The voltage induced in the inductor is such that Ea
is opposite in polarity from E,N. The relationship between E0 and E,N is established by combining equations A and C, eliminating Ip· and L:

E.

IV. Worst Case Design
Conditions

DC output current 1 is equal to the average current
through the diode:
0

I
0

=

_!.e._ X _!e_ =

2

T

~
2

X 10 X f

Design equations based on the fixed peak current
mode of operation are shown in Figure 3. The worst
case condition exists when input voltage is low while
output current is at maximum. Under these worst
case conditions, frequency is maximum and t, is zero
because the pass transistor turns on as soon as
diode stops conducting.

The output voltage can be regulated by operating at
a fixed frequency and varying the transistor on time,
tr. However, because of the inherent "pumping" action of the flyback regulator, the output voltage
diminishes while the switching transistor is on, and
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GIVEN.
E1N {min)

Ea
lo (m<lx)

f max
c,eo

WORST CASE:
E1N

=

ErN

(min)

lo= lo (max)

t,=O

1

T=t

I

I

I

,..- 11
I

i

-J--- 1

0 ------

I

I

I

I

I

t,

-..I

I

I

T

0
I

i

- L _ lo X E0 _ t, X E,N
- _l_p_ - --Ip-

I

D

L

o-~---

v

l

0

(worst case 10 -> 0 )

v

I

I

1

I

I

I

E,

I

I

I

I

:

I

I

I

I

I

r-----

f---1---

C~--~~--Eo
=+~ =:_: =---::=-:

_-_:

\sR

I

e
•

I

- -1- -

Figure 3.

UNITRODE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 •TEL. (617) 861-6540
TWX (710) 326-6509 • TELEX 95-1064

Flyback Regulator

88

PRINTED JN U.S A

APPLICATION NOTE

U-76

V. Circuit Design and
Description

current, it is desirable to keep the operating frequency as high as possible in order to obtain small
size and lower cost of the filter inductor and capacitor. However, above 5-10 kHz, capacitor impedance
is usually dominated by its equivalent series resistance, ESR, rather than C value. Since the ESR
remains essentially constant regardless of operating
frequency, operation at higher frequencies does not
enable the size and cost of the capacitor to be
further reduced.

In designing a flyback switching regulator power
supply, the following parameters will normally be
predefined. Numerical values are given and computed for the example shown in Figure 4.

5V output

Eo
deo
lomax
E,Nmin
E,Nmax

100 mV output ripple voltage peak to peak
2.5A
9V (minimum)
15V (maximum)

Also, at higher frequencies, transistor switching
losses become significant. Thus, a maximum operating frequency of 25 kHz is chosen for this design.

Since the output voltage is derived from pulses of

R,

o 1sn
~-~IKl-O+-E--'W-~~-----0

- Eoo•
- 5V

+ 12V

c,",soo,,!

C,
01µ.f

c, = 1000µ.f
L= 165µ.H

1 µ.f

E,N=+12V ±25%
E00 ,=-5V
10 = 2 5A
Load & Line Regulation
Efficiency= 70%
Jshorlcircu1t = 3QA

C,

= 2%

INHIBIT
CONTROL INPUT

Figure 4.
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Referring to Figure 3, the design calculations are:
Ip

2 l max (Eol E,Nmin + 1) = 2 X 2.5 (5/9 + 1)
0

7 BA (constant)
lo

fmo, (Eo/E,Nmin + 1)

25

x

10' (5/9 + 1)

25.7 ,_,.s (constant)
L

25.7 x 10-6
lo X E
--IP- 7.8
0

x

5

16.47,_,.H
Ip x 10
2 .0.e 0

_

78

-

The TL497 control circuit operates in the current
limiting mode under normal operating condition.
Thus, the peak current value, IP, 1s determined by the
current limiting resistor R,. Capacitor C, is required
to prevent the TL497 from terminating the transistor
on-time prematurely This causes an 8 vs delay,
once over-current is detected at the short circuit
sense input (pin 13 of TL497) before the transistor
switch turns off. The delay time is the time required
to charge capacitor C, to the predetermined voltage
level before drive current to the pass transistor is
removed. The current l1m1t threshold voltage is about
1.2 volts.

x

25.7 x 10- 6
2 X 0.1
- 12
- 7 BA

1002 µF

=0.153 (1

= 0 .0128 0.
ESRm,, = .:lea
IP = Q:-1_
7 .B

The function of transistor Q,, diode D, and resistor
R, and R, 1s to provide short circuit protection. The
transistor O, prevents turn-on of the pass transistor
as long as the catch diode continues to conduct.
Thus, 11 limits the maximum current and operating
frequency under short circuit conditions D, and R,
providing voltage isolation to transistor 0,.

The operating frequency will change in proportion
to load current, 10 :
f = fm,. X 10 1:,,
The PIC625 hybrid power output stage incorporates
a fast PNP quasi-darlington sw1tch1ng transistor and
UES catch diode. The quas1-darlington switch requires 30 mA of drive current This drive current is
provided with diode D, and Resistor R6 in conjunction with the Integrated circuit TL497. (Refer to
Figure 4)

C, is required for circuit stabilization; capacitor C,
• provides AC coupling of ripple voltage to the control
circuit. C,N and Co are filter capacitors.
Ur.1trode Switching Regulator Design Guide U-68
covers the design of a buck regulator, and contains
a section on power inductor design which is applicable to the flyback and boost regulators .

= Vb, = 0.65
R6
R6
.'. R6 = 22 0.

JDRIVE

The output voltage is preset by divider network
R, and R,, according to the relationship:
Ea=[1+=:Jvm
where Vm = 1.22V.
for R, = 1K, then:

Assuming a nominal value

R, = 3200.
R, may be trimmed to obtain the precise output
voltage.
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Section Two- Boost Switching Regulator
The boost switching regulator is described briefly
in this application note. It accepts a DC voltage input
and provides a regulated output voltage which must
be greater than input voltage.

conduction time is not fixed, but varies according
to the input voltage:

The basic circuit configuration of a boost regulator
is shown in Figure 5. When the transistor switch 1s
turned on, the supply voltage E,N is applied across
power inductor L. The diode is reverse biased by
voltage Ea. Energy is transferred from the input supply to the power inductor. When the transistor is
turned off, the energy stored in the inductor L induces a voltage such that the diode conducts and
transfers the energy to the load and the output
capacitor. In addition to the energy stored in the
inductor, additional energy is transferred from the
input directly to the output during the diode conduction time.

Output voltage is regulated by controlling the duty
cycle:

lo =

Eo - E1N

Since the ripple voltage across the output capacitor
is directly proportional to diode conduction time, lo,
capacitor requirements are determined by the maximum lo:
lo max =

LIP
Ea - E1N (max)

The Figure 6 is a complete schematic diagram of a
boost switching regulator. It accepts
12 V of DC
input voltage and provides regulated +24V of output
voltage.

+

This pumping action, similar to the flyback regulator,
also makes it desirable to operate the boost regulator in the discontinuous mode with a fixed peak
current through the inductor. However, unlike the
flyback regulator, in the boost regulator the diode
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The design procedure and circuit description is similar to the flyback switching regulator.
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+u-----------~

GIVEN:
E1N (max)
EIN (min)

Eo

--

lo (max)

lo

f(max)

Ll.80

WORST CASE:

LOAD

E1N

==: E1N

(m'"J

lo= lo (max)

t,=0

to

0

i

(min)=

L = lo

f

m0<

(mm)

(E o /E IN

(mm)

)

(Eo-EIN mm}

0

IP

---o-~--

v

Cm'"

l

= Ip; lo m"
Ll.80

0

(worst case 10 -> 0 )
I E,

v

'

c~

•

I

:~:

1-: =- ~,-E,

=-~I -_-_:_ :::;,

VESR

I

'

I

--t-----

-1-

0--+----I

Figure 5.
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E,N

3

N=14
A930-158

E0

= + 12V
= + 24V

l0 =2A

r----------,
I

TL 497

22!1
18K
1N914

1K

+ o---..-+---+--------'
E,N

=

12V

SO pf

Figure 6.
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Appendix A- Derivation of Design Equations
The basic circuit configuration of the flyback switching regulator is shown in Figure 3. Assuming a fixed
value of peak current, IP, and output volts, E0 , the
following equations are evident:
E,N 11 = E0 lo = IP X L
0

= h + lo + Ix =

Worst case T = Tmooo f =
Subst1tut1ng Equation 1a:
Tmoo

Im,,,

1/ f

1
Im,.

The worst case net charge into the capacitor is equal
to the area under the diode current waveform

2

Q

~max

Ix = 0' E,N = E,N min.

= f:,, =lo (Eo/E,N min+ 1)

lo =

4.

1.
1a.

h=loX E /E1N
T

The ripple voltage, ..:,,.,, across the output filter capacitor:

(E 0 / E,N min+ 1)

=1_X~=Jp_XtoXf
2
2
T

max -

. ·.

lo

2

f

X m" X fm,. (E 0 /E1N max +1)

IP = 2

10

max (E 0 /E1N max+ 1)

4b.

min

The ripple voltage,
resistance, ESR.

2b.

across the capacitor series

VESR

x

ESR

5.

ESRm,. = t..leo

5a.

VESR

= Ip

p

The frequency, f, will vary as a function of load current. Rearranging Equation 3:

3.

Tlo -- 2lo x tD --

Taking worst case conditions and substituting Equation 2b:
I0

4a.

c =~
2 .6..eo

2a

By inspection of Figure 3 output current waveforms:
o

t0

-2-

Substituting into Equation 4 and rearranging:

Since in Equation 1, E0 , IP and L are all constant
values for a given application, to is also a constant
value.

I

x

_ Ip
-

I max /f mM
0

f = f m" X lo 1:,.

6.
6a.

and

3a.

lo m.o
f min= f max X l-

3b.

o max

Rearranging Equation 1 ·
L = to X E

0

Ip
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THERMAL DESIGN CONSIDERATIONS FOR OPERATING UNITRODE'S T0-92
TRANSISTORS AND DARLINGTONS IN PULSED-POWER APPLICATIONS
Introduction
Unitrode's power Darlingtons (U2TA506, U2TA508, U2TA510)
and power transistors (UPTA51 0, UPTA520, UPTA530 and
UPTB520, UPTB530, UPTB540, UPTB550) in economical T0-92
plastic packages are ideally suited for use in pulsed power applications, such as lamp driving or printer driving where the inrush or
pulse drive current can be as high as several amperes. When
compared with transistors or Darl1ngtons 1n conventional power
packages, the Unitrode T0-92 devices offer cost savings of 50%
or more, take up significantly less board space, and lend themselves to tape and reeling and automatic insertion They also offer
the advantage of a maximum operating junction temperature
(TJ(max> of 175°C versus 150°C or 125°C) for other plastic packaged devices

Thermal Analysis
A detailed transient thermal analysis 1s required to determine
the peak junction temperature and maximum allowable
power d1ss1pat1on since the junctions of the transistor or Darlington are subjected to temperature excursions due to the
applied, periodic power pulses

A) Effective Pulsed Thermal Impedance
The effective pulsed thermal impedance (8p) of a device
subjected to a periodic train of power pulses can be
calculated as follows
8P=(8,.• )(D) + (1-D)(r(t+r))-r(r) + r(t)
(1)

Thermal considerations are of prime concern when the T0-92
power transistors and Darlingtons are used in pulsed power
applications. This Design Guide provides a method for determining the junction temperature and maximum allowable peak
power dissipation for the U2TA506, U2TA606 and the UPTA51 O
and UPTB520 series when they are operated at frequencies of
1OkHz or less, where the switching losses are negligible and
can be ignored. This method is valid for the vast majority of
pulse applications.

Applied Pulse

Equivalent
Square Pulse

T - - - - ...

Where

= pulse width
=period
D
=th (Duty Cycle)
r(t+r) =transient thermal impedance
att1met + r
r(t)
= transient thermal impedance
att1met
8,..
= DC junction to ambient thermal
impedance
Pp"
= The peak power of a square power pulse
with equivalent energy to that of the
actual power pulse

T

Figure 1. Power Pulses
The DC junction to ambient thermal impedance (8 1-A) is
200°C/W maximum for the UPTA51 O and UPTB520 series and
is 155°C/W maximum for the U2TA506 series.
The transient thermal impedance for the U2TA506. UPTA510 and
UPTB520 series can be obtained from the curves presented in
Figure 2·
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~

Allowable Peak Power Dissipation

~

The allowable peak power d1ss1pat1on can be derived from
the following equation

u

5 00t---A-,.-=-2-0r0°_C_l_W_f_o_rU+P-T_A_5_1_0-,U+P-T_B_5_2_0_S1E-R-IE_S_ __,

~ 200
~

E

A.,=155°C/WforU2TA506SERIES

Ppk(maxl =

1oor------t-----t----t-----t----::::;...-"'"'1

e.

50

Where TJtmaxi is the maximum allowable junction temperature.
For the U2TA506, UPTA510 and UPTB520 series the maximum
junction temperature 1s 175°C

2or--~-t-----".;-t-~~-t-~

10 t------t--~"F----l--

( 4)

Tl (max)- TAmb1ent

--i-------j

5f--~~+..itc-~+-~~-+-~~-+-~~--f
2r-:;.,....::___+-~~+-~~--t-~~-t-~~--f

1

~~--l-~~-~~~~__..__.._~--1-.--1-__..~

1 2

5

1

10
100
Time (m1ll1seconds)

1000

10,000

8

~

Figure 2. Junction to Ambient
Transient Thermal Impedance

c

e! 6

:;

(.)

0

ti

4

~

0

B) Peak Junction Temperature

(.)

The peak 1unct1on temperature of a device sub1ected to a
periodic train of power pulses can be calculated using the
previously derived effective pulsed thermal impedance
as follows:
T, looakJ=TAmboent + (P0 k) (8 0 )
(2)

_v

2

In the case of a single shot pulse the term fore. reduces to
= r(t)
and the equation used to calculate peak 1unct1on temperature becomes
T, IPe•kl = TAmboent + (P0 , ) (r(t))
(3)

VCE!s•n - Saturation Voltage (V)

e.

Figure 4. UPTA510 Series. Maximum
Saturation Voltage vs. Collector Current

5
T,~175°C

2

4

~

~

c

c

e!
:; 3

e! 15

:;

(.)

(.)

g

0

ti

~

0

()

~

2

0

(.)

(.)

_v

_v

05

15
2
5
Vc, 1SAn - Saturation Voltage (V)

VCE1s•n - Saturation Voltage (V)

Figure 3. U2T A506 Series. Maximum Base to
Emitter Saturation Voltage vs. Collector Current
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Peak Power

Design Examples

The peak power can be expressed as follows
PP,=(Vce ISATI) (Ip,)+ (Vse

ISATJ)

(Is)

An incandescent lamp 1s controlled by a U2TA506 Darlington operating from a 12V battery When switched on
the lamp draws an inrush current of 3A which decays
exponentially to a steady-state value of 300mA The time
constant of the inrush current 1s 50 m1ll1seconds and the
worst case ambient temperature 1s 55°C The Darlington's
base drive 1s 30mA de

(5)

Where lpk is the peak collector current of a square pulse of
current equivalent to the applied current pulse, VcE<SATI is
the transistor or Darlington saturation voltage at lpk. VeE<SATI
is the base-to-emitter saturation voltage and le is the base
current. Figures 3, 4, and 5 are plots of VcE<SATI for the
U2TA506, UPTA510 and UPTB520 series Darlingtons and
transistors. Figures 6 and 7 are plots of the VcEISATI· These
curves can be used in determining Ppk.

Problem:
Calculate the peak 1unct1on temperature due to the inrush
pulse and the steady-state 1unct1on temperature

Solution:
The inrush current can be approximated by a square wave
of 3A peak and 50 m1ll1seconds duration The equivalent
square pulse of current will have the same energy as the
exponential pulse 1f the VcE1sAn of the Darlington 1s assumed to remain constant Since the VceisAn will actually
drop as the inrush current exponentially decays, the result
obtained from using the square wave approx1mat1on will
be conservative

~

c

9:'

0 3
u
0

u
.!!!
cs

Using equations (3) and (5)
(3)
Where. TAmb•ent = 55°C
r (t)
= r(50mSec) = 17 5°C/W (from Figure 2)
p pk
= (VCEISATI) (lpk) + (VBEISATI) (Is)
(5)
= (1 5V) (3A) + (2 15V) (30mA)
(from Figures 3 and 6)
= 4 56W

2

u

_u

Therefore
T, 1oe,kl = 55°C + (4 56W) (17 5°C/W) = 135°C
VsersATI - Base-Emitter Salurat1on Voltage (V)

Since 135°C 1s 40°C less than the maximum operating
1unct1on temperature for the U2TA506 (T, 1m,, 1= 175°C), the
Darlington 1s operating well w1th1n its rating
The Steady-state 1unct1on temperature can be determined
as follows

Figure 6. U2TA506 Series Maximum Base to Emitter
Saturation Voltage vs. Collector Current

= (P(ss)) (8J-A) + TAmb1ent
= (( 3A)( 73V) + ( 03A)(1 60V)) (155°C/W) + 55°C
= 96°C

TJ(SS)

~

c

9:'

0
u
0

u
cs

.!!!

u

2 A U2TA508 1s used to drive a solenoid load 1n an impact
printer The collector current waveform 1s as shown below
along with the equivalent square pulse.

6

Applied Pulse

4

~/[_-ii

_u

r-1ooµs--j

6

1-r I

14
16
10
12
8
V8 EisATI - Base-Emitter Saturation Voltage (V)

~'

Figure 7. UPTA510, UPTB520 Series. Maximum
Base to Emitter Saturation Voltage vs.
Collector Current
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The Darlington 1s sw1tch1ng 1n a clamped mode so the
energy stored 1n the solenoid inductance during the ont1me 1s d1ss1pated 1n the clamp and not 1n the Darlington
The maximum ambient temperature 1s 80°C and the base
dnve current 1s 20mA

3 A UPTA530 1s used to dnve a high voltage DC motor 1n
a display appl1cat1on the current waveform as 1s shown
below
Applied Pulse
0 BA

Problem:
Find the worst case junction temperature and determine if
it is within the maximum rating of the U2TA508.
Solution:
Use equation (1) to determine 8,
8, = (8,.• ) (D) + (1-D)(r(t+r)) - r(r) + r(t)
8,.• = 155°C/W (from Figure 2)

~1 500mS~

(1)

D=

1mSec = 05
2mSec
r(t+r) = r(2 1mSec) = 4 2°C/W (from Figure 2)
r(r) = r(2mSec) = 4 1°C/W (from Figure 2)
r(t) = r( 1mSec) = 1 1°C/W (from Figure 2)

] I

1-L

The base dnve 1s 200 mA and the worst case ambient
temperature 1s 65°C

Therefore
8, = (155°C/W) ( 05) + ( 95)(4 2°C/W) - 4 1°c1w
+1 1°C/W
= 8 75°C/W
Using equation (5)
(5)
P,, = (VcEISATJ) (I,,) + (V•E1s•r1) (I.)
I,,= 1 SA
Vc, 1s•n + 2V (from Figure 3)
(The Vc,1s•ri value at 3A was chosen to give a conservative
answer If T, 1s found to be greater than 175°C 1t may be
necessary to recompute using a closer approx1mat1on of
the actual Vc,is•n which vanes as the current increases
from Oto3A)
18 = 20mA
1s•ri = 2 1V (from Figure 6)
(Again the V8 E<s•n value at 3A was chosen to give a
conservative result)

Problem:
Determine the 1unct1on temperature to insure 1t 1s w1th1n the
maximum rating of 175°C for the UPTA530

Solution:
Using Equation (1)
8, = (200°C/W) ( 1) + ( 9) (52°C/W) - 50°C/W + 21°C/W
= 37 8°C/W
From equation (5) and Figures 4 and 7
P,, = (2 3V ( 6A) + (1 2V)( 2A) = 1 6W
(Again Vc,is•ri and V8 , 1s•ri values at SA rather than 6A
were used to insure a conservative answer)
Therefore, from equation (2)
T, = 65°C + (1 6W) (37 8°C/W) = 126°C

v.,

Therefore
P,,= (2V) (1 5A) + (2 1V) ( 02A) = 3 04W
Now T, can be determined from equation (2)
T, = T,mbient + (P,,) (8,)
(2)
= 80°C + (3 04W) (8 75°C/W) = 107°C
This is well within the maximum rating of 175°C for the
U2TA508.
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It becomes readily apparent from these examples that
Unitrode's T0-92 transistors and Darl1ngtons can be operated with s1gnif1cant safety margin 1n a wide variety of
pulsed-power appl1cat1ons
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GUIDELINES FOR USING TRANSIENT VOLTAGE SUPPRESSORS

1.0 Introduction

operating life. Unitrode has performed full power
pulse life tests for 100,000 pulses with negligible
change in characteristics. These devices are suitable
for almost any equipment and environment.

During transient periods, system voltages and currents are often many times greater than their steadystate values. These transients must be considered in
overall electronic systems design to insure required
circuit performance and reliability both during and
after the transient.

2.0 Choosing the Correct
Transient Voltage
Suppressor for
the Application

Transients may result from a variety of causes. The
most common of these are. normal switching operations (power supply turn-on and turn-off cycles),
routine AC line fluctuations, or abrupt circuit disturbances (faults, load switching, voltage dips, magnetic
coupling by electro-mechanical devices, lightning
surges, etc.) Voltage transients are a maior cause of
component failures in semiconductors. Random high
voltage transient spikes can permanently damage
these voltage sensitive devices and disrupt proper
system operation. Catastrophic power supply condi·
tions should not necessarily be the designer's prime
concern, since lower level transients can cause
improper operation of a system even though no component failures are caused. Normal power supply onoff cycles have the potential of emitting spikes with
sufficient energy to destroy an entire semiconductor
device chain. Any surviving devices are also suspect.
Trouble shooting, isolating, and replacing damaged
devices is time consuming and costly; especially
when performed in the field.

Certain critical terms must be defined before any
discussion of "how to" choose the correct TVS.
1. Stand-Off Voltage (VA) is the highest reverse
voltage at which the TVS will be nonconducting.
2. Min. Breakdown Voltage (BVm1n) is the reverse
voltage at which the TVS conducts 1 mA. This
is the point where the TVS becomes a low impedance path for the transient.
3 Max. Clamping Voltage (Vcmaxl is the maximum
voltage drop across the TVS while it is
subjected to the peak pulse current, usually
for 1mS.
Figure 1 graphically shows all three terms.

Unitrode's TVS305 and TVS505 series of transient
voltage suppressors (TVS) offer the designer signifi·
cant price/performance advantages over other protection methods. Their miniature size permits simple
"close-in" installation in applications where circuit
boards are dispersed throughout one or more electronic racks. DispArse.d usage aids system trouble
shooting and affords transient voltage protection
where internal system disturbances such as those
caused by inductive load switching could occur
In spite of their small size, the TVS305 and TVS505
suppressor series can dissipate 500 watts and 150
watts (respectively) of peak pulse power for 1 milli·
second. Response time to transients is just about instantaneous - about 1 x 10·12 seconds. These
devices perform to their data sheet specifications
without significant degradation throughout their

UNITRODE CORPORATION • 5 FORBES ROAD
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2. Stand-off voltage (VR) - From the TVS series
selected, choose the device with the stand-off
voltage equal to or greater than your normal
circuit operating voltage This insures that the
TVS will draw a negligible amount of current
from the circuit during normal circuit operation. The electrical specifications for the
TVS505 series are shown in Figure 3.
3 Maximum Clamping Voltage (Vemax) - Determine the clamping voltage of the device
chosen for the transient given and be sure it is
below the voltage that might damage any
components in the protected circuit. See
Figure 3.

2.1 Determining Pulse
Power Levels
Since a zener TVS has an almost constant clamping
voltage throughout a transient pulse, the transient
pulse power (Pp) equals the peak pulse current (1 00 )
multiplied by the clamping voltage (Ve)

~

2.2 Choosing the Appropriate
Transient Voltage
Suppressor

LJ.J

0

TVS
Part No.

Stand-off
Voltage
VR

TVS505
TVS510
TVS512
TVS515
TVS518
TVS524
TVS528

5.0
10.0
12.0
15.0
18 0
24.0
28.0

v

v

6.0
11.1
13 8
16.7
20 4
28 4
30.7
Figure 3 -

UNITRODE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 •TEL. (617) 861-6540
TWX (710) 326-6509 • TELEX 95-1064

10

0...

LJ.J
Cf')
_J

=>
0...

1. Pulse power (Pp) - Choose the TVS series that
will handle the Transient Pulse Power To determine Transient Pulse Power use the simple
equation in section 2.1. If 100 is not known or
measurable, it can be calculated - see Sections 3 and 4. The pulse duration vs. pulse
power graph on the Unitrode TVS305/
TVS505 data sheet can then be used to determine the TVS series that will handle the
transient. This graph for the TVS505 series is
shown in Figure 2

Max.
Leakage
Current
IA@ VA
µA
300
5
5
5
5
5
5

0.1 %

a:

3

The three most important factors in choosing the
appropriate TVS for your application, in their order of
importance are:

Min.
Breakdown
Voltage
BV1m•nl @ 1mA

MAX DUTY CYCLE

~

~

<I'.

LJ.J

0...

100nS

1µS

10µS

100µS

1mS

10mS

PULSE TIME (tp)
Figure 2 -

Peak Pulse Power vs. Pulse Duration

Max
Clamping
Voltage
Ve@ 1A

Max.
Clamping
Voltage
Ve@
5A
10A

v

v

74
13.2
16.5
19 7
23.8
32.4
35.9

7.9
14.4
18.5
22.2
26.0
37.0
41.0

Max.
Peak
Pulse Current
lpp
A
53.7
30.3
23.8
19 8
16.3
11.9
10.7

Max.
Clamping
Voltage
Ve@ lpp

v
9.3
16.5
21.0
25.2
30.5
42 0
46.5

Electrical Specifications @ 25°C
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If the actual pulse power and pulse width are different
from those listed on the data sheet, the clamping
voltage can be calculated. The actual calculation
method is beyond the scope of this note. Instead, we
offer a graphical approx1mat1on using Figure 4. The
approximation is based on the ratio of the actual and
rated pulse power.

The procedure is as follows:
a. Calculate P0 (actual):::::1.3BVm,n1 00.
b. For P0 (rated) use value from TVS data sheet
curve (See Fig. 2 for example).
c. Calculate P0 (actual)/P0 (rated).
d. Use Fig. 4 to find corresponding value of C.R.
e. Calculate Ve= C.R. X BVmm·

2.3 Installation Considerations
1. Locate the TVS as close to the device or circuit
to be protected as possible.

p, (actual)
P,(rated)

C R = Clamping Rat10

=

___;fs;_

2. Minimize the "common path" through the TVS
to minimize voltage spikes produced by fast
risetime transients in lead and wiring stray
inductance. See Figure 5.

Vsm1n

Figure 4 - Graphical Approximation for the Clamping
Ratio

Undesired
Transient

Long/
Common
Path

~

VP

= L Qi where
dt

L = .02µH/inch

I
I
I

I
I
I

I

L ___f~~~~n_£a~ _ _ _ _J
Input
Transient

r------------,
I

I

I
I

I

I
I

Short
Common~

Path ,,,-

.i"'"''";J
Min1m1zed

I ,
O>-----~

Figure 5 -
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3.0 Transient Levels
and Waveforms
3.1 Voltage, Current and
Power Levels
Since TVS tests and specs may be written in terms of
voltage, current or power levels, the relationships are
shown in Figure 6 for (a) field conditions and (b) test
conditions.

In addition to the magnitude of the voltage, current or
power, the waveform or pulse width should be
specified, as shown in Figure 7, for example

a) FIELD

line impedance
(wires. etc)

voltage
source

c1rcu1t being
protected

TVS

(L1ghtn1ng. etc)

Vs

TVS

Rs
series test
res 1st or

b)TEST

test generator

Figure 6 -

instrument to
measure clamping
voltage (scope. etc)

Equivalent Circuit for Field and Test Conditions

3.2 Typical Transient Levels
Martzloff and Hahn in their paper on transients on
120 volt power lines* produced this table showing the
surges recorded at a number of different locations

over a two year period. The table indicates two
primary causes of transients, load switching within
the house and lightning storms

Table 1*
Detailed Analysis of Recorded Surges

House

Typet

Rf'marks

A15

20
B05
BO 5

A

c
803
81

c
10

"

12
13
14
15
16

B 0 25
B 0 25
802
802
8 0 1

c

Street pole

BO 25
8 0 15
805

Hospital
Hosp1ta
Dept s!ore
Street pole

BO 5
802

c
B03

fluorescen1 l1gh1

600
400
640
400

1 cycle
2 cycles
5 µS

sw1tch1ng

1 cycle

10
0
0
0
0
0
0
0

1 cycle

4 total

1 cycle

cvcle

1800

1

1200
1500
2500
1500
1700
350
800
800
400
5600
2700
1100
300
1400

10 µS

805

1 cycle
1 cyc1e
1 cycle

es
3 cyeies
15 µ5
4 cycles
9 es
1 cycle
1 cyc:e
4 cycles

BO 25
BO 13

cy~es

600
200
30 µS
,000
803
1 cycle
c
900
5 es
too few to show 1yp1ca1
805
100
1 cycle
802
4 cycles
600

13

I

total
01
03
1
2
4
15
06

1 tolal

0 05
04
0 1
0 1
4 101a1
0 5
0 07

l1ghtn1ng storm
011 burner
011 burner

water pump
011 burner

house 11ext to 12
lightning

rural area
surges
stroke nearby
storm

lightning storm

TA-long osc1llal1on B-damped oSC•lialron C-un1d1rect1onC1I Number shows lrequency rn megaherlz

*Reprinted from Surge Voltages m Res1dent1al and lndustfla/ Power C/fcwts by Francois D Martzloff. Member. IEEE, and Gerald J Hahn Reprinted by
perm1ss1on from IEEE Transactions on Power Apparatus and Systems. Vol PAS·89, No 6. July/August 1970, pp 1049·1056 Copyright 1970, by the
Institute of Electrical and Electronics Engineers, Inc Printed in US A
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3.3 Commonly Used Test
Waveforms

lpp as specified on data sheet.

1. The 10 x 10001-tS Test Waveform used by
many TVS manufacturers, also by incoming inspection departments of users, represents
some commonly encountered transients. (See
Figure 7).
2. The IEEE Standard (ANSI C 37.90a - 1974) for
surge withstand capability. (See Figure 8)

101-tS

Figure 7 -

10001-tS

Commonly Used Test Waveform

3.4 Surge Testing

R == 150Q

Figure 9 shows a typical test set used to produce an
exponentially decaying current pulse of 1mS to 50%
down. (10 x 10001-tS). The 1mS waveform is used by
many manufacturers to test and characterize their
TVS devices for pulse power and clamping voltage.

2K
5.0W

61-tS to 50% down.
Figure 8 -

5.4Q
20W

Reset
_L_

+ 12V

1-

Sprague
11l2001

~l

+
Adjustable
350V P.S.
200mA

More Complex Standard Waveform

•

Unit rode
2N4201
Unitrode
1N5550

0.1µf

250µf
350 WVDC

Surge-j

1

Unitrode
1N5612
or1N5613

1________
l l _j-~
Figure 9 -
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After the contacts switch at t = 0, e =

4.0 Examples

L~;.

and when using a TVS the change 1n coil current

'

2l

dt
lo
t, = dildt

4.1 Relay and Solenoid
Applications

Ve Referring to Figure 10d,
L
VeelRL
Veel N
h
h
Veil
RL Ve. ote t at t e higher

the Ve of the TVS, the shorter the current
decay time.

When the energy stored in the coil inductance of a
relay or solenoid is released it can damage contacts
or drive transistors. It can also produce EMI
interference. A TVS used as shown in Figure 10 will
provide reliable operation.

In order to select the proper TVS, determine.
1. Peak pulse power Pp = Ip x Ve, where Ip = lo
2. Pulse time tp (@ 50% down point of

= _!2._
2
3. These values of Pp and tp are used with graphs
of pulse power vs. pulse duration provided on
the TVS305 and TVS505 data sheet to select
proper device. See example 1n Figure 2.

Just before the switch opens, the initial inductor current lo=

-

~:·

This is the worst case (maximum) current and
assumes the switch was closed long enough for the
circuit to reach steady-state.

ITVS)

For TVS
1 VR> Voe

2 Ve< VceoOf 0,
For TVS
VR> Vee

Figure 10b, DC Coil and Transistor
Figure 10a, DC Coil and Contacts

I,

----

AC

di/dt

L

lrvs

o---~o

For TVS·
VR> v.cpeak
Figure 1Oc, AC Coil and Contacts.
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in the TVS.
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NOTE: In some cases, because of accessibility,
the TVS must be located across the coil; in
that case a diode should be used in series
with the TVS, connected back to back as
shown in Figure 11.

Sample Calculations:
For example, using the circuit of Figure 1Oa,
and sample values of:
Vee= 14V, L = 1mH, and RL = 2Q;
For Vee = 14V, the next higher VA !s 15V. (Note that
Ve= 22.2V at 10A).
STEP 1:

Diode

For diode: PIV ;;. Voo

TVS

For TVS V, + Voo ~ V,., of O,

lo =

Vee = _J_1.'{_ = 7A
RL
2Q

Pp= Ip
STEP 2:

t =
'

Figure 11 -

Using TVS Across Coil

Ve= 7.0A

x

22.2V = 155W

Vee/RL =
14/2 = 0.32mS
\UL
22.2/10- 3

so tp =
STEP 3:

x

O 322ms

= 0.16mS = 160µS

From Figure 2, Ppmax for Ip = 160µS is
1200W, which is well above the circuit
value of 155W.

4.2 Protecting Switching
Power Supplies

Transients can produce failures because of
their own high energy level; and also they can cause
improper operation and component failure.

The designer needs to protect against:

Figure 12 shows a simplified schematic of a typical
switching power supply.

1. Load transients
2. Line transients
3. Internally generated transients including
those produced by internal faults or
failures.

Referring to Figure 12, the TVS devices shown protect
the following circuit components:
1.
2.
3.
4.

the
the
the
the

rectifiers
HV switching transistors.
output rectifiers.
control circuitry.

ltOVAC
60 Hz

Figure 12 -
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4.3 Protecting
Microprocessor
Based Systems
extends beyond the maximum rated level of the individual device for even relatively short durations
such as those that may be encountered during on-off
trans1t1ons Therefore, there 1s a need for some external protective device to suppress voltage transients,
as shown in Figure 13

While most microprocessor and IC semiconductor
manufacturers design some form of diode-resistive input clamping network on the chip itself, transient
voltage protection offered is very minimal - on the
order of a few watts of pulse power Manufacturers
are also reluctant to make device performance and
rel1ab1lity claims when power supply operation

TVS

Address Bus

Clock
CPU

TVS

TVS

Figure 13 -

UNITRODE CORPORATION • 5 FORBES ROAD
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Protecting Microprocessors
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5.0 Alternative Protection
Devices
Other protective devices such as MOVs, spark gaps,
and crowbars have one common disadvantage when
compared to zener TVS products; the response time is
from nanoseconds to as much as tens of microseconds as compared to 1 pS for an avalanche zener
diode. Even 50nS 1s long enough to allow a transient to
destroy the small junctions used in most integrated
circuits, logic, fast transistors, etc.

TVS products do not significantly degrade even after
100,000 transients.
In many cases, the zener TVS and one of the alternative devices can complement each other. For
example, when used with an SCR crowbar, the zener
TVS will keep the voltage during a transient to an
acceptable level until the crowbar, which may take
10µ,S to short the line, can protect the load circuits,
and in the case of a heavy transient protect the
smaller TVS as well.

In circuits where transient pulses are fairly common,
device degradation becomes a significant problem.

UNITRODE CORPORATION • 5 FORBES ROAD
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DETECTING IMPENDING CORE SATURATION
IN SWITCHED-MODE POWER CONVERTERS
ABSTRACT

transistor 02 is higher than 01 as shown in Figure
1d, even though the secondary current is the same
during on-times of transistors 01 and 02.
Three important observations can be made from
these figures:

A new low concept termed "mismatched flux"
has been developed which not only prevents impending saturation of the core but also provides
symmetrical switching current in power switches in
Pulse Width Modulation switched-mode converters
except at low flux density. The detecting signal is
obtained by mismatching the flux in the outer legs
of an E-E core configuration.

1. Information concerning the magnitude of
the imbalance of the flux can be derived by
examining the current in the rectifier diodes
(Figures 1e and 1f) during the dead-band
period.
2. The slopes of the primary currents when o 1
and o2 are conducting are not the same.

INTRODUCTION
Opposite polarity power pulses are applied to the
power transformer in a PWM converter to transfer
power from the primary to the secondary windings.
The volt-second integral of these pulses averaged
over one or more cycles should be zero to avoid
any problems with transformer core saturation.

3. The familiar equation lq/ID1=N4/N1 is not
applicable when the flux density in the
transformer is not symmetrical during the
positive and negative half-cycle.
Under normal operating conditions and during
dead-band period, the path for the current flowing
in the output inductor L is provided by diodes D1
and D2 . The inductor current is divided between
these two diodes. The magnetizing current IMS
flows in the entire secondary winding. Note that
the magnitude of IMS remains the same during the
entire dead-band period because the voltage across
the secondary winding is zero. The overall result is
that one diode conducts more current than the
other diode. The current flowing in these diodes
is:

In practice, however, imbalance occurs due to nonideal characteristics of power switches, mainly the
switching times (including storage and delay times)
and saturation voltage. Even though the imbalance
in the pulse width of the drive current provided by
a PWM control circuit is very small compared to
power switches, it can drive the core into
saturation.
Core saturation in PWM switched-mode converters
can cause problems such as secondary breakdown
in switching transistors, excessive voltage and current stress on the rectifiers, and EMI problems.
The unique circuit described in this paper develops
voltages proportional to the flux density in the
core. When the maximum flux densities at the end
of the positive and negative cycles.in the core are
not the same, unequal voltages are produced during
the positive and negative cycles. These voltages are
fed back to the PWM control circuit which adjusts
the widths of its output pulses until the amplitudes
of these two voltages are equal.
This technique, which can be applied in push-pull
converters as well as bridge type converters,
prevents core saturation and provides symmetrical
primary current during the positive and negative
cycles. It allows the most efficient use of the
power transformer. In a buck type regulator, the
current limiting function can be performed with
this same technique.

iD

iD

~?~A.i;;nQ •

TFI FX Q!';-1064

2

il
=--IMS
2

Current in Rectifier
( 1)
Diode D1
Current in Rectifier
(2)
Diode D2

iD1 - iD2

2

(3)

Thus, the current flowing in diode D1 and D2
allows us to determine the exact amount of imbalance in the flux density during the positive
and negative half-cycles. Figure 1g, which is
calculated from diode current D 1 and D2 , shows
the operating flux density of a core in only the
1st quadrant of a B-H curve.
When transistor o 1 or o 2 turns on, this magnetizing current is reflected back into the primary winding according to the equation:
2(N 2 )
lpM =
IMS
(4)
N1

Figure 1 shows the typical push-pull converter and
its associated current and voltage waveforms. Due
to the difference in switching times and V CE(SAT)
ot transistors 01 and 02, the transtormer core 1s
driven into saturation. The volt-seconds applied by

TWY 171n\

=_i_ + 1
MS
2

Subtracting iD1 from iD 2 and rearranging

THE UNBALANCED PWM CONVERTER
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The dotted line in Figures 1c and 1d shows the
reflected current in the primary winding. Since
the flux density is not symmetrical around zero
in the B-H curve, the collector current in Transistor
o 1 is lower than in Transistor o2 . When the
magnetizing current (dotted line in Figure 1c) is
added to the actual measured collector current
(solid line) in Transistor o 1, it will produce a
linear slope compared to the rounded slope of the
measured collector current. The equation

B+

_I1

'02

Figure 1a.

I'

___:i=~
lo 1

N1

(5)

will hold true, where l'c1 is equal to the magnetizing current reflected into the primary winding
plus the actual measured collector current lq.
Similarly, when Transistor o2 turns on, the transformer transfers energy from the input power
source to the secondary. Some energy is also stored
in the core due to the unsymmetrical flux density
in the core. The magnetizing current (current level
above dotted line in Figure 1d) is subtracted from
the measured collector current.

0
Figure 1b. Voltage Waveform at Collector of o2 .

0.85A I._

__ V! ''x1' _______
0.7A

_,,

~

Figure 1c. lc 1 Current Flowing in Transistor 01.

1.80A

The equation
I'

-"j....._0.25A

1.1A
0.85A

c2

N2

'02

= N1

/

(6)
0.25A

will hold true, where lc 2 is equal to the actual
measured collector current minus the magnetizing
current reflected into the primary winding.

..___ o

Figure 1d. lc 2 Current Flowing in Transistor

1.30A

The imbalance in volt-seconds causes the flux
density to drift towards one side of the hysteresis
loop. This causes an imbalance in the collector currents of the transistor switches. The imbalance in
volt-seconds will be compensated, to some extent,
by an adjustment in the collector currents of the
two transistor switches. As the collector current
decreases the storage time increases and VcE (SAT)
decreases as shown in Figures 2 and 3. This effectively increases the volt-seconds. The IR drop in the
primary wil'1ding a!so he!ps to balance the vo!tseconds in the transformer. These collector currents will vary until the proper volt-second balance
is obtained in the transformer. If no corrective
scheme is provided to balance current in the
switch, the following disadvantages are present:

iL

2+

o2.

1.2A

.._--.70A
lms= .8A

Figure 1e. Load Current in lo 1 .

.

'L

1.10An1.30A

--=-'-"A - - 0.4A
~
,,,, = n-·-··1

L

0.1A_

====--~-L-~~~.;;.;.;.;.;.::==--o

Figure 1f. Load Current in lo 2 .
~---lms

1. The required current ratings of the transistors
and rectifiers must be increased.

~~~..::::==:=::::::::.~~~o

2. The VcE(SAT) losses will be increased.
Furthermore switching losses will be even
higher, especially in high voltage power
converters.
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Figure 1g. Magnetizing Current in Secondary.
Figure 1. Gallery of Waveforms of a Push Pull P.W.M.
Switching Regulator
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3.

Losses in the core increase as a function of
the square of the maximum operating flux
density. As the core temperature goes up,
the losses in the core also increase, thus, the
potential exists for thermal runaway in the
core.
4. The leakage inductance is proportional to
the maximum operating flux density. The
imbalance causes high leakage inductance,
and excess voltage stress across the transistor
and rectifier.
5. If the core goes into saturation, it creates
excessive current in the power switches, can
result in forward bias second breakdown,
clamped reverse bias second breakdown,
and increased radiated and conducted EMI.
Condition: 181

= ls 2 =

3

u

Q)

3

2

BASIC PRINCIPLE
An air gap in the E-E core can be used to prevent
core saturation in PWM converters. The air gap
reduces residual flux density in a square loop
transformer and prevents core saturation during
the start-up condition. However when there is a
volt-second imbalance, the air gap does not prevent
core saturation.
If the air gap is placed in only one of the outer legs
of an E-E or EC core configuration, as shown in
Figure 4a, then it allows a means of detecting core
saturation, and by using this signal, to provide
symmetrical flux swing in the core.
The primary winding and secondary winding are
placed in the center leg of the E-E core, while the
auxiliary winding is placed in the outer leg which
contains the air gap.

I
Tii,
VcE = 200V

The peak output voltage of the auxiliary winding is
detected with Diode D 1, o 2 and Capacitor c 1. The
Resistor R 1 in parallel with Capacitor c 1 provides
the reset for another cycle by discharging the capacitor. The voltage developed across R 1 and c 1 is
proportional to the maximum rate of change in
flux at the instant when the transistor switch turns
on.

2165~7
~

Q)

E

i=

N
N

The total amount of flux passing through the outer
leg with the air gap is inversely proportional to the
magnetic length of the opposite side of the leg. As
the flux density in the center leg increases, a larger
and larger area of the core at the point where the
two E cores meet on the opposite side of the leg
will become saturated. Note that only the edge of
the core will saturate, while the rest of the core
(leg with no air gap) will not saturate. As it saturates further, the reluctance of this leg increases,
thus its effective magnetic length increases. This
phenomenon forces more flux into the leg which
has the air gap.
The voltage developed in the auxiliary winding is
expressed by Faraday's Law:

~

Q)

"'e0

~N

(j)

0

0

2

3

4

5

6

lo..
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le - Collector Current (A)

Figure 2. Storage Time vs Collector Current
le
Condition: la 1 -- 10
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Figure 3. VcE (SAT) vs Collector Current
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(7)

The same results can be obtained with using a core
as shown in Figure 4b. The advantage of using this
core is that the leakage inductance will be less
compared with the previous technique.

2345678910
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Where N is the number of turns. Thus the magnitude of developed voltage will depend upon the
rate of change in flux with respect to time. Since
the air gap is in only one leg of the E-E core, the
term Jd<I> 2 /dtl changes continuously and depends
upon the flux density in the center leg. Thus the
output voltage from the auxiliary winding also
varies with respect to time.
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Figure 4a. Air Gap in Only One Leg of E-E Core

Figure 4b. Tapered Air Gap in One of the Outer Legs of
the E-E Core

Figure 5 shows the 8-H curve (solid line) of an E-E
core with an air gap in only one leg. It lies between
the E-E core with an equal air gap in both sides of
the outer legs and a core with no air gap. From this
figure it is obvious that ld<I>/dtl changes with the
flux density and is a non linear function. Figure 6
shows variation in inductance with magneto-motive
forces.

be accomplished by gating the output voltage of
the auxiliary winding with a pulse width of a few
microseconds.

Figures 7 through 9 show the voltage developed in
the aux ii iary winding at different values of the
magnetizing current. The magnetizing current is
directly proportional to the maximum flux level
for a given transformer. In these waveforms the
initial flux density is set at zero and the allowed
flux swing is in the 1st quadrant only. The magnitude of the error signal (when the transistor switch
turns on) is the same in all three figures since
d<I> 2 /dt is the same. As the magnetizing current
increases, the developed error signal due to d<I> 2/dt
in the winding around the outer leg (with the air
gap) also increases because d<I> 2 /dt increases with
flux density. From the shape of the collector current it is obvious that the core is not saturated.
Figure 10 shows the voltage developed across
Resistor R1 from the auxiliary winding and also
the current in the two transistors lq and lc 2. The
current waveforms show that there is no symmetry
in the fiux of the core. Figure 11 shows the same
output voltage peak detected by paralleling Capacitor C 1 across Resistor R 1. The voltages developed
are not symmetrical during the alternative half period of the cycle. Figure 12 shows that when the
developed voltage is fed back to the control circuit,
it produces flux symmetry in the core. This can be
seen by the equal magnitude of the collector
currents.

Figure 5. Effects on Hysteresis Curve with Air Gap in Only
One Leg of E-E Core

The initial amplitude of the voltage from the
auxiliary winding (after the transistor turns on) can
be used to further improve performance. This can
UNITRODE CORPORATION • 5 FORBES ROAD
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Figure 10. Without a Feedback
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Figure 9. Error Signal Developed at
Magnetizing Current= 700 mA

Figure 12. With a Closed Loop

CLOSING THE LOOP

2.

Into the non-inverting input. This can be
achieved by (a) lifting up 4.7K from ground
in the NI circuit, (b) adding 100U in series
with 4.7K and the other side of 100U returning to ground, and (c) adding a feedback
signal at the junction of the 100U and 4.7K
resistors. The peak to peak amplitude of the
signal fed into the NI input has to be less
than the output ripple voltage fed into the
I NV input. Feeding signals in the NI or I NV
inputs will provide flux symmetry in only
DC conditions.

3.

Feeding the signal at the I NV input. This
requires an opposite polarity signal, which
can be obtained by reversing the diodes in

The developed voltage across R 1 and C 1 is fed
back to the control circuit (UC3524').
This voltage can be fed into the control circuit
in one of three ways:
1. AC coupled into the output of the error
amplifier. Since this amplifier is a transconductance design, the output has very
high impedance (approximately 5 MU).
The feedback signal from the auxiliary
winding is modulated at this point with
the output voltage of the error amplifier.
The output pulse width is corrected to
provide symmetry as well as to prevent core
saturation.
UNITRODE CORPORATION • 5 FORBES ROAD
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Figure 4. The modifications required to
change the circuit are the same as listed
above. Also in this case the peak to peak
amplitude of the signal fed into the INV
input has to be lower than the peak to peak
output ripple voltage fed into the INV input.

The method described in this paper can be used
for half bridge configurations as shown in Figure
14. It does not require a low ESR, high voltage
capacitor in series with the primary of the transformer. The DC balance is provided by Capacitors
c 1 and c 2. Thus, this technique offers a low cost
solution in preventing core saturation and in providing flux symmetry.

To obtain adequate signal at very low input voltages
may require a low VF diode.
PWM PUSH-PULL CONVERTER

BUCK REGULATOR

A complete schematic of the PWM Push-Pull Converter using this technique is shown in Figure 13.
The power switch is a Unitrode hybrid circuit, the
PIC636, which is housed in a 4 pin electrically
isolated T0-66 package. It provides the advantages
of low RFI and ease in heat sinking due to the
electrically isolated package. Constant base drive is
provided by small signal transistors (2N2905). The
output rectifier is a center tap T0-220 fast recovery (35nS) rectifier. The control chip is a
UC3524 PWM voltage regulator. The soft start
function is performed at the NI input by allowing
the reference voltage to come up slowly when the
input power supply is turned on. The feedback
signal from the auxiliary winding is fed into the
compensation terminal (output of the error amplifier) with Resistors R2 , R3 and Capacitor c2 . The
steady state and transient response of the circuit
was evaluated: it provides flux symmetry and
prevents core saturation under these conditions.

In a buck regulator, the method described here can
be used to provide the current limiting function
without a current sense resistor.
The circuit shown in Figure 15 is a high performance buck regulator. It utilizes the Unitrode
power hybrid switching regulator circuit, PIC625.
The high performance transistor chip and fast
recovery (20nS) rectifier diode are mounted in an
electrically isolated 4 pin T0-66 package. The
control circuit is a Unitrode Corp. PWM voltage
regulator chip. The inductor L utilizes the equal
E-E core configuration with unequal air gaps in the
side legs. The main winding is placed on the center
leg while the two auxiliary windings are wound on
the outer legs. The output voltage from these
auxiliary windings are compared using Transistor
o3 . The magnitude of the current limiting is
adjusted with Resistor R 1. When the current in
the hybrid circuit, PIC625, exceeds the set current

1N914

100

::f"'

r------,

1N914

4 7K

Ferroxcube
782E272
Ni= 10T
N2 =8T

4 7K

47K

1N914

.~

N =3CT

I

PtC636

,,
R4 = lOOK
C4 =2µF
C5 = lµF
C5 = 005µF

33K
C3

005
µF

L -

-

-

-

-

..J

C2
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lOCK
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Figure 13. PWM Push-Pull Converter
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limit, o3 turns on and the voltage developed across
c 1 and R2 is fed into transistor switches o1 and
o2 . The transistor o2 removes the drive current
from the PIC625 instantaneously. It provides
protection during the transient condition. The
transistor switch 01 provides the function of current foldback by discharging the soft start capacitor c 2 . The transient response o_f this cir_cui~ i~
shown in Figure 16. The current in the switching
transistor during short circuit and normal operation mode is shown in Figure 17.

CONCLUSION
The low cost circuit described in this paper prevents
core saturation due to unsymmetrical flux, and
provides equal collector current in the transistor
switch and in the rectifier diodes. The power
dissipation of these switches is kept in balance.
Further advantages of this approach are:
1. a.

In a push-pull converter, the need for an
inductor is eliminated, thus, the size.cost
and weight are reduced.

b. Transient response time is improved.
In a bridge type converter, a capacitor (low
ESR, high voltage) in series with the primary
of the power transformer is not required. (In
conventional designs even with this capacitor,
there exists a danger that the core can be
driven into saturation under transient
conditions).
3. In a buck type converter, it allows the current limiting function to be performed
without a current sense resistor, thus improving the performance.

To Control C1rcu1t

2.

c,
UMT1009

4. Storage time and VcE(SAT) matching
of the transistor switches are not required.

Cz

5. More efficient use of the transformer, allowing smaller, lower cost magnetics is achieved.
6. In an off-line converter, isolation is maintained_

The flux correction ctrcutt eliminates the need for
capacitor c3 m senes with primary of the transformer

Figure 14. Half Bridge Converter
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Figure 15. High Performance Buck-Type Switching Regulator
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5µ$
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Current
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f
lu._._
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Short-circuit

[7.1 ~
Collector
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V = 1A/div, H = 50µ5/div
Figure 17.
Collector currents, IL= 1A and under
short circuit conditions.

Figure 16.
Collector currents for step change
in load from 1A to 5A, to 1A.
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HYBRID CIRCUITS FOR LOW VOLTAGE
SWITCHED-MODE CONVERTERS
ABSTRACT
Hybrid circuits offer many advantages over the
conventional discrete approach in switched-mode
converters. This paper deals with the construction
of the hybrid circuit and its thermal considerations. It examines the efficiency of a buck regulator employing a saturated transistor versus the
optimized darlington configuration. Also considered are the effects of reverse recovery of the
rectifier and base spreading resistance of the transistor on the efficiency of a switching regulator.
Finally, applications of standard hybrid circuits
for switched-mode converters are discussed.

printed onto the BeO substrate and then fired
in high temperature furnaces. For optimum performance, the tolerances of the thick film resistors
are maintained within 10% of their design values.
The semiconductor devices used in the circuit are
all silicon planar passivated devices and are gold
eutectic mounted. Aluminum ultrasonic wire
bonding is used for interconnections.
In the second stage the BeO substrate is soft
soldered to the header for good heat transfer.
A copper slug is interfaced between the BeO substrate and nickel plated steel header. The copper
slug is used to relieve mechanical stress between
the BeO substrate and the header and to provide
heat spreading resulting in lower thermal resistance.

I. INTRODUCTION

Recently a rapid increase in the use of hybrid
circuits in switched-mode power converters is
evident due to their inherent advantages. Some of
these advantages are: de and high frequency
electrical isolation, ease in heat sinking multiple
power components within the single hybrid package, reduced stray parasitics, and finally, lower
overall cost compared to the discrete approach.
The hybrid circuit approach requires careful consideration of thermal design for maximum reliability and proper selection of silicon chips for best
electrical performance. This paper provides an
overview of the construction of a typical power
hybrid switching regulator circuit and its thermal
design considerations. Also considered are the
effects of the reverse recovery time of the rectifier and the base spreading resistance rss',of the
power switching transistor on the efficiency of the
switching regulator. Applications and advantages
are also discussed for types of hybrid circuits
which are designed for low voltage applications
and other types designed for "off-line" switched
mode converters.

Ill. THERMAL CONSIDERATIONS
The design of the power hybrid circuit requires
careful consideration to optimize important
thermal requirements; thermal cycling, resistance,
and partitioning. To obtain maximum thermal
resistance, overlapping heat flow should be avoided.
As shown in Figure 2, heat flow from silicon chips
#2 and #3 overlaps, thus reducing the thermal
capability. No overlapping heat flow occurs from
chip #1.
Thermal resistance of the package can be calculated by the formula:
t
RT= PA
where t is the thickness of material through which
heat flows, p is the thermal resistivity of the material and A is the average area through which heat
flows.
In making a conservative calculation, it is assumed
that heat flux diverges at approximately a 45°
angle for all the materials except the copper slug
(62.5°) due to high conductivity.

11. CONSTRUCTION
The power hybrid circuit PIC600 is the power output stage of a buck type switching regulator as
shown in Figure 1. It consists of a high speed
darlington-connected transistor pair, a commutating diode and two thick film biasing resistors.
These components are housed in a 4 pin electrically isolated T0-66 package.
The manufacturing procedure for these devices is
divided into two stages. First, a BeO substrate
is chosen because of its excellent thermal
conductivity, - - 70% as good as copper. The
interconnection paths, pad areas for the wire
bonds and the thick film resistors are screen
UNITRODE CORPORATION • 5 FORBES ROAD
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The thermal resistance calculation of a hybrid
circuit is shown in Figure 2. The copper slug
between the BeO and header reduces the thermal
resistance of the package (by about .32°C/W) by
spreading the heat flow through a large area of
the steel header.
This calculation assumes that no voids are present
at the interfaces.
IV. COMPONENT AND CIRCUIT SELECTION
Achieving maximum efficiency in a buck-type
regulator requires proper selection of electrical
characteristics of the transistor switch and catch
diode. Optimum efficiency can be obtained with a
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Schottky rectifier because it has lower forward
drop than most PN junction devices. The Schottky
rectifier is a majority carrier device and has zero
reverse recovery time. However, the Schottky's
high junction capacitance ( 10 times greater than
PN junction devices) produces the same effect as
the trr of PN junction devices. Junction capacitance does not change appreciably with temperature, so the effective reverse recovery time remains
the same with respect to temperature. Since
commercially available Schottky rectifiers have
only a 45V PIV rating, the absolute maximum
input voltage of the buck type regulator is limited
to only 45V.
Ultra fast PN junction devices are available with
the same effective reverse recovery as Schottky
rectifiers with a higher (up to 400V) PIV capability. The somewhat higher forward drop of the
PN junction devices does not degrade efficiency
at higher voltages.
The way in which a device recovers from forward conduction is also important. In high voltage
(>1000V) power supplies, it is desirable to have
abrupt reverse recovery time for optimum efficiency. In low voltage, high current power supplies
a soft reverse recovery rectifier is better suited
from the RF I viewpoint.

duration in the active region. Th is significantly
increases RF I and also increases the power dissipation in the transistor, and may cause second
breakdown.
For reliable circuit operation, trr should be much
less than the current rise time of the transistor.
This ensures minimum current overshoot in the
transistor and also minimizes the amount of time
the transistor spends in the active region during
turn-on, resulting in lower power dissipation and
increased efficiency. However, to obtain maximum
efficiency, all switching times, (including current
rise time) should be as fast as possible. The rectifier
should be selected such that its trr is one third or
less of the current rise time of the transistor. In
switching regulator applications, it is also essential
that the storage and fall times be as low as possible.
When turn-off is achieved without the assistance of
I82, it is important that the power output transistor have the following characteristics for best
performance:
1.

Figure 3 shows the effect of a diode recovery time
on transistor power dissipation. The reverse recovery time of the catch diode requires the transistor to conduct higher peak current for a longer

Larger emitter periphery area with a triple
diffused or double diffused epitaxial construction to provide lowest effective collector series resistance to prevent forward
biasing of the collector-base junction.

2. The base spreading resistance, rss',of the
device should be lower than the external
biasing resistor. This will provide low storage
time and fast fall time.
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Figure 3. Importance of Reverse Recovery Time of a Rectifier
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Figure 1. Unitrode power hybrid circuit (PIC600)
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Figure 2. Heat Flux Line in a Hybrid Circuit
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The resistor turn-on biasing method works satisfactory up to 10A for a low voltage device without
affecting the efficiency of the switching regulator.
Another advantage of the resistive turn-off circuit
is that it limits current crowding during turn-off
thus increasing the reliability of the circuit. Since
the driver transistor operates in a saturated mode,
the device should have a high gain-bandwidth
product to minimize overall storage time.

The internal biasing resistors of these transistors
are sufficient for fast turn-off without requiring
any IB2·

The table shown in Figure 5 compares the efficiency of a saturated transistor {2N4150) versus
the hybrid darlington as the switching element in
a 50 kHz buck regulator. In each case, the output
device has the same size silicon chip.

The hybrid circuit PIC600 consists of two transistors connected in a darlington configuration.

Efficiency

Power Losses

Pass
Transistor

(Watts)

0.5

Tj = 25°C

2N4150
(Saturated)

D.C. Losses . . . . . . . . . . . . . . .
Switching Losses ............
Drive Losses . . . . . . . . . . . . . .
Diode Losses . . . . . . . . . . . . . .

PIC625
(Darlington)

Svvitchi ng Losses

0.7
2.27
0.13
4.76

Ea - 0.2

~-

84.79%

81.66%

82.8%

8i.69%

D.C. Losses . . . . . . . . . . . . . . . 1.4

Conditions:

. . . . . . . . . . . 1 .53

Drive Losses . . . . . . . . . . . . . . 0.15
Diode Losses . . . . . . . . . . . . . . 4.76

f = 50KHz

Ea= 5V
10 = 7A
Same size output device for both cases.
Figure 5. Comparison Between Saturated and Darlington
Pass Transistors in a Buck Type Switching Regulator
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In the saturated transistor approach, the transistor
is driven with a forced Beta of 5 during turn-on
and turn-off. However, in the darlington configuration, no turn-off base drive is employed. Typical
measured switching times and saturation voltages
are used to calculate losses.

V. APPLICATIONS
Different applications of power hybrid circuits are
discussed in this section.
Low Voltage Hybrid Circuits (<100V)
Some applications of low voltage hybrid circuits
are: low and high current positive and negative
buck-type regulators, bidirectional motor driver
circuits, PWM push-pull and half bridge converters.
Each is discussed briefly as follows:

From the table in Figure 5, it is evident that the
hybrid darlington approach provides best results
in terms of efficiency when the ratio between the
output and input voltage is less than 0.25. In a
darlington configuration, if the output device is
kept out of saturation, then the rise, fall and storage times will be reduced compared with the
saturated transistor. Even at higher output/input
voltage ratios the loss in efficiency because of
higher VcE(SAT) is minimal compared to the
complexity and cost of a drive circuit required for
a saturated transistor.

a.

The schematic of the low cost, free running
buck switching regulator is shown in Figure 7. When the output voltage is lower than
the reference voltage, transistor 02 is off
and transistor 01 is on and provides the base
drive to the power hybrid circL·it PIC600.
The current in inductor L 1 increases linearly
and continues to charge the output capacitor
C0 . When the output voltage exceeds the
zener voltage of diode D1 (plus some fixed
fraction of VBE of transistor 02) transistor
02 turns on and removes base drive current
from transistor 01 and hybrid circuit
PIC600. Resistor R5 and capacitor C1 are
used to provide fast switching times. The
output voltage is trimmed with resistor R3.

The plot in Figure 6 shows de power dissipation
of a PIC625 at various duty cycles and temperatures. The efficiency of the regulator depends
heavily upon output voltage. Switching losses of
the PIC625 under conditions shown in Figure 6
are:
25°C -55°C
125°C -

0.875W
0.525W
1.476W
13

T

~ .. T
Efftc1ency:

12

11

-.11

L.

Buck Type Switching Regulator

~

_,,_o

100

= 25J

J..---"":

!-"""

90
Eo = 5V

80

70

10

I B1 = 30mA - Independent of Load and Temperature

l

9

l

60

-55°C DC Losses

8

25°C DC Losses

7

125°C DC Losses

50

40

-

E;n = 25V
lo =7A
f = 25KHz

5

0.2

0.4

"'
u

~
w

Cond 1tions:

6

0

>
'-'
c

0.6

0.8

30
20
1.0

Figure 6. Losses and Efficiency - PIC625
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PIC600

r----r-+-J--..rvYY"--+-------4.__+-o

33K

R2=180£l
R3 = 330£l

R4 = 22on

01, 02 = 2N2222
T/= 80.3%

Load Regulation = .2%

Line Regulation (25

55V) = 2%

Figure 7. Low Cost Buck Regulator

b.

High Frequency Switching Regulator

The advantages of operating a buck regulator
at higher frequencies are:

Low voltage hybrid circuits can be operated
as high as 250 kHz due to their fast switching times. When these devices are used above
100 kHz, the storage time of the driver
transistor must be reduced. This can be done
by using a Baker clamp with resistor R 1 and
diode D1 as shown in Figure 8.

Lower filter cost
Reduced size and weight
Improved transient response
Output ripple voltage less dependent
upon ESR of capacitor
Simpler EMI and RFI filtering

,--- ---- -,

L = 100µH

PIC600

Em= 25V

E0 = 5V

I
I

Cm

I
I

Co

o,

T~>

1N914

J
.002 F

-=-

.lµF

4 7K-

4 7K
Nl

l47K

4.7K

CT
.004µF
RT
2.2K
EA,
E9,
Sh.On

Figure 8. Operating a PWM Buck Regulator Above 100KHz
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PWM Push-Pull Converter

Extending Output Current Capability up to
20A

The circuit schematic shown in Figure 11 is a
width modulated push-pull converter. It utilizes
the Unitrode PIC636 power hybrid circuit.

The output current capability of a buck
regulator can be extended by (1) paralleling
the output devices as shown in Figure 9 and
(2) the use of a high current device as shown
in Figure 10.

Flux symmetry5 in the transformer core is provided by introducing an air gap in only one leg of
the EE core configuration. The voltage developed
across resistor R 1 and capacitor C 1 is proportional
to the flux density in the center leg of the EE
core. This developed voltage is fed back into the
control circuit at the output of the error amplifier. The output pulsewidth is corrected by the
developed voltage across C1 and R1, providing
flux symmetry in the power transformer.

The advantages of paralleling output devices
are that it allows the device to operate with
a relatively simple drive circuit and provides
simplicity of heat sinking. On the other
hand, proper current sharing during the ontime period and turn-off time is required.
The circuit shown in Figure 9 provides the
circuit technique to do just that. The only
drawback is that it requires a dead-band
period which must be greater than 0.1 L,
where L is the inductance value of the common mode choke L 1·

Bidirectional Motor Drive Circuit
These power hybrid circuits can be employed to
drive inductive loads, such as DC motors, stepper
motors, and hammer drivers. Small inductors L 1
and L2 limit cross-conduction current during
switching times of the two hybrid circuits. The
excellent switching properties of the hybrid circuit allow the circuit to be operated with high
efficiency up to 100 kHz, improving transient
response of the circuit.

PIC625

r - - - - - - - - - ..

I

768T188/3E2A
N 1=N 2=1 Turn

I
I
I

Li
R1

Ni

e

_ _ _ _ _ _ _JI

Ein

R2

•

N2
PIC625

r---------,

'---

lorive

Figure 9. Current Sharing with a Common Mode Choke
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500

I
I
I

µFr

500µFr

I
L-----

--"

82'1

,- - -1

I

Figure 10. Simplified Schematic of 20A Buck Type
High Efficiency Switching Regulator

Figure 12. Bidirectional Motor Drive Circuit

Em= 25V

100µF
4 7K
4 7K

820'1

-1

a2on

I
I
I

INV

47K

Ferroxcube
782E272

N1 = lOT
N2 =ST

I

I
_J

I
1----t--OCT

E90--t-------.

µF200
I
I
I

2 2K

I
_J

C3" 005µF
C5

=

1µF

C5" 005µF

Figure 11. PWM Push-Pull Converter
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VI. CONCLUSION
A wide variety of power hybrid circuits in standard
packages for switched-mode converter applications
have been developed by Unitrode. Power components were carefully selected for optimum
electrical performance. In many instances these
hybrid circuits not only provide superior electrical
performance but also reduce the overall cost of the
power supply by reducing production labor and
repair cost.
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INCORPORATE ACTIVE INRUSH CURRENT LIMITING
TO IMPROVE RELIABILITY AND EFFICIENCY
OF POWER SUPPLIES
Active inrush-current limiters-unlike fuses and circuit breakersprevent dangerous situations instead of only reacting to them.
Apply limiting techniques, and you need not employ extra-hefty
rectifiers just to ensure rectifier survival during turn on.
The input filter capacitor employed in many
power-supply designs creates a potential problemhigh inrush current. Fortunately, though, adding a
few extra components can prevent inrush current
and its associated circuit damage.
How does the input capacitor cause such problems? Intentionally chosen for high storage capacity and low equivalent series resistance (ESR), it
behaves like a nearly perfect short circuit when the
supply first turns on. The resulting short-duration
peak inrush current can reach levels much greater
than the tolerable single-cycle ratings of the
supply's semiconductor rectifiers (thus destroying
them) and still not contain sufficient total energy
to open protective fuses or circuit breakers. Additionally, the supply's rapidly rising voltage and
current levels could cause dv/dt- or di/cit-sensitive
devices in neighboring hardware to fail or malfunction.

40 nH
Output to
Regulator

I

I
I

t+-AC Line
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TRANSIENT ANALYSIS
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Input Ctrcu1t

Figure 1. Based upon this generalized model, analysis
indicates the inrush-current problem's magnitude.
Chosen for its low ESR, the input filter capacitor (C1J
behaves like a nearly perfect short circuit when the
supply first turns on.
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Figure 2. Peaks greater than 200A are
predicted by ECAP for the circuit model
shown in Figure 1.
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Turn on an analysis before
you turn on a power supply

>5QV -

Computer analysis proves useful
To appreciate the inrush-current prqblem, consider an estimate of its magnitude before examining possible control techniques. Figure 1 depicts
a model of the ac-input and rectifier/filter sections
for a typical power supply. Although shown in a
straight off-the-power-mains configuration, the
model should be valid for any other design with
the same output-power capability.
An ECAP computer analysis performed for this
circuit assumed worst-case conditions: switch
closure at 160V (peak voltage). The results (Figure 3) of a typical design. The current pulse's
high level and short duration could generate severe,
localized hot spots in rectifier junctions or cause
false triggering of rate-sensitive devices elsewhere
in the circuit.
A standard approach to current limiting is depicted
in Figure 4a-a resistor. It's simple, reliable and
easy to design in, but efficient it isn't. At any current level, it dissipates power that would otherwise
be available to the load. The resistor does perform
a surge-current-limiting function, however.

2mS

50V

Inrush

l

+---11---+--+---lf--+--+---l---+--l

Current

80AL°IV

-

200mV

•t50~

Figure 3. Measured inrush current appears close to that predicted in Figure 2. This large current inrush could cause
junction hot spots and generate troublesome EM/.

Alternatively, a thermistor-controlled current
limiter (Figure 4b) alleviates the resistor's efficiency problems to some extent, but it aggravates
the dropout-recovery problem. The same cold-tohot resistance variation that permits turn-on
current limiting and high efficiency at low operating currents fails in dropout-recovery situations:
The thermistor's long thermal time constant
prohibits fast recovery.

(a)

117V AC
1Line

+

DC Output

-----------------.()+

AC Line

v,

A,

o,

(bl

AC ltne
NOTES

R1 3, 5W
R2 02,10W
R3 3k, 5W
R4 1k
Rs lk, 2W
A(! 2k

Figure 4. Two common methods of inrush limiting
employ either a resistor (a) or a thermistor (b). But
if the resistor is large enough to effectively control
surge currents, it also significantly reduces efficiency.
The thermistor, while more efficient, offers little
protection during dropout recovery because of its
long thermal time constant.
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Cl 1000µF
C2 10µF
C3 2 µF
D1 UZ4715
D2 1N4245

01 400,V10A
02 UPT312

D3 UT680-4

Figure 5. SCR soft starting bypasses the current-limiting resistor (R 1) only when the peak-detected voltage
across Q 1 drops below the zener breakdown, i.e.,
when Ct becomes almost fully charged through Rt.
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SCR spells efficiency
In view of resistor and thermistor drawbacks,
active soft-start designs offer a best-of-both-worlds
solution-effective inrush limiting, fast recovery
and high operating efficiency. This type of circuit,
shown in Figure 5, essentially incorporates a current-limiting resistor (A1) and a bypass switch
(01). At turn on, 01 is OFF, and the surge current (Isl develops a voltage across A1 ·This voltage
is peak detected by D2 and stored in C2. When the
voltage exceeds D1's zener breakdown-an event
that should occur almost instantaneously-02
turns on, disabling 01 's gate-triggering network
(A3C3). As the power supply's filter capacitor C1
charges up, the inrush peaks diminish until the
detected ISA1 voltage falls below Dfs zener
breakdown. 02 then turns off, and the A3C3 network charges up and fires 01, bypassing A1 ·
This circuit recovers rapidly enough to limit inrush currents that could occur as a result of even
short line dropouts. When the ac input voltage
goes to zero, the voltage across 01 also goes to
zero, and 01 turns off. When the input voltage
reappears, 02 keeps Ofs gate circuit OFF until
A1 has allowed C1 to become almost fully charged.
Figure 6 graphically depicts this design's inrushlimiting ability. Note how the lsA1 voltage level
(upper trace) tracks the diminishing inrush-current
pulses (lower trace) for the first three cycles. At
the 17-msec point (slightly after the third current
pulse), the peak detected voltage has dropped
below the zener breakdown point, and 01 switches
on, bypassing A1. Then A2 limits inrush currents.

50V

.vc2
50V/Div

5mS

.... ... .... ... ... .... ... .... ...
~

~

lnru sh
Cur rent
20A (Div

....

1
I
\ ~ ·ti
5V

·t

·Jt·· 11 ··1

5~V

5 msec/D1v

Figure 6. Inrush-current pulses of decreasing magnitude
(bottom trace) lower the SCR's hold-off voltage (upper
trace). After 17 msec, the SCR fires.

After determining your design's maximum continuous de output current (IQ) and inrush limit (IS),
you can select an appropriate SCA. (The major
SCA considerations are the peak repetitive blocking voltages and the maximum average plus peak
current levels.) Typical SCAs exhibit a gate-turnon voltage (VGT) of about 0.6V; typical powersupply circuits exhibit a di/dt of about 1A/µsectwo quantities required for calculating the values
of the other critical components:
A1 =..J2V AC/ls
A2 = PA 21102
vz = 1sA2
C:P.(2..,/2 VAcVz)/(A3VGTR1(di/dt)).

TRIAC

117VAC

Line

+

T ~~OµF
NOTES
D1: UZ4718
D2: UT680-4
03: 1N3612
01:SC260C
02:UPTA510
03: U2TA506
D4:U13T1
T1: SPRAGUE 1122000

1N914

Figure 7. Phase controlling a triac limits inrush-current pulses' amplitude and duration. Cycle-by-cycle triggering handled by the PUT comparator - ensures instant recovery from line dropouts.
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Switch out the limiting resistor
when the inrush is over
In the second equation, specify PR2 as the maximum power your requirements allow across R2.
Another effective inrush-current limiter is the
phase-controlled triac design shown in Figure 7,
which operates by controlling the conduction time
of the current surges. Initially, the de voltage (VQ)
across C1 builds up slowly because of R 1's currentlimiting action. This de voltage helps establish a
reference (via R11 and zener diode D1) for the
programmable unijunction transistor (PUT) 04 and
charges the phase-control timing capacitor C2 (via
R3). The PUT fires when its trigger point is
reached, turning the triac on. Thus, when Vo is
initially low, C2 charges slowly, and the triac
triggers on late in the half cycle. As Vo rises 01
turns on earlier in each cycle until nearly 100%
conduction is achieved.

f 5~V

500 mV

I

[

I

.

50 V/D1v

I\

~

11

~

L

L 1ne
v oltage

E~

ft.

'l~ ~
] l !

......

~1

~.

I"""

i,-

_:;~v''

"

50V

~

~

,.

u1valent
In rush
Cu rrent
A/Div

~~10

i

Dc
Ou tput
Vo ltage
50 V/Div

10 mSEC/DIV

Figure 8. Triac conduction follows the gradually increasing
de output voltage, decreasing the would-be inrush current.
When the output voltage reaches design level, the triac is
bypassing the current limiter nearly 100% of the time.

The remaining circuit components (D3, 02, 03,
etc) discharge timing capacitor C2 on each half
cycle, thereby assuring cycle-by-cycle current
limiting and fast recovery from dropouts. Figure 8
depicts the relationship between the ac input
voltage, the de output voltage and the varying
conduction angle of the triac.
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DESIGN GUIDE - POWER SCHOTTKY RECTIFIERS
IN A SWITCHING REGULATOR

1.

Introduction

2.

Schottky rectifiers are widely used in switchedmode converters due to their inherently lower forward voltage characteristics compared with PN
junction devices. Losses in the power supply are
reduced considerably by the use of Schottky rectifiers, resulting in increased efficiency, improved reliability, and reduced size, weight and cost of the
switched-mode converter.
In a +5V T'L logic power supply, the efficiency of a
switched-mode converter is reduced 11 to 15% due
to rectifier losses. The trend is for information processing circuits to be operated at even lower voltages, making the forward characteristic of a
Schottky rectifier even more important.
Since the Schottky rectifier is a majority carrier
device, there is no reverse recovery characteristic
caused by minority carrier storage when the devices
switch from forward conduction to the blocking
state. However, due to the large junction capacitance, Schottky rectifiers will exhibit reverse recovery time like a fast PN junction rectifier.

The most commonly used barrier metals or alloys
are chromium, platinum, nickel platinum, molybdenum tungsten. A performance comparison of different barrier metals is summarized in Table 1. The
chromium barrier provides low forward voltage with
a very high leakage current. However. the tungsten
barrier provides low leakage current with high forward voltage. Since efficiency is a maior consideration in switched-mode converters, the nickel platinum barrier provides the best choice due to its low
forward drop with a minimum of leakage current.

3

Theory And Discussion of Parasitic
Elements in a Schottky Rectifier

The energy bands of a metal and semiconductor
separated by a vacuum are shown in Figure 2a. This
system is not in equilibrium. However, if an electrical connection is made between the semiconductor
and metal, charge is allowed to flow from the semiconductor to the metal. Equilibrium will be established and the Fermi levels will become aligned.

This application note describes, in brief, the theory
of Schottky rectifiers and compares Schottky rectifier characteristics using different barrier metals
and iheir effecis on swiiching reguiaior efficiency.

When intimate contact is made between the metal
and semiconductor, Figure 2b, the Fermi levels will
line up and there will be an accumulation of positive
charges at the surface of the semiconductor. A barrier will exist for electron flow from the metal to
semiconductor and the barrier height will be the
difference between the work function of the metal
and the semiconductor.

The discussion also covers the parasitic elements in
the Schottky rectifier and considers the effects of
these elements in switched-mode converters.
Design rules are derived for optimum snubber networks to protect against transient voltages and minimize RFI. Guidelines are provided for selecting the
proper Schottky rectifier for different types of
switched-mode converters.
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Basic Structure

The basic construction of a Schottky rectifier is
shown in Figure 1. The starting material is a heavily
doped N+ silicon wafer on which an N-type epitaxial
layer is deposited. The resistivity of this layer
determines the reverse blocking voltage capability
of the rectifier. The Schottky barrier is formed by
depositing a metal layer on the N-type epitaxial
layer, and the junction formed between the metal
and the semiconductor is an abrupt junction.

Present technology is stimulating the development
of more efficient power supplies. The switching
regulated power supply is fast becoming the most
popular type especially in industrial and military
applications because it offers higher efficiency than
a linear power supply.

129

PRINTED IN US A.

U-85

APPLICATION NOTE

Schottky Barrier
Metal

N'
Heavily
Doped Area

Ohmic Contact

Figure 1 - Cross-Section of a Schottky Barrier Power Rectifier
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Figure 2b
Figure 2- Energy Band Diagram of Metal Semiconductor Contact
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TABLE 1 - PERFORMANCE COMPARISON OF DIFFERENT BARRIERS
POWER LOST IN EACH RECTIFIER

SPECIFICATIONS

METAL BARRIER
Chromium
Mo.!l.bedeum
Platinum
Ni-Platinum
Tungsten
•

VF@20A
(V) 125°C**

VF@100A
(V) 125° C**

LEAKAGE CURRENT
(mA) 125°C**

LOSSES DUE TO
LEAKAGE (W}*

0 35
0 45
0.51
0 433
0 51

0 78
0 75
0 80
0 73
0 82

280
65
10
30
10

1 80
0 46
0.. 071
0 2145
0 071

VF LOSSES @100A
(W)*
33
34
35
32
36

20
07
23
70
79

Power diss1pat1on calculations are based on 125° C operating 1unct1on temperature and a high line input voltage for an
off-line PWM converter

•• VF voltages are for 160 mli 2 die

Since holes cannot exist in the metal, none can be
injected into it. As a result, conduction is entirely
due to electrons. This eliminates the minority earner
related reverse recovery time.

3.1 Forward Biased Junction
When the barrier or a junction is forward biased, the
energy level of the conduction band in the semiconductor is raised, which allows electrons to flow into
the metal as shown in Figure 3a. A small barrier does
remain, but the electron energy distribution is sufficient to overcome this remaining barrier. Increased
forward bias will overcome the barrier and current
flow will be limited only by the series resistance of
the device. Most of the forward drop at high current
occurs in the high res1st1vity epitaxial layer which
determines the reverse blocking voltage capability.

3.2 Reverse Biased Junction
When the device is reverse biased, the conduction
band in the semiconductor is lowered by the applied
reverse biased voltage as shown in Figure 3b. For
any conduction to occur, electrons must surmount
the potential barrier created at the metal-semiconductor junction. Some electrons in the metal ga;r
sufficient thermal energy from the lattice structure
to overcome the barrier while others are able to
tunnel through the barrier. This leakage current is
temperature dependent.

Schottky rectifier forward drop can be expressed by
the following equation:
V
F

=~ +
q

KT In

q

(

IF
) +
Ax RT2

IF. p. d
A

(3. 1)

3.3 Junction Capacitance
The barrier metal and uniformly doped N-type epitaxial layer create an abrupt junction. This results in
at least 5 times higher junction capacitance when
compared with similar slightly graded ultra-fast PN
junction devices. The depletion capacitance of a
Schottky rectifier under reverse biased conditions
can be expressed by the equation:

+ Voltage drop in ohmic contact of package

Where: IF

A
KT

q
¢>

= Forward current (A)
= Barrier area (cm 2 )

0.026 at room temperature
Barrier height - e,

p

Re~istivity

d

Thickness of epitaxial layer (cm)

R

Richardson constant

T

Absolute temperature (° K)

_

c-

of ep!taxla! !3ycr (0-cm)

Where: N 0

VR

=

~T =
VA

The term [IF · p · (d/A)] in the above equation is
the forward drop in the high resistivity epitaxial
layer and it is a significant portion of the forward
drop at high current levels.
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=

(43 · 10 6 )N 0
+ 0.6 + {KT/q)

(3.2)

Carrier concentration of an epitaxial
layer
0.026 at room temperature
Applied reverse biased voltage
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As can be seen from the equation, the junction capacitance is inversely proportional to the square
root of the applied reverse voltage and is practically
independent of temperature at reverse voltages
greater than 1V. When the device switches from
forward biased condition to the reverse blocking
state, current is required to charge the depletion
capacitance. Thetime required to charge up capacitance
is determined by the circuit impedance. This charging
current has the same effect as the reverse recovery
current of a Unitrode fast recovery "UES" PN
junction rectifier!

In a switched-mode converter, the apparent reverse
recovery time is determined by the leakage inductance
of the transformer and the junction capacitance of the Schottky rectifier. Since capacitance
does not vary with temperature, the apparent recovery
time and current overshoot remain constant with
temperature. Ringing resonance of leakage inductance
and Schottky capacitance can cause voltage overshoot.
In a high frequency switched-mode converter where
the transformer is designed with very low leakage
inductance, careful consideration must be given in
selecting the Schottky rectifier because of dv/dt
limitations.

Direction of Electron
Flow

4.

,----- --

I

I

The simplified power output stage of a half-bridge
switched-mode converter is shown in Figure 4a.
When switching transistors Q 1 and 0 2 are in the "off"
condition, diodes 0 3 and 0 4 conduct in the forward
direction to provide a current path for inductor L1 .
Each diode carries half of the load current. When
transistor 0 1 turns on, current in diode 0 3 starts to
change from half the load current to full load current, while current in diode 0 4 starts to change from
half the load current into the "off" condition. Current transition time in the rectifier will depend on the
current rise time of the transistor and the leakage
inductance of power transformer T 2 • When current
in rectifier 0 3 increases to full load current, current
in rectifier 0 4 decreases to zero.

Fermi Level

Applied Forward Bias

N-Ep1

Metal

Applications of a Schottky Rectifier in
Switched-Mode Converters

Figure 3a • Rectifier - Forward Biased

Si nee a Schottky rectifier is a majority carrier
device, it should turn off instantaneously. However,
because of the larger junction capacitance of the
Schottky rectifier compared with PN junction devices, transistor Q 1 supplies additional current to the
secondary winding to charge up this larger junction
capacitance. Note that the junction capacitance of the Schottky rectifier varies with reverse
bias voltage as shown in Figure 5. Also the capacitance is five times that of equivalent PN junction
devices.

Applied
Reverse
Bias

As current is increased, the voltage across the junction capacitance of the rectifiers builds up toward
the full reverse blocking state. The primary current
will be higher than the output load current divided
by the transformer turns ratio. During this period,
energy is stored in the leakage inductance due to
the excessive current on the primary side. As the

N-Ep1
Depletion
Layer

Figure 3b • Rectifier - Reverse Biased
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N1

D3

--

N2

N, transformer turns ratio

RPW

Series resistance of primary windings

"sw

Senes resistance of one half
secondary winding
Leakage inductance of transformer
Primary windings distributed capacitance
One half secondary winding capacitance
Output capacitance of sw1tch1ng
transistor
Junction capacitance of rect1f1er

Figure 4a - Typical Half-Bridge PWM Switching Converter

Saturation
Resistance of

a,

T

t

Figure 4b - Equivalent Circuit During Charging of a Junction
Capacitance of a Schottky

:ftrcl
2xq

4L (

''"----------~

Figure 4c - Simplified Equivalent Circuit Referred Back to
Secondary Side

Junction

Capacitance

1600

.

~
0

c

1200

.'!!
0

il.

tl

BOO

c
0

j

400

40
Reverse Bias Voltage - {V)

Figure 5 • Comparison of Junction Capacitance ultra-fast
PN-Junctlon vs. Comparable Schottky Rectifier
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voltage across the rectifier reaches full switching
voltage, energy stored in the leakage inductance
continues to charge up the Junction capacitance of
the rectifier above the switching voltage reflected
back in the secondary. These voltages can force the
device into the breakdown region if the proper
snubber circuit 1s not employed

The loaded QL should be 0.5 for a critically damped
case to prevent any ringing of the voltage and to
provide minimum losses in the snubber resistor. LC
tuned circuits will have only real roots. Loaded QL
can be described by the equation:

QL

4.1 Snubber Network Design
The equivalent circuit referred back to the primary
side when the junction capacitance is charging up is
shown in Figure 4b. The Junction capacitance of the
Schottky and the leakage inductance of transformer
T, form a resonant c1rcu1t. The winding resistances,
RPw and Rsw· and saturation resistance, R1 , provide
very little damping to this LC tuned circuit. Therefore, its effect on damping can be neglected The
interw1nding capacitance of the power transformer
is much lower than the junction capacitance of the
Schottky rectifier and may be neglected. The simplified circuit referred back to the secondary side is
shown in Figure 4c.

= 0.5 = f~t

Where: XL

jwL

=

:. Rsnb = 0.5 •

0. 5

(4.1)

W

•

L

c/(4L~/n 2 )C,)

(:;

1
)

(4.2)

Where:

Since Schottkys are prone to excessive heating and
possible damage in the breakdown mode, a proper
snubber 1s required. The design of the snubber network minimizes voltage spikes and snubber losses.
The snubber network also helps to reduce conducted and radiated RFI

c,

Junction capacitance of rectifier

L,

Leakage inductance of power
transformer

A capacitor is required in series with the resistor in
order to block the de voltage present. The blocking
capacitor should be at least ten times the rectifier
junction capacitance:
(4.3)

C,nb - 10(C1)

The optimum snubber network should be designed
on the basis of critical damping of the LC tuned
circuit and limiting the maximum excursion of the
voltage below the PIV ratings of the rectifier.

To transfer the power effectively from the input
power source to the output load, the time constant
(R, 0 b x C, 0 b) should at at most one-tenth the minimum pulse width of the switched-mode converter.
This occurs at maximum input voltage. Therefore:

Shown below is the LC tuned circuit with resistor
R,nb paralleled across the junction capacitance of
the Schottky rectifier for a critically damped
condition.

(4.4)

Where: f is the operating frequency of the switching
regulator.
The power dissipation in the snubber resistor R, 0 b
can be calculated by the equation:

c,

For Half-Bridge:

PRsnb = Y,Csnb

Figure 6 - Damping Resistor Ranb Added Across the
LC Tuned Circuit for Crltlcal Damping
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For Push-Pull for Full-Bridge:

time to "recover" because of its high junction capacitance. In a switched-mode converter, reverse recovery time is, to a large extent, determined by the
parasitic leakage inductance of the transformer
which resonates with the junction capacitance of
the Schottky rectifier Design equations for reverse
recovery time and current overshoot can be derived
as shown below.

(4.6)
Where: E,"max
n

Maximum input voltage
Primary to secondary turns ratio of
power transformer

Reverse Recovery Time.

Every inch of wire represents 20 nanohenries of
inductance. When the output current is high, the
energy stored in the lead and package inductance in
the secondary circuit can generate high voltage
spikes across the rectifier during reverse recovery
time. To reduce these spikes, two snubber networks
are required. One should be placed across each
Schottky rectifier as shown in Figure 7 below.

From basic equations of an LC tuned circuit:

Substituting f = 1/r and rearranging.

r=27T~
Since r/2 = trr by definition:

t,,=71~

(4.7)

t,,~

Figure 7 - High Current Outputs

T

For low current outputs, the snubber network can
be connected across the secondary winding as
shown in Figure 8.

1RM (REC)

j_
Figure 9 • Reverse Recovery Time of a Rectifier

Assuming the rise time of the transistor is much
faster than trr of the rectifier, and substituting L1=
leakage inductance of the transformer and c, =junction capacitance of the Schottky rectifier. Neglecting the interwinding capacitance of the transformer,
the reverse recovery time (when no snubber network is employed across the rectifier) can be calculated by the equation:

Figure 8 • Low Current Outputs

4.2

Reverse Recovery Time and Overshoot
Current, IRMiREci
Reverse recovery time is defined as the time required
to change a rectifier from the forward conduction
state to the reverse blocking state. Although a
Schottky rectifier is a majority carrier device, it takes
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n = Primary to secondary turns ratio

The ringing frequency can be calculated by the
equation:
f n
-47T~

(4.9)

From the characteristic impedance of the LC tuned
circuit, overshoot current, IRM, in the Schottky rectifier can be calculated by.
(4 10)

4.3 Practical Example
A detailed diagram of a 150W, multiple output
switching regulated power supply is shown in Figure 10. The power supply is designed to opr·rate
with a line input voltage of 117V ac, 60 Hz or 220\/ ac,
50 Hz. The regulated output voltages are +5V@ 1 A,
+12V@ 1.2A, -12V@ 1 A and -5V@ 1 A. The output
voltage is regulated by power switching hybrid circuits 0 1 and 0 2 which are housed in four pin electrically isolated packages.

charge up to full input voltage. Meanwhile capacitor
CT charges up slowly through resistor Ar· When the
voltage across CT reaches the anode-gate voltage of
the programmable unijunction transistor o•. it will
turn on and dump the stored charge from capacitor
CT into one-of the proportional base drive windings
of the transformer T,. The polarity of the windings is
such that it will turn on only transistor 0 2 , transferring energy from input capacitor C 2 into the output
capacitor C 3 (isolated from the input line) through
power transformer T 2 . The control circuit LM3524
starts to switch transistor 0 2 . At the instant when
transistor 0 2 turns on, capacitor CT will be isolated
from current transformer T, with the help of transistor 0 3 . The programmable unijunction transistor 0 4
now remains off. The capacitor C 3 is now continuously charging up through the secondary winding
of the transformer.
The output circuit of the switched-mode converter
utilizes coupled inductor L, to provide better tracking among al I the output voltages, improve transient
response and reduce the minimum loading requirement. Coupled inductor L2 (which is not in the control loop) maintains the sawtooth current in the +5V
winding of L, (which is in the control loop) providing
stability in the control circuit.

Since the case is electrically isolated from the active
devices, it provides the following advantages:
a) lower conducted and radiated RFI
b) ease in mounting - two devices can be
mounted on the same heat sink.
The selected switching transistor provides fast
switching time (<100ns) and the diode in the hybrid
circuit provides low reverse recovery (<50ns) and
forward recovery time. The proportional base drive
current to the switching transistor is supplied by the
current transformer T,.

Calculations of Snubber Network:
In the 150W switching regulator shown in Figure 10,
first calculate the current overshoot IRM!RECI• the ringing frequency and the apparent reverse recovery
time without the snubber network. Then determine
the resistor and capacitor values (for critically
damped case) of the network across the Schottky
rectifier.

One of the output voltages (+5V) is regulated with a
pulse width modulated (PWM) control chip
Unitrode's UC3524. The auxiliary voltage to power
the control circuit should be electrically isolated
from the line voltage. Conventionally, the 60 Hz
transformer is utilized to provide isolation and the
transformer output voltage is rectified and regulated to supply bias voltage to the control circuit.
Transistors, 03 and 04, provide a low cost approach
in developing bias voltage for the control circuit
without the use of a 60 Hz transformer. The operation of the circuit is described in detail below.

Given: L1 , Leakage inductance of power transformer = 22µH
C,, Junction capacitance of Schottky = 850pF
f, Operating frequency

= 30 KHz

n, Primary to secondary turns ratio

= 14

E'" /E'" , Ratio of maximum input voltage
to ~ninimm~';n input voltage = 400/200 = 2

Wtien the 117Vac input line voltage is applied to the
switched-mode converter, capacitors C, and C 2
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100K

04
2N6026

8,2K
2w
UZ8740

...---11--l<Cr
.OOSµF

..._....,.~+..

r-------,

I
I

,,

•

D3,

o5

-

50241 Dual Schottky

0 4, D6 -

USD820 Schottky

D 1 D7 -

UES2401 Dual

o2 , 0 8

UES1401

-

N,

I
I

•SV 10

=

20A

I

'TsooµF

r---.J -

Ir';_""-, 11~

I

Allres1storsare0.5Wunlessnoted

-12V, 10 • lA

Figure 10 • 150 Watt Mu Ill pie Output "OFF Line" Switched-Mode Converter
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Solution:
Current overshoot,

=

IRM(REC)

E12n

IRMIRECJ•

The power dissipation in snubber resistor,
Equation 4.5:

from Equation 4.10:

~I',
VT,

p

320V . / 850 x 10-12
2
22 x 10-6

'

snb

from

·1 2 . f
lrEmma'
n

112(0.01 x 10 6 )

v

=

1/: C
Rsnb

Rsnb•

1~04° J2 . 30 x 10

3

= 0.121W

1A

.. The snubber resistor
O SW rating.

The ringing frequency from equation 4.9·
n

Rsnb

should have at least

The criteria for the snubber network should satisfy
the conditions below:
14

4rr ~ (22 x 10-6 ) (850 x 10- 12 )
8.1 MHz

1OQ(0.01 x 10-6) :S 20(3dx10 3) .

The apparent reverse recovery time from equation
4.8:

0.1µs :S 0.993µs
The voltage across the Schottky rectifier with and
without the snubber network in a 150W off-line
switched-mode converter is shown in Figures 11 a
and 11 b. Note that the voltage across the Schottky
rectifier with a snubber network has no voltage
overshoot. Thus, it prevents failure of the Schottky
due to large voltage transients during transistor
turn-on. The ringing frequency is about 10 MHz
without the snubber and is close to calculated
values.

= ; : i./(850 x W- 12 ) (22 x 10-6 )

= 67ns
The value of the snubber resistor from Equation 4.2:
- _1
Rsnb -

n

1

jlC

= 14

~

I
I

j22
x 10B50 x 10-

6

12

= 10.90
The value of the snubber capacitor from Equation
4.3:

10(850 x 10-12 )
0.01µF
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Figure 11a - Voltage Across Rectifier Without Snubber Network
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1/f, where f is the operating
frequency

T

Forward current
Forward voltage at forward current
(at temperature)

•10

>

i
0

-10

>
-20

\

Junction temperature
Since both IL and v. are temperature sensitive
parameters, we can express IL and v. as functions of
temperature in the above equation for thermal stability and obtain:

-30
800

400

1200

time (ns)

Figure 11 b • Voltage Across Rectifier With Snubber Network
100. 0.1µF

4.4 Thermal Stability Considerations
The reverse leakage current of a Schottky rectifier is
much higher than PN junction devices because of
the Schottky's lower barrier height. The magnitude
of this leakage current doubles approximately every
ten degrees Centigrade. Since it is temperature sensitive, the thermal stability of the system should be
checked over to avoid thermal runaway. In a PWM
switched-mode converter (i.e. push-pull, halfbridge, etc.) the rectifier can be operated at 50%
duty cycle in the reverse blocking state while the
remaining 50% of the time it will operate in the forward conduction mode under worst case conditions. However, forward drop is also a temperature
sensitive parameter and this should also be considered when thermal stability calculations are made.

+

< TJ -TA
-

Where: 10
V•o

ReJA

2]

14 ·1

Leakage current at room temperature

=

Forward voltage drop at room temperature

x

Temperature coefficient for forward
voltage at operating current

y

Temperature difference for which
leakage current doubles.

Differentiating the above equation.

The criteria for thermal stability is defined as: "the
rate of change in power pumped into a device with
respect to temperature (dP'"/dt) should be less than
the rate of change in power removed (in the applicable thermal environment) in the form of heat from
the device with respect to temperature (dP0 u1/dt)".

· j_ • In 2 + 1.
y

.~"
T

x <-1- ReJ-A

(4.13]

(TJ - TA)

In a switched-mode converter, the power dissipated
in the device and the power removed can be
expressed by:

Defining 10 • 2
Y
as the critical current, IRicroo
at maximum temperature, and solving for IR 1c,. 11 we
obtain:

(4.11)

(4.14)

Design Example
In the practical example previously discussed, the
maximum reverse voltage across the rectifiers is
30V. Each rectifier is mounted on a heat sink. The

Applied reverse voltage
Leakage current at temperature
Rectifier on-time
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thermal resistance of the heat sink is 1° C/W. The
Schottky rectifier, SD241, has a maximum thermal
resistance of 1.4° C/W from case to junction. Its
reverse leakage current doubles every ten degrees
Centigrade, while the forward voltage at IF=20A
decreased by 1mV/°C as the junction temperature
increases. The designer desires to limit the maximum operating junction temperature of the
Schottky rectifier to 125° C under worst case
conditions
Calculate the maximum reverse leakage current
allowed for these rectifiers at 125° C to prevent
thermal instability
Calculation:
AeJA

(ReH + ReJ-cl

° C/W

t0 n

16.Sµs

In switched-mode converter applications, current
sharing can be accomplished by using separate
windings for each rectifier and by matching forward
drops. The series resistance of each winding acts as
a current ballasting impedance.

t 0 ff

16.Sµs

5. Guidelines tor Selecting the Schottky

= ton + toff

33.2µS

1° C/W + 1.4° C/W
2.4°C/W

T

3) Smaller chip size will have less chance of
voids in the chip bond to the package, thus,
the reliability of the system is improved.
The disadvantage of paralleling rectifiers is that
some kind of circuit technique is required to share
the current among the paralleled devices. If the current is not shared equally, the junction temperature
of the device which conducts the higher current will
increase. The forward voltage of the device will
decrease due to its increased temperature and will
conduct an even larger share of the load current. If
adequate matching is not provided, this regenerative process continues; and if not checked in time,
the junction temperature will exceed the maximum
rating and the device will be damaged.

Rectifier in Pulse Width Mode (PWM)
Switched-Mode Converter
Applications

Using equation 4.14:
IR(crot)

[

:5 10"C

The minimum required de blocking voltage of the
Schottky rectifier and its maximum power dissipation can be calculated for different types of switchedmode power supplies summarized in Tables II and
Ill. After calculating the maximum power dissipation, the designer can determine the required thermal resistance of the rectifier and the heat sink
using the equation:

X

v)]

(332 x 10-6 )/(24°C/W) - (20A)(166 x 10-6) (-1 x io- 3
.693(33 2 x 10-6 sec - 16 6 x 10-6 ) (30V)
:5 410mA

From the SD241 specification, the maximum reverse leakage current at 125° C is 1OOmA; therefore
this system will be thermally stable.

Re

+
H

Re

_ T1max
JC -

Where: ReJc
4.5 Paralleling Rectifiers
When the output current required is greaterthan the
maximum rated forward current of commercial rectifiers, it becomes necessary to parallel the devices.
In some instances, it may be preferable to parallel
devices even when a single device of higher current
ratings is available. The advantages of paralleling
these devices are:
1) Heat is easier to remove when compared to a
single device with a higher current rating
because the heat is spread between two or
more devices.
2) The transformer is easier to wind since the
wire size is smaller, using a separate winding
for each rectifier.
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- TAmax
Pmax

(5.1]

Thermal resistance of rectifier

ReH

Thermal resistance of heat sink

T1max

Maximum operating junction temperature of device

TAmax

Maximum ambient temperature

When calculations are made for maximum power
dissipation in a rectifier, the voltage drop VF and
leakage current IA should be taken at the maximum
operating junction temperature.
During start up and for step changes in the output
load current, the voltage across the rectifier should
be limited to below its maximum de blocking voltage
to avoid failures due to transient voltage across the
Schottky.
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TABLE 1 - GUIDELINES FOR DETERMINING THE RATING OF A RECTIFIER IN A PWM SWITCHED·MODE
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Conclusion

Complete design guidelines for Schottky rectifiers
used in switched-mode converters have been provided. The Schottky, when compared to a fast PN
junction rectifier, offers the advantages of lower
forward voltage and a faster reverse recovery time
which is independent of temperature. Efficiency is
improved at least 3 to 5% when Schottky rectifiers
are used in place of PN junction devices for power
rectification in switched-mode converters. Schottky
rectifiers are available with a maximum reverse
blocking voltage up to only 50 to 60V. Thus, applications of Schottky devices are limited to low output
voltages (+5V) in PWM switched-mode converters
(except for buck type and 50% duty cycle converters). When the rectifier requires voltage blocking
capability of greater than 60V, fast PN junction devices like UES800 series rectifier offers the optimum
choice without sacrificing speed and forward voltage.
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SCHOTTKY RECTIFIERS
AVERAGE DC
OUTPUT CURRENT

~
TYPE

20\1

VF
IFSM

6A

T0-220

BA

12A 1

12A

16A 2

16A

T0-220

T0-220

T0-220

T0-220

PLASTIC

T0-220
PLASTIC

PLASTIC

PLASTIC

PLASTIC

PLASTIC

(2-LEAO)

(2-LEAD)

(3-LEAD)

(2-LEAD)

(3-LEAD)

(2-LEAD)

USD620
55@6A
150A

USD720
55@8A
200A

US0620C

USD820
45 (u' 12A

US0720C
65@ 16A
200A

USD920

65@ 12A
150A

200A

SO

(11

45V

USD635C

US0fl35

65@12A

45 (w 12A

16A

USD735C
65@ 16A
20DA

USD935

USD840
45 (o 12A
200A

USD740C
65@ 16A
200A

US0940
50 (11, 16A
250/\

US0645C

USD845

US0745C

US0945

65@ 12A
150A

45 (w 12A
200A

65@ 16A
200A

50 :1' 16A
.?50A

VF
IFSM

US0640
55@6A
150A

US0740
55@8A
200A

USD640C
65@ 12A
150A

TYPE

USD645

USD745

55@6A
150A

55@8A
200A

VF

1FSM

200A

150A

?ODA

SU

(u

50A

00-5
STUD

USD420
55 0 1 30A
600A

60A 3

60A

00-SF

00-5
00-SF

STUD

STUD

USD320
6 @l 20A

USD520
6 (iii 60A
1000A

400A

USD435
55 0' 30A
600A

16A

250A

T0-3

75A

1N6097
86 (ii' 157A
800A

400A

USD735
55@8A

TYPE
40V

D0-4
STUD

1N6095
86 (r1 1 78A

USD635
55@6A
150A

VF
1FSM

STUD

:'.SOA

VF
1FSM

TYPE
35V

30A

D0-5

00-4

TYPE

30V

25A

US0535

USD335C
6 (ii' 20A
400A

6 (ii' 60A

1000A

1N6098
157A
86

1N6096
86 (11' ?BA
400A

US0445
50412
55 ((11 30A
600A

US0345C
50241
6 (To 20A
400A

US0545
sos14
6 (Ci; 60A
BOOA

6 (?ll 60A
1000A

CENTER-TAP 6A PER LEG
CENTER-TAP, 8A PER LEG
CENTER-TAP. 30A PER LEG
4 YR AT 25'C IS 45Y, YR AT 150°C IS 35V
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SOOW, 200kHz OFF-LINE POWER SUPPLY
USING POWER MOSFETS
Introduction
The power supply design discussed in this application note uses a fairly common, straight-forward
circuit. It is the judicious selection of the components used, and careful layout of the circuit, which
gives it its performance. As the operating frequency
of switching power supplies continues to increase
above 1OOkHz, attention to high frequency considerations is a necessity. A knowledge of component
and circuit parasitics is essential as well as an
understanding of RLC circuits and transient
response, particularly LC resonant tank circuits.
Because of the resonance of parasitic circuit and
component inductance and capacitance at these
high frequencies, the use of damping and snubbing
techniques becomes increasingly important.

T1. This provides the fast, high current turn-on and
turn-off pulses needed for the MOSFET gates. In
addition, the two ends of the primary winding are
shorted to ground during deadtime, which prevents
accidental turn-on of an output transistor by transients. Note that the current supplied by the
UC3525A output drops to a small value when the
gate capacitance has been charged or discharged
to the desired gate voltage. Damping resistors R3
and R4, with series blocking capacitors C1eand C11,
minimize ringing of the MOSFET gate capacitance
with the inductance of T1 and lead inductance; particularly during deadtime. In this design, where the
gates are driven directly from the control chip via
the gate drive transformer at 200kHz, it is necessary
to use a small heat sink for the control chip. A
Thermalloy #6007 is sufficient.

In the off-line converters some of these high frequency problem areas are aggravated by the large
turns ratio of the step-down transformer, particularly for low voltage (5V) outputs. The use of
Schottky rectifiers with their 5 to 1O times larger
junction capacitance than PN junction rectifiers
can cause additional difficulty with the design. At
200kHz these problems are manageable by careful
component selection and circuit layout.

The output transformer uses a small E-E core, Ferroxcube EC52-3C8, operated at 1000 Gauss peak
to reduce core loss at 200kHz. The primary is
wound in 2 layers, 7 turns per layer, 2 #16 AWG
wires in parallel. The secondaries are wound
between the 2 primary layers to reduce leakage
inductance, and are made of copper strap 10 mils
thick by 0.8 inches wide, one turn on each side of
the centertap.

Specifications
Input - 115V or 220V ± 15%, 50Hz or 60Hz
Output - 5V @ 1DOA
Regulation - Line: 0.4%
Load: 0.5% (1 0% to 100% load)
Ripple: 1OOmV peak to peak
Frequency - 200kHz
Efficiency - 75% minimum

Ringing of the primary winding, at a frequency of
approximately 4MHz due to leakage inductance
resonating with the output capacitance of the
MOSFETS, is controlled by damping resistor R1e
and blocking capacitor C4.
Reverse voltage across Schottky rectifiers CR1 to
CR4, due to ringing (at approximately 20MHz) of the
LC circuit comprised of the Schottky rectifier capacitance with the leakage inductance of the transformer (transformed to the secondary by the square
of the turns ratio), is controlled by damping resistors
R1 to R10 with blocking capacitors C10 to C13.

Circuit Description
The schematic and parts list of a 500W switching
power supply are shown in Figure 9. The description
of the circuit is as follows. The input rectifier bridge
is arranged for connection either to the 117 or the
220V AC line. The circuit uses a pair of Unitrode
UFN441 power MOSFETs in a half-bridge configuration. The MOSFET gates are driven directly from a
UC3525A control chip output through step down
and isolation transformer T1. The UC3525A output
terminals (pins 11 and 14) provide active pull-up
and pull-down (dual source/sink) for the primary of
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The output filter capacitor Cs is comprised of three
5µF, 1DOV polypropylene capacitors in parallel.
These are TRW type 35, with an ESR of 12 milliohms each. The inductor is made with a Ferroxcube
IF30-3C8 core, wound with 4 turns of 5 #12 AWG
wires in parallel.
Current limiting is done with current transformer T 3
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in the return lead of the transformer primary. The
signal is rectified, threshold sensed and adjusted,
and is fed to the shutdown terminal pin 10 of the
UC3525A control chip.

step down isolation transformer.
The feedback loop compensation is comprised of
an RC network at the error amplifier of the
UC3525A. The resonant frequency of the LC output
filter is approximately 40kHz. Closing the loop at odB
at 1OOkHz, this network adds two zeros (phase lead)
at approximately one half the LC resonant frequency, and gives a 40° phase margin up to
100kHz.

Performance
A curve of efficiency versus power output is shown
in Figure 8. Note that the efficiency decreases for
increasing power output. This is primarily due to
resistive losses, other than the Schottky rectifier
losses, such as the Ros 1on1 losses of the MOSFETs
and the copper losses of the output transformer and
filter inductor. The switching losses of the
MOSFETs are low; the measured current rise and
fall times were 1Ons and 20ns, respectively.

Co's and Don'ts of High Frequency
Switchers
For the control chip circuit, the use of a ground
plane construction is recommended. A double
sided PC board, with one side used for the ground
plane, is preferable. If a single sided board is used,
use as much copper area as possible for the ground
plane. Keep traces fairly wide to reduce inductance.
The judicious use of a few wire jumps to reduce
trace length is helpful.

When compared to a 25kHz switcher, the transient
response of this circuit can be improved by a factor
over 8 times since the LC output filter resonant
frequency can be increased by this amount. There
is an additional improvement factor, since polypropylene capacitors rather than electrolytic are
used for 200kHz operation. The value of capacitance can be reduced considerably, because of the
improved ESR. However, in order to realize the
improved frequency response, careful attention to
control circuit layout and shielding is important to
minimize parasitic capacitance and inductance.
The use of a ground plane is a necessity.

Power MOSFET gate drive c1rcu1ts do not have to
supply a continuous large current drive. MOSFET
gates do require fairly large, fast current pulses to
change the gate voltage rapidly because of the
composite gate capacitance, including the Miller
effect capacitance. This means that the gate drive
circuit and transformer should be designed to minimize lead inductance by reducing loop areas to a
minimum. Remember that each inch of wire adds
about 20 nanohenries of inductance. Using fairly
large diameter wires twisted together helps, as well
as designing the layout to reduce lead lengths to a
minimum.

A dramatic reduction of the size of several major
components is evident when comparing this
200kHz, SOOW switcher to a 25kHz switcher. The
power transformer, output filter inductor, and output
filter capacitor are about half the volume, and the
drive circuits for the MOSFETs are considerably
smaller than the drive circuits for bi polars at 25kHz.
The auxilliary power supply is half the size. The
parts count is less, primarily due to the reduced
parts count of the drive circuits.

The use of copper strapping in place of round wire is
also helpful in reducing inductance. Use two closely
spaced parallel strips if possible. Circuit by-passing
with small high frequency capacitors is important,
especially around the control chip circuit area. Bypassing the fairly large electrolytic input energy
storage capacitors is helpful, if the by-pass capacitors are located physically at the junction of the
MOSFETs and the primary of the output transformer, as shown on the schematic.

Design Considerations
The choice of operating frequency and the decision
to use MOSFETs or bipolars depends upon a
number of factors, including the required power
output level, size, weight, cost, etc., and a rapidly
changing technology which includes circuit topology, new components, control chips and high frequency techniques.
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Parts List
U1

UC3525A

01, 02
CR1-CR4
CRs-CRa
CR9-CR12
CR13, CR14
CR1s
C,, C2
C3
C4
Cs
Ca
c7
Ca
Cg
C10-C13
C14, C15
C16, C17
C1a
C19
C20
C21

UFN441
USD545
680-4 (Unitrode)
673-1 (Unitrode)
UES1003
TVS310
600µF,250V
1µF, 400V
500pF, 1kV
3x5µF, 1DOV (polypropy.)
500µF,50V
1OOOpF, 50V
1µF, 50V
50pF, 50V
0.02µF, 50V
1µF, 200V
002,µF,50V
0.2, µF, 50V
0.1, µF, 50V
300pF, 50V
220pF, 50V

R1, R2
R3, R4
Rs
Ra
RrR10
R11

33K, 2W
470
100, %W
4.70
3.90, 1 /2W
10K
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R12
R,3, R,4
R,s
R16
RH
R1B
R19
R20
R21
R22

150

3.3K
2200
10K
10K
510
500, 4W
100
27K
24K
33K

T1

Core, Ferrox 486T250-3C8
Pri, 14T #22AWG
Sec (2) 7T #22AWG

T2

Core, Ferrox EC52-3C8
Pri, 14T, 2 layers, 2 #16 AWG
in parallel.
Sec, (2), each 2T, C.T .. copper
strap 0.01" x 0.8" see text.

T3

Core, Ferrox 486T250-3C8
Pri, 1T
Sec, 20 turns CT #22AWG

T4

220/117V,25V,0~5A

L1

Core, Ferrox IF30-3C8, 4 turns,
5 #12AWG in parallel.
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DESIGN CONSIDERATIONS FOR
POWER MOSFET GATE DRIVE CIRCUITRY
1. Introduction
The power MOSFET promises exciting performance advantages over the more conventional bipolar transistor. However, much attention must be given to gate drive
techniques to take full advantage of MOSFET characteristics. This application note
develops simple, high performance gate drive circuits.
This application note also provides design engineers with a basic understanding of the
relationship between parasitic elements and switching times. In addition, a circuit is
developed which controls the switching time of the power MOSFET to reduce rectifier
reverse recovery spikes; thus, reducing RFI and switching loss.
2. Features
The power MOSFET is becoming more and more popular in many applications due to
its inherent features, such as:
2.a. Extremely Fast Switching Characteristics.
A power MOSFET is capable of switching rapidly because it is a majority carrier
device. The speed at which it can switch depends upon the rate at which gate charge
is supplied or removed by the gate driving source. In a practical application the
MOSFET can be made to switch in less than I 0 nanoseconds. This feature allows
operation at higher frequencies than with bipolar devices, resulting in improved
electrical performance (transient response), reduced size and cost of the magnetic
components, and decreased weight of the overall system.
Other advantages derived from fast switching times are:
•

The losses in the snubber circuit, if employed, are minimized.

•

Switching times are independent of load and temperature variation. The
variation in the frequency spectrum of conducted RFI is minimized.

•

The cross-conduction problem in a switched-mode converter (half bridge,
full bridge, push-pull) is reduced because power MOSFETs have no storage
time.

•

The problem of core saturation due to assymmetrical volt-seconds in circuits
using a transformer is minimized because the major cause of this effect, differences in storage time is negligible for MOSFETs.

•

If a voltage feed-forward control is being used, the nonlinearity introduced
by the storage time of the switching device is eliminated, thus reducing the
gain requirement of the error amplifier.
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2.b. High Gate Input Impedance.
The gate input impedance is a high resistance shunted by a capacitance. At high
frequencies the capacitance completely dominates. This fact allows the design of a
simple and efficient gate drive circuit.
2.c. No Forward or Reverse Biased Second Breakdown.
Because of the positive temperature co-efficient of channel resistance, power
MOSFETs do not have forward or reverse biased second breakdown characteristics
like bipolar devices. Thus power MOSFETs improve the overall reliability of systems.
Snubber networks for turn-off load line. shaping may be smaller and often eliminated.
This reduces circuit complexity and cost. The voltage spikes due to stray inductance
can be limited by simply controlling the switching times in many applications.
2.d. Integral Diode.
There is a built-in diode across the source to drain. The reverse recovery time of the
diode depends upon the drain to source breakdown voltage. Low voltage (lOOV)
devices have reverse recovery times as low as 200 nanoseconds, while high voltage
devices ( 400-SOOV) have recovery times of about 600-700 nanoseconds. When a high
speed diode is not required, the internal diode can be used effectively for free wheeling voltage damping. However, long recovery times might hinder the performance of
the circuit in some applications, so this effect must be considered.
2.e. Current Sharing Capability
Since the channel resistance of a power MOSFET has a positive temperature coefficient many devices can be paralleled with much less special design attention than
with bipolar transistors. The power output capability can, thus, be extended.
The Undesirable Features of the Power MOSFET are:
2.f. Temperature Dependence of Saturation Resistance.
The saturation resistance (RDS(on)) increases with temperature. It doubles approximately every l 10°C. Thus, power dissipation will increase as the junction temperature increases. Consideration of the thermal stability of the system is required if a
major part of the power losses occur in the on-state mode.
(In a bipolar transistor "off line" converter, most of the power losses are due to
switching. The switching losses increase with temperature, usually doubling every
100°C. In this respect, power MOSFETs will be more thermally stable than bipolar
transistors, as switching the times of a power MOSFET do not change with
temperature.)

UNITRODE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 • TEL. (617) 861-6540
TWX (710) 32&-6509 • TELEX 95-1064

152

PRINTED IN US A.

APPLICATION NOTE

U-88

2.g. Silicon Chip Area.
The silicon chip area of a power MOSFET is about 50% larger than an equivalent
bipolar transistor. This has some impact on the cost of the device.
3. Construction
The cross section of an N-channel vertical DMOS (double-diffused MOS) is shown in
Figure 3.1. Sections of this structure affecting gate drive are discussed in the following sections.

Silicon Polycrystal
Silicon Dioxide
Si0 2

Source

Gate

Metallization

Ion Implanted
P and N+ Regions

N-Epi

N+

N+

N+ Substrate

Drain
Figure 3.1 The Power MOSFET Physical Structure
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4. Parasitic Elements and Switching

Since MOSFETs are majority carrier devices, they are theoretically capable of switching in picoseconds. In practical devices, however, parasitic elements adversely affect
switching capability. MOSFET parasitic capacitances are shown in Figure 4.1.

Case, Drain

Source

Figure 4.1 Power MOSF ET Parasitic Capacitance
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The thickness and area of Si0 2 dielectric material between gate and source determines
the value of the gate capacitance. In the off-state, the total gate-to-source capacitance
is composed of a) capacitance c 3 between the gate and the heavily doped N+ source
region, b) capacitance c2 between the gate and the moderately doped P region and
c) capacitance c 1 between the gate and the source metallization on the top of the
gate (C 1 is much Jess than capacitances c 3 and c 2 and can be neglected). The gate
capacitance is practically independent of gate voltage, as shown in Figure 4.2.

3000
UHl44C1

I

J

Cgs = c 1 + c 2 + c 3

2500

f = 1MHz

Vgs =O

2000

t

;
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fl
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"'a.

1500

1000

~

'.J

500

'.J

0
0

5

-

eds

c dg

10

15'

20

25

30

Vos - Volts
Figure 4.2 Capacitance Vs. Drain to Source Voltage

The Miller effect capacitance between drain and gate consists of a series combination
of a space charge capacitance Cdg due to a depletion layer in the N-region and the
dielectric capacitance c4 between the N-region and the gate, as shown in Figure 3.1.
The capacitance Cdg is a function of drain voltage (as shown in Figure 4.2), while
dielectric capacitance c4 is independent of the voltage. These drain capacitances
effectively increase the input gate capacitance during switching transitions.
The capacitance eds between drain and source is a depletion capacitance and does
not have a major effect on the switching behaviour of the device. It can be neglected
in the switching analysis.
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The tum-on and tum-off characteristics of a power MOSFET are shown in Figure 4.3.
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+
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I
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Turn-off Time
Figure 4.3 Power MOSFET Switching Waveforms
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Figure 4.4 Input Capacitance and Conditions at Tum-on
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4.a. Turn-on Delay Time - td(on)
The effective gate input capacitance during this period is a parallel combination of
capacitor C 1, c2 and c 3 . While the gate voltage builds up toward the gate threshold
voltage, the drain voltage remains the same.

4.b. Rise Time - tr
When the drain voltage starts to drop, during current rise time the effective gate
capacitance increases significantly due to the Miller effect capacitance (Cdg), which
absorbs nearly all the gate drive current. The rise time of the drain current is inversely
proportional to the gate drive current supplied, and transition rise time can be controlled accurately by controlling the gate current, a feature particularly useful to
reduce current overshoot due to rectifier reverse recovery. Since the magnitude of the
gate and drain capacitances are determined by the structure of the device, they are
very consistent from device to device and are temperature independent. This allows
optimization of snubber network designs.
4.c. Dynamic Saturation - t 3
During this period, which follows the rise time; the drain voltage drops below the gate
voltage. An inversion layer is established underneath the entire gate in the N- drain
region. The gate capacitance is equal to the dielectric capacitance and is independent
of voltage bias. At this point, the total drain to gate capacitance changes abruptly to
a very high value. This can be seen in the gate voltage waveform of Figure 4.3 where
effective gate capacitance is in the order of 50,000 pf and no further increase in gate
voltage is noticed.
4.d. Overdrive Period
The input gate capacitance is approximately twice the value expected from Figure 4.2
during over-drive conditions, as can be seen by comparing the slopes of the gate
voltage during the period td(on) and overdrive (see Figure 4.3). This is because Cgs is
measured with a greater voltage across the drain to source terminals than is present
during this period.
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Figure 5.2A Schottky RectHler (SD41)

Figure 5.28 Ultra-f•t PN Junction (UES701)

Figure 5.2 Reverse Recovery of Fast Rectifiers

5. Drive Circuit Considerations

The power MOSFET is a charge driven device, and the switching times can be controlled by the external circuit rather than by the device itself. In a buck switching
regulator application (or similarly behaving circuit), the rise time of a power MOSFET
may be controlled to prevent excessive current spikes and power dissipation due to
rectifier reverse recovery. Current spikes also produce unwanted ringing and RFI
in the circuit. The relationship between reverse recovery time, current rise time and
power dissipation in the power MOSFET is shown in Figure 5.1. The fastest available
power PN junction rectifiers have recovery times on the order of 20 ns. To minimize
the recovery current spikes, the current rise time of the power MOSFET should be
made at least 3 times slower than the reverse recovery of the rectifier. Even though
Schottky rectifiers are majority carrier devices, they have about the same effective
reverse recovery time as very fast PN junction diodes due to high junction capacitance, as shown in Figure 5.2. In transformer coupled switching regulators, leakage
inductance will reduce the large current spikes to some extent depending upon the
transformer design.
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During turn-off time, voltage spikes will occur as a result of energy stored in the
stray inductance of the drain circuit during the preceding on-time. The magnitude of
these spikes directly depends upon the speed with which the device is turned off and
upon lead inductance in the drain circuit. A snubber network in the drain may be
required to limit these voltage spikes. The turn-off power dissipation can be optimized with a fast turn-off time along with the use of a snubber circuit.
The drive circuit described in this section allows control of the rise time in a power
MOSFET during turn-on while providing fast turn-off.
5.a. Low Cost Gate Drive Circuit
A low cost power MOSFET gate drive circuit with isolation for off-line applications
is shown in Figure 5.3. The circuit provides a controlled rate of increasing drain current to minimize spikes due to the reverse recovery of the output rectifier. The
rise time of the power MOSFET is controlled by supplying a linearly increasing gate
voltage. The relatively large capacitor C 1 (as compared with Cgs) is placed in parallel
with the gate and source to minimize the effect of variations of Cdg on the switching
characteristic of the device. C 1 also prevents spurious oscillations due to high frequency voltage feedback from Cdg· C 1 is charged with a constant current from the
drive circuit, providing linearly increasing voltage at the' gate of power MOSFET,
Q2. The rise time of the MOSFET depends on the rate at which capacitor C1 charges.
The drive circuit described provides a rise time of around 70 ns and current fall time
of about 40 ns.
B+

LQ

Vee
RL
R1

UES1301

1oon
1811 PL003B7

02

01

--

Figure 5.3 Low Cost Gate Drive Circuit with Isolation
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The operation of the circuit can be described as follows: When drive transistor Q 1
turns on, the current transformer provides constant drive current into the secondary
circuit. The constant drive current is determined by resistor R 1 and will charge
capacitor c 1 linearly through diode D2 . Zener diode D 1 limits 2 gate to source
voltage. When the voltage across the secondary winding drops due to primary time
constant Lp/Rl, the zener diode D 2 becomes reverse biased and prevents the discharge of capacitor C 1. While transistor O1 is on, the energy will be stored in the
transformer core. When transistor 1 subsequently turns off, current will flow in
the secondary side due to energy stored in the core of transformer T 1. The amount
of energy stored must be greater than that stored in the capacitor c 1 in order to
ensure complete discharge of the capacitor.

o

o

Capacitor c 1 discharges through zener diode D 2 . Diode D 1 prevents any negative
voltage swing across gate to source and provides a current path for discharge of the
secondary inductance.
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The circuit shown in Figure 5.4 improves the fall time compared to the previous
circuit. The operation of the circuit is the same as that described above except during
turn off. During Q1 turn-off, capacitor c 1 discharges through winding N3 and diode
D2 . The discharge current will be 4 times greater than in the previous circuit because
the current now flows through only one quarter of the winding, while the amperetums remain unchanged. Diode D 1 prevents current flow from the winding N2
during turn off.
L
300µH

D1

100µf

UZ8710

1811 PL003B7
N 3 = 2.5
10V

c,"I

· 11

UZ8710
02

10on

01

01

Figure 5.4 Fall Time Enhancement Drive Circuit

5.b. Pulse Drive Circuit
In some applications, as in a line driver, it is essential that power MOSFETs switch
rapidly both during tum-on and turn-off. The drive circuit shown in Figure 5.5
provides these fast switching times while conserving drive power from the low voltage
supply. The circuit is capable of switching a device with a high (2500 pf) gate input
capacitance in 12 to 15 nanoseconds. During off time, low impedance is maintained
across gate to source. This prevents tum-on of the power MOSFET due to dv/dt or
noise at the drain terminal. The drive circuit can be operated from lKHz to 100 KHZ
without any changes. For low cost, it utilizes an inexpensive ferrite bead as a current
transformer.
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The drive circuit operates from a 25V power supply. The transformer is driven by a
Unitrode UC1524A pulse width modulator control chip. With Q3 off when the output transistor of the UC! 524A turns on, the voltage VCl is impressed across the
primary of current transformer T 1. The energy stored in the capacitor c 1 is, thereby,
transferred to the T 1 secondary. Secondary current flows through capacitor c2 ,
winding N2, diode D3, diode D4 , small signal MOSFET Q 2 and back to capacitor
c2. The secondary current discharges the initially charged capacitor c2. MOSFET
Q 2 turns off when the voltage across c2 drops below the gate threshold voltage of
Q2 . The negative voltage across the gate to source of Q 2 is clamped to a safe value
by diode D1. Now the secondary current starts to flow into the input gate capacitance of the output power MOSFET Q3 . When the gate voltage reaches the gate
threshold voltage, Q3 will begin to tum on. The gate voltage will continue to rise
until the current transformer saturates and the current in the secondary ceases. The
voltage across winding N2 drops to zero. Charge stored in the gate capacitance of
Q3 is maintained because diode D4 is back biased by the resulting gate voltage. The
rate at which the gate capacitance discharges depends upon the leakage current of
n4 and the loss ofQ 2.
For 1.0 µA total leakage current, it will require about 25 milliseconds to discharge
a device with a 2500 pf input capacitance.
When the output transistor of the UCl 524A turns off, the magnetizing energy stored
in the current transformer is transferred by current flow to the secondary circuit.
The current will flow in the loop which consists of diode D2 , winding N2 , and capacitance c2 in parallel with the input capacitance of Q 2 . When the voltage on the gate
reaches the threshold voltage, Q 2 turns on and discharges the gate capacitance of
Q3 with a low impedance, resulting in fast tum-off.
Capacitor C2 remains charged because it has no discharge path. This keeps Q 2 on and
Q3 is held off. This prevents tum-on of Q 3 due to any dv/dt present at the drain
terminal of Q3 , which is particularly useful in PWM half-bridge switching regulator
circuits.
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Figure 5.5 Pulse Drive Circuit

The power drawn from the drive circuit power supply is minimized by usmg this
current pulse drive circuit, especially when operating at a low frequency for fast
switching applications.
The switching times of a Unitrode power MOSFET are compared with those of a
competitive device in Figure 5 .6. The circuit described above was used. The devices
have the same voltage and current ratings and comparable RDS(on)· The Unitrode
UFN35 I switches faster, due to its 20 percent lower gate-to-drain and gate-to-source
capacitances, than the competitive device.
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Unltrode UFN351

Unitrode UFN351
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- Turn-off Time -

Competitive Device

Competitive Device

Figure 5.6 Switching Times of Unitrode UFN44C1 Power MOSFET vs
Competitive Device with Same Voltage and Current Ratings

Conclusion
The use of power MOSFETs in switching regulated power supplies is advantageous
due to their fast switching capability with simple drive circuits. The overall system
cost can be further reduced by operating these power MOSFETs at a high frequency.
The reliability of the switching power supply is improved due to lack of forward or
reverse bias second breakdown in the device and due to reduced parts count.
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A SECOND-GENERATION IC SWITCH MODE CONTROLLER OPTIMIZED
FOR HIGH FREQUENCY POWER MOSFET DRIVE
Introduction

capabilities of power FETs, it was necessary to provide
high peak currents to the gate during turn-on and turnoff to quickly charge and discharge the gate capacitances of 800 to 2000pF present in higher current units.

Since the introduction of the SG 1524 in 1976, integrated
circuit controllers have played an important role in the
rapid development and exploitation of high-efficiency
switching power supply technology. The 1524 soon
became an industry standard and was widely secondsourced (it is available from Unitrode as the UC1524).
Although this device, as well as the MC3420 and TL494
which followed it, contained all the basic control elements required for switching regulator design; practical
power supplies still required other functions which had
to be implemented with additional external discrete circuitry.

The development of a second-generation regulating
PWM IC, the UC1525A, and its complimentary output
version, the UC1527A, was a direct result of the desire
to add more power supply elements to the control IC, as
well as to optimize the interfacing of high current power
devices.

Integrating More Power Supply Functions
Having achieved the greatest level of acceptance
among users of first generation control chips, the 1524
became the starting point for expanding IC controller
capabilities. This early device, shown in Figure 1, contains a fixed-voltage reference source, an oscillator
which generates both a clock signal and a linear ramp

An additional development within the semiconductor
industry was the introduction of practical power FETs
which offered the potential of higher efficiencies at
higher speeds with resultant lower overall system costs.
In order to be able to take full advantage of the speed

+5V
OSC OUT

3

+5VTOALL
INTERNAL
} - - - - - - - - , CIRCUITRY
+5V

FLIP
FLOP

CT
(Ramp)

COMP

9>---------------<
+5V

+5V

1K

GROUND©--i

Figure 1. The UC1524 Regulating PWM Block Diagram.
This design was the first complete IC control
chip for switch mode power supplies.
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UC1525A device defined by an output configuration
which is high during the ON pulse, and the UC 1527A
configured to remain high during the OFF state. This difference is implemented by a mask option which eliminates inverter 0 4 (see Figure 3) for the UC1527A. In all
other respects, the 1525A and 1527A are identical and
any description of the 1525A characteristics apply
equally to the 1527 A. Second, a major difference
between this new controller and the earlier 1524 is the
deletion of the current limit amplifier. There are so many
system considerations in providing current control that it
is preferable to leave this as a user-defined external
option and allocate the package pins to other, more universally requested functions. Current limiting possibilities are discussed further under shutdown options.

waveform, a PWM comparator, and a toggle flip-flop with
output gating to switch the PWM signal alternately
between the two outputs.
With this circuitry already defined, a two pronged development effort was initiated: 1) to add additional features
required by most power supply designs and 2) to
improve the utility of features already included within the
1524. The resultant block diagram for the UC1525A is
shown in Figure 2. Two general comments should be
made relative to the overall block diagram. First, in optimizing the output stage for bi-directional, low impedance
switching, commitments had to be made as to whether
the output should be high or low during the active, or ON
state. Since this is application defined there are needs
for both output states, so both were developed with the

,---------.,

IL
GROUND12:1-------"

SYNC s } - - - - - -

TO INTERNAL

CIRCUITRY

OSCILLATOR
OUTPUT

UC1525A

I

OUTPUT STAGE

--1

I

SOFT-START 8 ) - - - - - - - • - - '
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L

UC1527A

OUTPUT STAGE
_J

Figure 2. The UC1525A family represents a "second
generation" of IC controllers.
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"Totem-Pole" Output Stage
One of the most significant benefits in using the
UC1525A is its output configuration. For the first time it
has been recognized in an IC controller that it is more
difficult to turn a power switch off than turn it on. With the
UC1525A, a high-current, fast transition, low impedance
drive is provided for both turn-on and turn-off of an external power transistor or FET. The circuit schematic of one
of the two output stages contained within the device is
shown in Figure 3. This is a two-state output, either 0 8 is
on, forming a low saturation voltage pull-down, or 0 7 is
on, pulling the output up to Ve. Note that Ve is a separate
terminal from the V1N supply to the rest of the device.
This offers the benefits of potentially operating the output drive from a lower supply than the rest of the circuit
for power efficiencies, decoupling of drive transients
from more sensitive circuits, and a third terminal for
extracting a drive signal. Note that even though Vc can
be set either higher or lower than V1N, the output cannot
rise higher than approximately 11/2 volts below V,N.

the control power by a 0.1mfd capacitor from Ve to
ground but it should not, otherwise, cause a problem
unless very high frequency operation is contemplated
where it will contribute to overall device power dissipation, by becoming a significant portion of the total duty
cycle.

OUTPUT A.
10V/DIV

CURRENT
INTO Ve,
500mA/DlV

HORIZONTAL

= soons/DIV

Figure 4. Current "spiking" on the Ve terminal caused by
conduction overlap between source and sink is
minimized by high-speed design techniques.

VREF

o,

OUTPUT
AOR B

Q40MITIED
IN UC1527A

PWM

OSC

F/F

Figure 3. One of two power output stages contained
within the UC1525A which conduct alternately
due to the internal flip-flop.

During the transition between states, there is a slight
conduction overlap between source and sink which
results in a pulse of current flowing from Ve to ground.
However, due to the high-speed design configuration of
this stage, this current spike lasts for only about 100ns.
A typical current waveform at Ve is shown in Figure 4.
This transient will normally be decoupled from the rest of
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Figure 5. The ouput saturation characteristics of the
UC1525A provide both high drive current and
low hold-off voltage.
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The output saturation characteristics of this stage are
shown in Figure 5. The source transistor, 0 7 , is a straight
forward Darlington and its saturation voltage remains
between 1 and 2V out to 400mA under the assumption
that V1N 2 Vee· The sink transistor, 0 8 , however, has a
non-uniform characteristic which needs explanation. At
low sink currents, the 1mA current source through 0 5
insures a very low saturation voltage at the output. As
load current increases past 50mA, 0 8 begins to come
out of saturation for lack of base drive but only up to
about 2V. Here diode D2 becomes forward biased shunting a portion of the load current through 0 5 to boost the
base current into 0 8 . With this circuit, the sink transistor
can both support high peak discharge currents from a
capacitive load, as well as insure the low static hold-off
voltage required for bipolar transistors.

V1N

= Ve

= 20V

OUTPUT A, 5VIDIV

0, BASE CURRENT
200mA/DIV

HORIZONTAL

A typical output configuration for a push-pull, bipolar
transistor power stage is shown in Figure 6. With a
steady state base drive current from the UC1525A of
100mA, this stage should be able to switch 1 to SA of
transformer primary current, depending upon the choice
of transistors. The sum of R, and R2 determine the maximum steady state output current of the UC1525A while
their ratio defines the voltage across C2 which, at turn
off, becomes the reverse V8 E for Q 1 • With the values
given, the output current and voltage waveforms are

~

500ns/DIV

Figure 7. Base current waveforms (Figure 6 circuit) show
the enhanced turn-on and turn-off current possible with the UC1525A.

shown 1n Figure 7 for a one microsecond pulse. If power
FETs are used for the output switches as shown in Figure 8, the interfacing c1rcu1try can become even simpler
with only a small series gate resistor potentially required
to damp spurious oscillations within the FET.

+SUPPLY
20V

R,
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1200

13
T,

13
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c,
01.I

Ve
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II

UC1525A
UC1525A

01

11

B
GROUND

B
GROUND

12
12

RETURN

RETURN

Figure 8. Replacing bipolar transistors with POWER
MOSFETs provides even greater simplicity
due to the low driving impedances of the
UC1525A in each transition.

Figure 6. A typical push-pull converter power stage
using external bipolar power transistor
switches.
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Push-pull direct transformer drive is also particularly
advantageous with UC1525A as shown in Figure 9. A
version of this configuration is required for isolation
when the control circuit is referenced to the secondary
side of an off-line power system, and to provide level
shifting of drive signals for 112 bridge and full bridge
switching. The configuration of Figure 9 has a couple of
important advantages. First, by connecting the drive
transformer primary directly between the outputs of the
UC1525A, no center-tap is needed and the full primary
is driven with opposite polarities. Secondly, between
each output pulse, both outputs are pulled to ground
which effectively shorts the two ends of the primary
winding together coupling a low-impedance turn-off signal to the switching transistors.

+SUPPLY

>----------

O,

TO
--~-

OUTPUT
FILTER

13

RETURN

Figure 10. A single-ended, ground-referenced power
stage for a f/yback or boost regulator.
+SUPPLY

Controlling Power Supply Start-Up
c,

c,

av

Figure 9. The UC1525A is ideally suited for driving a /owpower base drive transformer and eliminates
the need for a primary centertap.

Another important aspect of power sequencing is
restraining the outputs from immediately commanding a
100% duty cycle when they are activated. This is
accomplished by a slow turn on (soft-start) which is
defined by an internal SOµA current source in conjunction with an externally applied capacitor. The details of
this power sequencing system are shown in Figure 11.

A useful single-ended configuration, typical of buck regulators, is shown in Figure 10. Here the UC1525A outputs are grounded and the PWM signal is taken from the
Ve terminal which switches close to ground during each
clock period as the internal source transistors are alternately sequenced.
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Although the advantages of the UC1525A's output stage
will often be reason enough for its selection, there are
several other important and useful features incorporated
within this product. One problem previously overlooked
in PWM circuits is keeping the output under control as
the supply voltage is turned on and off. Undefined
states, particularly the possibility of turning on an output
before the oscillator is running, can be quite awkward, if
not catastrophic. To prevent this, the UC1525A has
incorporated an under-voltage lockout circuit which
effectively clamps the outputs to the off state with as little as 2 112V of supply voltage which is less than the voltage required to turn the outputs on. This clamp is maintained until the supply reaches approximately
insuring that all the remaining UC1525A circuitry is fully
operational prior to enabling the outputs. The clamp
reactivates when the supply is lowered to approximately
7.SV. There is about SOOmV of hysteresis built in to eliminate clamp oscillation at threshold.
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0 3 and 0 4 are the output gates normally driven by the
oscillator through 0 2 to provide output blanking between
pulses. (One of these transistors is shown as 0 2 in Figure 3.) At low supply voltages, 0 2 conducts with base
drive from the 20µ.A current source. 0 2 provides three
functions. First, current through R4 activates the output
gates with minimum voltage drop. Second, current
through R5 activates the shutdown transistor 0 5 holding
the soft-start capacitor, C58 , discharged. Third, R2 provides a small bucking voltage across R3 for hysteresis at
the switch point.
When the input voltage becomes high enough to provide a little more than one volt at the base of 0 1 , that
transistor turns on. This turns off O,, activating the outputs and allowing C85 to begin to charge from the internal 50µ.A current source. The time to reach approximately 50% duty cycle will be

2 volts

t = ( ---

)

50µ.A

Css

Power Supply Shutdown
An important part of any PWM controller is the ability to
shut it down at any time for a variety of reasons, including system sequencing requirements or fault protection_
Several options are available to the user of the
UC1525A, which require an understanding of the capability of the shutdown terminal, pin 10. Referring to Figure 11, the base of 0 5 is turned on by a signal which is
clamped to approximately 1.4V by the action of D, and
the V6 e of gates 0 3 and 0 4 . This holds the outputs off
and keeps Css discharged by 0 5 which, with R9,
becomes a 100µ.A net current sink.
If, during normal operation, pin 10 is pulled high, three
things happen. First, the outputs are turned off within
200ns through D,. Second, the PWM latch is set by 0 6
so that even if the signal at pin 10 were to disappear, the
outputs would stay off for the duration of that penod,
being reset by the next clock pulse. Third, 0 5 is activated commencing a 100µ.A discharge of C58 . However,
if the activation pulse on pin 10 has a duration shorter
than V3 of the clock period, the voltage on C55 will
remain high and soft-start will not be reactivated. Naturally, a fixed signal on pin 10 will eventually discharge
C88 , recycling soft-start. Thus, the shutdown pin provides both sequencing capability as well as a convenient
port for protective functions, including pulse-by-pulse
current limiting.

500µA

Regulating PWM Performance
Improvements
The UC1525A also offers significant performance and
application improvements in almost all of the additional
basic functions of a PWM over those obtainable with
earlier devices. A general description of these features
is outlined below:

Z1
6 OV

Reference Regulator: The output voltage of this regulator
is internally trimmed to 5.1 V ± 1% during manufacture,
eliminating the need for adjusting potentiomenters in
most applications.

a,

TOPWM
LATCH

Figure 11. The internal power turn-on, soft-start, and
shutdown circuitry of the UC1525A.
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Error Amplifier: The UC1525A uses the same basic
transconductance amplifier as the UC1524 with an
important difference: it iS powered by VIN rather than
VReF· Now the input common-mode range includes VReF
eliminating the need for a voltage divider with its attendant tolerances. An additional feature relative to the
error amplifier is that the shutdown circuitry feeds into a
separate input to the PWM comparator allowing pulse
termination without affecting the output of the error
amplifier which might have a slow recovery, depending
upon the external compensation network selected. An

PRINTED IN U S A

APPLICATION NOTE

U-89
Oscillator: The functions of the oscillator within the
UC1525A have been broadened in two important
aspects. One is the addition of a synchronization terminal, pin 3, allowing much easier interfacing to an external clock signal or to synchronize multiple UC1525A's
together. The other is the separation of the oscillator's
discharge network from its charging current source for
deadtime control. Reference should be made to the
schematic of Figure 12 for an understanding of the operation of this circuit. The heart of this oscillator is a double-threshold comparator, 0 7 and 0 8 , which allows the
timing capacitor to charge to an upper threshold by
means of the current source defined by RT and mirrored
by O, and 0 2 .The comparator then switches to a lower
threshold by turning on 0 10 and discharges CT through
0 3 and 0 4 with a rate defined by R0 . As long as CT is
discharging, the clock output is high, blanking the outputs. Since the overall oscillator frequency is defined by
the sum of the charge and discharge times, there are
three elements now in the frequency equation which is
approximately:

important benefit of a transconductance amplifier is the
ease with which its current mode output can be over-ridden by other external controlling signals.

PWM Comparator: The significant benefit of the
UC1525A's PWM comparator is in its following latch. A
common problem with earlier devices was that any
noise or ringing on the output of the error amplifier would
affect multiple crossings of the oscillator ramp signal
resulting in multiple pulsing at the comparator's output.
The UC1525A's latch terminates the output pulse with
the first signal from the comparator, insuring that there
can be only a single pulse per period, removing all jitter
or threshold oscillation from the system. Another important advantage of this latch is the ability to easily implement digital or pulse-by-pulse current limiting by merely
momentarily activating the shutdown circuitry within the
UC1525A. This could be as simple as connecting pin 10
to a ground-referenced current sensing resistor. For
greater accuracy, some added gain may be advantageous. Once a current signal causes shutdown, the output will remain terminated for the duration of the period,
even though the current signal is now gone. An oscillator clock signal resets the latch to start each period
anew.

f""------CT (0.7RT + 3R 0 )

BLANK1NG
TO OUTPUT

3K

250

4
CLOCK OUT

Figure 12. A simplified schematic of the UC1525A's
oscillator circuitry.
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External synchronization can easily be accomplished
with a 2.8V positive pulse at pin 3. This will turn on 0 9 ,
lowering the comparator threshold below wherever the
voltage on CT may happen to be. Two factors should be
considered: First, the voltage on Cr determines the
amplitude of the PWM ramp, and if the sync occurs too
early, the loop gain will be higher and the resolution may
be worse. Second, the sync circuit is regenerative within
200ns; and, while a wider pulse can be used, Cr will not
begin to recharge as long as the sync pin is high. For
synchronizing multiple UC1525A devices together, one
need only to define a master with the correct RrCr time
constant, connect its output pin to the slave sync pins,
and set each slave RTCT for a time constant 10-20%
longer than the master.

A 200 Watt, Off-Line, Forward Converter
The ease of interfacing the UC3525A into a practical
power supply system can be illustrated by the off-line,
power converter shown in Figure 13. This 200W supply
places the control circuitry on the primary side of the
power transformer where direct coupling can be used to
drive the power switch. While simplifying the drive electronics, this configuration usually requires an isolated
voltage feedback signal which is most easily accomplished by an optocoupler driven by some type of voltage regulator IC such as a SG723 or LM305. One other
undefined block in Figure 13 is the auxilliary power supply which suppplies the low voltage, low current bias
supply for the UC1525A and the drive for 01, the power
switch. The choice of the UFN443 POWER MOSFET
T1

US0545
7µH
Hl

5V,

USD545

40A

5nF

600µ.F
250V

120VAC

OPTOCOUPLER

20V, 50mA

200

10K
16
10K
15
14

UC
1525A

1nF

2 2n
13
12
11

39K

100

1µF

100

10

02µF

Figure 13. 200W, Off-Line Forward Converter.
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for this switch keeps the total power requirements from
the auxiliary supply at less than 1W; readily implemented with a small, line-driven transformer.

photographs of this operation are shown in Figure 14.
When operating at full load, the efficiency of this converter is 73% with by far the greatest power losses
occurring in the output rectifiers-even though Schottky
devices have been selected. Switching losses have
been minimized by the fast current transitions, primarily
defined by the leakage inductance of the transformer.
Although this switching time could probably be even further reduced, there could be problems with current
spikes during rise time due to Schottky rectifier capacitance.

This converter is designed to operate at 150kHz which is
accomplished by running the UC1525A at 300kHz and
using only one of the outputs. This also automatically
insures that the duty cycle can never be greater than
50%, a requirement of the power transformer in this
configuration. The high operating frequency allows the
output filter's roll-off to be set at 12kHz, greatly simplifying the overall loop stability considerations as adequate
response can be achieved with only the single-pole compensation of the error amplifier provided by the .05µF
capacitor on pin 9.

Current limiting for this converter is provided by measuring the current in UFN443 with the 0.10 resistor in
series with the source and using this voltage to activate
the shutdown circuitry within the UC1525A. While this
will provide a fast-acting short circuit protection on a
pulse-by-pulse basis, a comparator may need to be
added for a more accurate current limit threshold.

The totem-pole output of the UC1525A is used to advantage to drive 0 1 by providing a 400mA peak current to
charge and discharge the MOSFET's gate capacitance
while keeping overall power dissipation low. Waveform

2Ald1v

0-

1GO 5Nd1v

0-

VG 10V/d1v

0-

10

1,2Ndiv

0-

10 0.5Nd1v

0-

VG 10V/d1v

0-

1µS/dlV

a) Waveforms of

b) R1set1me
==90ns

10 , la,

Va

c) Falltime
""'30ns

Figure 14. Current and voltage waveforms for the 200W, Off-Line Forward Converter with a UC1525A direct driven
MOSFET Power switch. (Operating frequency is 150kHz with output current equal to 40A.)
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Transformer Winding Data
500 Watt, 1OOkHz, Off-Line, Half-Bridge Converter
T1 Core: Ferrox 846T250-3C8
Pri: 14T #22AWG
Sec (2): 7T #22AWG

T3 Core: Ferrox 846T250-3C8
Pri: 1T
Sec: 20T, C.T. #22AWG

T2 Core: Ferrox EC52-3C8 (EE)
Pri: 14T, 2 layers, 2 #16 AWG in parallel
Sec (2): each 2T, C.T., copper strap .01" x .8"

T4117V/220V, 25V, 0.15A, 50-60Hz
L 1 Core: Ferrox IF30-3C8
4 turns, 5 #12AWG in parallel
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Figure 15. 500W, 100kHz Half-Bridge Schematic.
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500 Watt, Off-Line, Half-Bridge Converter
The circuit shown in Figure 15 uses a pair of Unitrode
UFN443 POWER MOSFETs in a half-bridge configuration with the UC1525A chip referenced to the secondary side of the power transformer. The MOSFET gates
are driven directly from the control chip output through
step down and isolation transformer T1 • The UC1525A
output terminals (pins 11 and 14) provide active pull-up
and pull-down (dual source/sink) for the primary of T,.
This provides the fast, high current turn-on and turn-off
pulses needed for the MOSFET gates. In addition, the
two ends of the primary windings are shorted to ground
during deadtime, which prevents accidental turn-on by
transients. Note that the current supplied by the
UC1525A outputs drops to a small value when the gate
capacitance has been charged or discharged to the
desired gate voltage. Damping resistors with series
blocking capacitors across the two secondaries of T,
minimize ringing due to the MOSFET gate capacitance
and the inductance of T, and lead inductance, particularly during deadtime.

10

2Aldiv

cf.10 0 SNd1v

cf.-

2µs/d1v
a) Waveforms of

10

10 , 1G, VG

2Ndtv

""

Deadtime for the UC1525A is set very simply by a single
resistor between pins 5 and 7. Only a small amount of
deadtime is needed since the MOSFETS have no
storage time and a very short delay time.
Slow turn-on is accomplished by a single capacitor at
pin 8.
Current limiting is provided by current transformer T3 in
series with the primary of the power transformer T2 • The
signal is rectified, threshold adjusted and sent to the
shutdown terminal, pin 10, of the UC1525A.

100ns/d1v
b) R1set1me

Waveforms of the converter are shown in the scope photos of Figure 16. Current rise and fall times are 20ns and
1Ons. For additional details on this design, see Unitrode
Application Note U-87, a SOOW, 200kHz Off-Line Power
Supply using POWER MOSFETS.

0-

Improved Performance; Less Complexity
Although power supply designers for some time now
have had an ever widening inventory of IC components
available to ease their design tasks, the final measure of
improvement has to be in terms of system performance
versus cost. With fewer interface components to the
power stages, freedom from potentiometer adjustments,
protected start-up and shut-down, a built in soft-start network and several additional system-level features, the
UC1525A provides a significant contribution to both performance and costs while simultaneously making the
designer's task easier. With these accomplishments, it is
clear that this device truly does represent a step-function
improvement, introducing a second-generation of power
control components.
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Figure 16. Performance waveforms for the Haff-Bridge,
SOOW, 100kHz Converter with output current
of BOA.
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THE UC1524A INTEGRATED PWM CONTROL CIRCUIT PROVIDES
NEW PERFORMANCE LEVELS FOR AN OLD STANDARD

fault conditions, to adjust for inaccuracies, or to
improve control during power sequencing.

Introduction
The application of IC technology to the switching
power supply really began with the introduction of the
SG 1524 in 1976. This device was the first IC to
implement all the control blocks necessary for a wide
range of PWM power systems. Its straight-forward
approach to the classic PWM architecture gave it
wide acceptance, and it has become the most
commonly used IC controller today.

Although 1n the intervening years, many new IC control
chips have been introduced which offer certain
spec1ahzed advantages, it was found that design
engineers still preferred the 1524 for its wide versatility and generalized architecture. From this
understanding, it became apparent that a new design,
which would improve many of the 1524's individual
functions by making them more predictable and easier
to apply, while retaining the same architecture, could
be a winner. Thus, Unitrode undertook this task. The
result is the UC1524A.

Even though the 1524 has gained great acceptance
and engineers have praised its versatile and easy to
understand architecture, they have many times cursed
the simplistic, or idealistic, ways its individual blocks
were implemented. While one would assume, at first
glance, that all control functions necessary for most
power supply applications are contained within the
1524, in the real world of practical power systems,
additional circuitry is required to interface with the rest
of the system, to protect against different types of

v,N

15

osc

3

The UC1524A PWM Controller
A design goal set for the UC1524A was that it not only
retain the same architecture but keep the same pin
configuration as the 1524 and function equal to or
better than the 1524 1n most existing applications. In

+ 5V
REFERENCE
REGULATOR

16

VREF

CA

Rr

EA

Cr
Cs
COMP
Ee

INV. INPUT
N.I. INPUT

10
C.L. (+)SENSE

r-®

CL (-)SENSE

SHUTDOWN

GND

FIGURE 1 - The UC1524A Block Diagram Follows the Same Architecture As the UC1524 But With Several Significant
Differences.
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this way, engineers who were familiar with the 1524
could easily understand and evaluate the UC1524A.
Performance improvements had to be significant,
particularly in reducing the need for discrete support
circuitry, so there would be a cost advantage in using
the UC1524A in new designs. The block diagram of
the UC1524A is shown in Figure 1 which, by intent,
appears very similar to that of the older 1524.

VREF

r--..---.---...------,16
R4

50k

8 7k

Current
sources to
output stages,
oscillator,
amplifiers, and

PWM

z,
6V

The list of the improvements, however, is considerable
and includes the following:
1. The 5V reference is now internally trimmed
to ± 1% accuracy, eliminating the need for
potentiometer adjustments.
2. The error amplifier's input range now extends
beyond 5V, eliminating the need for a pair of
dividers and their attendant tolerances.
3. A high-gain, wide-band, current sense amplifier
has been included which is useful for either
linear or pulse-by-pulse current limiting in the
ground or power supply output lines.
4. An under-voltage lockout circuit has been
added which disables all the internal circuitry
except the reference until the input voltage
has risen to av. This holds standby current low
until turn-on, greatly simplifying the design of
low-power, off-line converters. There is
approximately 600mV of hysteresis included
for jitter-free activation.
5. A PWM latch has been added insuring freedom
from multiple pulsing within a period, even in
noisy environments. In addition, the shutdown
circuit feeds directly to this latch which will
disable the outputs within 200ns of activation.
6. The oscillator circuit is usable to frequencies
beyond 500kHz and is easier to synchronize
with an external clock pulse.
7. The power capability of the output switches has
been boosted by doubling the current capability
to 200mA and increasing the voltage rating to
60V.

FIGURE 2 - The Under-Voltage Lockout and Power
Turn-On Circuitry within the UC1524A.

conduct saturating 0 3 and holding the base of 0 5 too
low to allow any of the current sources to conduct.
The current through R4 flows through 0 3 and R3 ,
developing a 600mV drop across R3 when VREF
reaches 5V. At this level, the only current flowing is
that used by the reference regulator and R2 and R 4 , a
total of approximately 2.5mA at turn-on threshold.
When the input voltage reaches approximately av,
diode, Z 1 begins to conduct turning on 0 2 which turns
off 0 3 and allows the current sources to activate. Since
the current through 0 2 is much less than through 0 3 ,
the voltage across R 3 drops, providing positive feed-

10

9
8

T, = -55°C

;;(

s

.....

zu.J

a:
a:
::J
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T,
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An understanding of some of these improvements is
necessary for ease in application and will now be
discussed in greater detail.

!:!
::J

0

2

Internal Power Turn-on Circuit
The under-voltage lockout and turn-on hysteresis circuit is shown in Figure 2. This circuit requires approximately 2V for activation; but, since nothing else will
turn on without at least 3V of supply voltage, lockout
is assured. When V 1N rises above 2V, R2 begins to
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FIGURE 3 -Supply Current for the UC1524A vs. Input
Voltage.
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a,

a,

o,,

z,
~+-----4-----+----' 5

6V

100µA

- SENSE

+

ERROR AMPLIFIER
\,.__,____. . . . . . . .~. .----~-~

¥

COMP

CURRENT LIMIT AMPLIFIER
\..._..___................~. . . . . . . . . ._..,,;~

¥

FIGURE 4 - Voltage and Current Sensing Amplifiers Have a Common Output at the Input to the PWM Comparator.

back. This gives about 600mV of hysteresis. This circuit, of course, works in reverse at turn off, insuring
that the outputs can only operate when the supply is
adequate for fully predictable operation. Figure 3
shows the relationship between quiescent current and
input voltage. Designers should find this low current
start-up characteristic quite advantageous for off-line,
primary-side control with boot-strapped operation after
turn on.

output to keep the input level to the PWM comparator
below 6 volts.
The error amplifier's output can be considered a
100µ.A current source or sink (0 - 200µ.A source with
100µ.A constant sink). When the current limit circuit
activates, Os turns on and can easily pull down pin 9
even though the error amplifier would nominally be
calling for a high output at this point.
The current limit circuit consists of Os through 0 12 . Its
differential PNP input stage gives it a common mode
range extending from 300mV below ground to within
-2VofV 1N. ltsthreshold, or offset, of200mVisestablished by the 100µ.A current source through R1 , with
R2 added to null out the effect of any base current
from 0 8 .

A New Current Limit Amplifier
Since the outputs of the current limit amplifier and the
voltage-sensing error amplifier are summed at the
PWM comparator input, they should be examined
together as shown in Figure 4.
Since the error amplifier, consisting of transistors 0 1
through 0 5 , must have the lowest priority in controlling
the PWM, its output must be easily overruled by current faults or other programming functions, such as
soft-start, which would hold pin 9 low. Therefore, a
transconductance amplifier similar to that used in the
earlier 1524 was again applied to the 1524A with one
exception: it is now powered by V 1N instead of VREF·
so that the input common-mode range extends to
within 2V of either rail. Zener diode, Z 1, is used on the
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This current sensing block within the UC1524A can
actually be used either as a linear amplifier or as a
comparator. The open loop small-signal gain is
approximately BOdB while its transition delay with 10%
overdrive is 600ns. This can be decreased substantially with additional overdrive. Use of the current
sensing block as a comparator is usually preferred
from a systems standpoint, since it does not have to
be compensated and pin 9 can be dedicated solely to
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error amplifier compensation. Under this condition, a
current signal over the threshold level will pull pin 9
low, terminating the output signal. Recovery is determined by the 100µ,A pull-up current from the error
amplifier in conjunction with any capacitance which
may be present on pin 9.

The PWM latch insures only a single pulse is allowed
to reach the appropriate output stage within each
period. The latch is reset with the oscillator clock pulse
which also serves to blank the outputs. Thus, although
the latch is reset at the start of the oscillator clock
pulse, it is the termination of the clock pulse which
initiates output conduction. The output then stays on
until the latch is set, either by a signal from the PWM
comparator or from a shutdown command from pin
10. Once the latch is set, it will hold the output off for
the duration of the period.

When the current limit circuit is used as a linear amplifier, stabilization is performed by feedback to the
inverting input (pin 4) or by capacitance from pin 9 to
ground as shown in Figure 5.

FIGURE 5 -

There are several s1gnif1cant advantages to this circuit.
First, the latch completely eliminates multiple outputs
of the PWM comparator because of noise or ringing
on the output of the error amplifier causing multiple
crossings of the ramp signal. Second, current limiting
can now be performed much more rapidly without
1nstabil1ty. Without a latch, significant integration 1s
needed to ma1nta1n a turn-off signal after the outputs
have turned off. Finally, any instabilities which might
potentially be present in the voltage or current loops,
or the shutdown signal from pin 10, will cause much
less stress on the output stages, since only two transitions through the high-dissipation active region can
be made during each period.

Various Compensation Options Which
Are Possible When Both Amplifiers Are
Operated in the Linear Mode.

An additional feature of this circuit is its capability to
perform as a duty-cycle limiting circuit in the configuration shown in Figure 6. If R 1 is made 1OOk, there will
be minimal effect upon the error amplifier gain.

The performance of this portion of the UC1524A can
be evaluated using a triggerable pulse generator with
a variable delay, set up as shown in Figure 7. RT and
CT are selected for the desired operating frequency.
The clock triggers the pulse generator, and the delay
is adjusted so the generator output occurs during the
PWM period. The output pulse width must be at least
200ns and the amplitude higher than the threshold
of the UC1524A input being evaluated. Typical waveform photographs are shown in Figure 8.

In current limiting, to achieve the fastest responding
pulse-by-pulse control, consideration should be given
to the use of the shutdown terminal on pin 10. While
the input threshold of this circuit is not as accurately
controlled as the current limit amplifier and has a
negative temperature coefficient of -2mV/°C and is
internally ground referenced; it does feed directly into
the PWM latch with only 200ns delay from activation
of pin 1Oto shutdown of the outputs.

Higher Power Output Switches
With the higher current and voltage rating of the
UC1524A's output switches, significant economies
can now be achieved in interfacing with higher power
devices. For low power requirements, a broader range
of applications may now be served by the 1524A itself
without additional discrete output devices. Regardless
of the power supply requirements, more current and
voltage from the UC1524A will ease the design
tradeoffs. Even with higher current and voltage, the
UC1524A offers fast response time. Each output stage
contains an anti-saturation network to keep the output
transistors out of hard saturation. Although this adds

R,

Maximum Duty Cycle{%)

FIGURE 6 -

40 [o 2 ( ~

+1) - ~

The Fixed 200mV Threshold of the Current Limit Amplifier Can Be Multiplied to
Form a Duty-Cycle Clamp or Dead-Band
Control.
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FIGURE 7 -

Evaluating the Turn-off Delays of the UC1524A with the Aid of a Triggerable Pulse Generator
With Variable Delay.
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FIGURE 8 - Typical Turn-off Response From Both the Current Sense and Shutdown Inputs.

uration for enhanced turn-off is shown in Figure 10.
The fast-rising signal appearing at the collector of the
output transistor, 0 1 , is capacitively coupled to saturate an external transistor, 0 2 , greatly reducing the
turn-off delay of 0 3 and allowing a much larger value
to be selected for R 3 . Many variations of this circuit
are possible depending upon the power devices to be
driven and the voltage levels required.

somewhat to the saturation voltage, it is more than
offset by the benefits in reducing turn-off delay. Saturation voltage as a function of current is shown in
Figure 9.
Since both collectors and emitters are available on
the UC1524A's output transistors, many different
coupling possibilities are offered. One useful config-
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Frequency Synchronization

~
UJ

The oscillator circuit within the UC1524A, shown in
Figure 11, has been improved over that of the 1524
with the addition of C2 . Without this component, a
synchronizing pulse externally applied to pin 3 had to
do all the work of discharging the timing capacitor
through 0 4 and 0 5 . The simple addition of C 2 couples
a positive pulse from pin 3 to the base of 0 10,
momentarily reducing the threshold of comparator 0 809 and regeneratively triggering the oscillator into its
discharge state. The circuit is now leading-edge triggered and narrow pulses can be used. This is a consideration when minimum dead time is required, since
the outputs are blanked off as long as pin 3 is held
high.

4
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UJ
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u
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As with the 1524, synchronization to an external clock
should be done with the RTCT time constant set
approximately 10 to 20% greater than that determined
for the required clock frequency, taking into consideration the expected tolerances of the components. For
synchronizing multiple UC1524A devices, all RT, CT,
and OSC output terminals should be individually connected together and a single RT and CT used.

OUTPUT COLLECTOR CURRENT (mA)

FIGURE 9 -Output Saturation Characteristics for Each
of the UC1524A's Outputs.

When considering blanking, the pulse on pin 3 may
be extended somewhat by the addition of a capacitor
of up to 1OOpF from pin 3 to ground. If narrower blanking pulses are required, adding a resistive load from
pin 3 to ground of 1 kohm minimum will reduce the
pulse width.
The best way to guarantee a large dead time is still to
use a diode to clamp the peak output from the error
amplifier to a divider from VREF· This technique is
quite accurate due to the accuracy of VREF and the
100µ,A fixed current available from the amplifier.
FIGURE 10 - The addition of C 1 and Q 2 Uses the Collector Signal of the UC1524A to Generate
an Enhanced Turn-off Command for Q 3

A Simple Buck Regulator Circuit
The application of Figure 12 demonstrates the utility
of the UC1524A used with a Unitrode PIC600 hybrid
switch. This combination greatly simplifies the design
of switching regulators, since the only other active
device required is a small-signal 2N2222 which serves
to provide a constant drive currentto the output switch,
regardless of the input voltage level. With the
UC1524A, current sensing does not have to be done
in the ground line, but will still function when the regulator output is shorted to ground.

UNITROOE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 •TEL. (617) 861-6540
TWX (710) 326-6509 • TELEX 95-1064

183

PRINTED IN US A

APPLICATION NOTE

U-90

osc
OUT

FIGURE 11 - The Oscillator Circuit of the UC1524A Allows Both High Frequency Operation and Ease of External
Synchronization.
CORE 2616PA 100367

,- - V1N

10 40V

~6-;-

-,
I
I
I

100µF
40V

N 33T AWG 19

0331!
200
µF

Vour
SV SA

_J

3 3K

68K

005

FIGURE 12-The UC1524A Combines With the PIC 600 Hybrid Switch to Form A Simple But Powerful Buck Regulator.
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The waveforms of Figure 13 demonstrate the performance of the current limiting comparator, showing
that from the onset of current limiting to a complete
short circuit, the peak input current increases from
5.2A to only 5.9A.

A Complete DC-DC Converter with the
UC1524A

4W DC-DC converter operating from a common 28V
bus with no additional output transistors. The schematic of Figure 14 uses a push-pull configuration
which imposes a voltage of twice the supply across
the "OFF" transistor. This is now within the rating of
the UC1524A and, thus, with a 28:7 turns ratio in the
transformer, a 5V, 3/4A output is achieved with 78%
efficiency at a significant minimum parts count.

An important attribute of the new UC1524A family is
the higher voltage rating on the output transistors.
This now makes it possible to implement a practical

The fast response of the current limit amplifier within
the UC1524A again keeps the device well protected
as shown in the waveforms of Figure 15.

A

B

c

Upper trace 1s Comp terminal (pin 9), 2 V/div
Lower trace is input current through power switch, 0.2Ndiv
Ti me base is 1Oµsec/div.
A
B

=

C

=

Onset of current limiting, Ip = 5.2A
Into current limiting, Comp terminal held low untll inductorcurrentfalls below
threshold, Ip = 5.9A
Output shorted to ground. Pulse width reduced to 2µs. Ip still 5 9A.

FIGURE 13 - Performance Data for Figure 14's Regulator Shows the Tight Control of Peak Current, Even Under
Shorted Output Conditions.
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20 28V
Input
+

1----------------------------~.,_

I

__________________,

500JLF
Core: 2213P-A400-3B7
N: 28T, AWG22

UES2401

Gnd

2 2k

Rr
UC1524A

005

c,
0 1
Vref

4 7k

01

080

Comp

33k

FIGURE 14 -

005 4 7k

With Higher Output Voltage Capability, the UC1524A can Implement a Complete 4 Watt DC to DC
Converter with no Additional Switching Transistors.
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0

0-

-0

0-

-0

0--

Circuit Under Normal Load

Circuit at Threshold of Current Limiting

-0

0-

-0

0--

0

0-

Circuit Under Full Current Limit

Circuit Under Short Circuit Conditions

FIGURE 15 -Operating waveforms for the PWM DC-DC converter (Figure 14)
Upper trace =Primary current at 0.1 A/division
Middle trace = Pin 9 voltage at 5V /division
Lower trace = Load current at 0.5A/division
Time base
= 5µs/division
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An Off-line Forward Converter

drive power coming from winding N 2 . The low-current
start-up characteristics of the UC1524A allow starting
energy to be developed in C 2 with only approximately
8mA required through R 1 .

For low to medium power applications, a single-ended
flyback or forward converter with all the control on the
primary side of the isolation step-down transformer is
usually the most economical solution. However there
are two complications with this approach. The first is
that although the control circuitry can easily be driven
from a low-voltage winding on the power transformer,
starting energy must be taken from the high-voltage
rectified line where, at 170VDC, every 10mA represents a 1.7W loss. The second complication is in
obtaining adequate regulation of the output while still
meeting isolation requirements from output back to
the line.

The problem of isolated feedback control is solved in
this application by sampling the 5V output level at the
switching frequency by means of the 2N2222 transistor and transformer T 2 . With every switching cycle,
the output voltage is transferred from N 1 to N 2 where
it is peak detected to generate a primary-referenced
signal to drive the PWM error amplifier. Diode D 2 is
used to temperature compensate for the loss in the
rectifier, D 1 and the net result is better than 1% regulation with the main added cost that of a very inexpensive signal transformer.

The SOW forward converter of Figure 16 offers innovative solutions to both these problems. In this circuit,
the UC1524A provides all the control with its operating

Some of the other features of this application include
a duty-cycle clamp on the PWM formed by diode D 3

"

~JOOµF

"''W
'"

c'

~100µF

L1 COUPLED INDUCTOR
CORE
A 438281 ·2 MPP
N1
1JT, 18AWG
N2
29T, 18AWG
T1 POWER TRANSFORMER
CORE EC35-JCB EE
N 1 124T. 24AWG
N2
1BT. 2BAWG
NJ
14T, 20AWG
N4 28T, 22AWG

"'

IN914

CL()

T2 FEEDBACK TRANSFORMER
CORE 204T 250-JCB
N1
14T, J6AWG
N2
14T, J6AWG
NJ
17T, JBAWG

FIGURE 16 - This 50W Off-Line Forward Converter Features Both High Efficiency and Good Regulation while Maintaining Input-Output Isolation.

UNITRODE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 •TEL (617) 861-6540
TWX (710) 326-6509 • TELEX 95-1064

188

PRINTED IN US A

APPLICATION NOTE

U-90

and the 10k -1.5k dividerfrom VAEF· This method of
clamping is more effective with the UC1524A since
the UV lockout keeps the outputs off until the reference, error amplifier, and oscillator are all operating
within specification.
Drive for the UMT13005 high-voltage switch is
accomplished by using the emitters of the UC1524A's
output transistors for turn-on and the 2N2222 in conjunction with the 1µ,fd base capacitor to provide a
negative base voltage for rapid turn-off as described
in Figure 10.
The resultant drive signal is shown in Figure 17.
Operating at 40kHz, this regulator provides an isolated
50W of power with an efficiency of 83%, a high degree
of regulation, and fast overload protection.

at Full Load (SOW)

Conclusion

FIGURE 17 - Base Current (Upper Trace) and Collector
Current for the UMT 13005 of Figure 16. The
Time Base is 5µ,S per Division.

Although there are now many new integrated circuits
from which to choose in attempting to build more costeffective power supplies, it always helps to review
well established ideas. In the case of the UC1524A,
updating and improving an earlier product has resulted
in a significant advancement: providing greater performance and versatility while reducing system costs.
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APPLYING THE UC1840 TO PROVIDE TOTAL CONTROL
FOR LOW COST, PRIMARY REFERENCED
SWITCHING POWER SYSTEMS
1.

Introduction
There are many potential approaches to be considered in switch mode power supply design;
however, the contradictory requirements of
minimum cost and compatibility with ever more
demanding line isolation specifications make
primary control very attractive. Application of
the UC1840 as a primary-side, off-line controller
presents an extremely cost-effective approach
to supplying isolated power from a widely varying input line while maintaining a high degree of
efficiency.

control and power switch This eliminates many
of the transitions across the isolation boundary
which significantly increase the cost of the magnetics portion of the power supply's budget.
There are two disadvantages to primary control:
(1) operating or at least starting, the control
electronics from the line voltage (typically 300
VDC), and (2) providing adequate regulation
(which requires feedback from the secondary
across the isolation boundary). The capability
of the UC1840 Control IC to solve these problems while providing all of the regulating,
sequencing, monitoring, and protection functions referenced to the primary side, makes this
device very attractive.

Primary control means referencing all of the
control electronics along with the power switching device on the input line side of an isolation
transformer. An obvious advantage to this
approach is the simplified interface between the

Rr/CT 9 1 - - - - - - - - i

DRIVER

BIAS

PWM

OUTPUT

50V REF

GROUND

400mY

Note: Pos1t1ve true logtc. latch outputs high with set, reset has priority

FIGURE 1 THE OVERALL BLOCK DIAGRAM OF THE UC1840, AN INTEGRATED CIRCUIT OPTIMIZED FOR
PRIMARY-SIDE CONTROL OF OFF-LINE SWITCHING POWER SUPPLIES
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The UC1840 Controller

(7)

The overall block diagram of the UC1840,
shown in Figure 1, includes the following
features:
(1)
(2)

(3)
(4)
(5)

(6)

Fixed-frequency operation set by userselected components
A variable-slope ramp generator for constant volt-second operation providing
open-loop line regulation and minimizing, or in some cases even eliminating,
the need for feedback control
A drive switch for low current start-up off
the high-voltage line
A precision reference generator with
internal over-voltage protection
Complete under-voltage, over-voltage,
and over-current protection including
programmable shutdown and restart
A high-current, single-ended PWM output
optimized for fast turn-off of an external
power switch

Logic control for pulse-commandable or
DC power sequencing

For an understanding of how these individual
blocks work together in a typical, mediumpower, flyback power supply, reference should
be made to Figure 2 and the functional description which follows.

3.

UC1840 Functional Description
3. 1 Power Sequencing

A simplified schematic of the UC1840's internal
power turn-on circuitry is shown in Figure 3. The
key elements of this function are: (1) the Driver
Bias Switch, 03, which keeps the loading on the
control voltage line, Ve, to a minimum during start
up; (2) the Under-voltage Comparator which also
functions as a Start Threshold Detector with programmable hysteresis; and (3) an auxiliary,
primary-referenced, low-voltage winding on the
main power transformer which provides normal
control power after turn-on. The sequence of
events is as follows:

DC INPUT LINE

CONTROL VOLTAGE

A4

A1

AS

A2

A3
Res

FIGURE 2 A FULLY PROTECTED. ISOLATED FL YBACK POWER SUPPLY CAN BE IMPLEMENTED WITH THE
UC1840. A HIGH-VOLTAGE POWER SWITCH. THE TRANSFORMER. AND A SMALL HANDFUL OF
PASSIVE COMPONENTS
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DC INPUT LINE
R1

r---------------- 15--,

I

+

I
I
I
I

UC1840

POWER
TRANSFORMER

01

CONTROL VOLTAGE Ve

FEEDBACK
WINDING

I

INTERNAL

I

03

CHIP SUPPLY

II

DRIVE
SW

10 PWM DRIVE

START/
UV SENSE

BIAS

·5v
START
LATCH

UV FAULT

TO PWM
COMP

01

Rs

SLOW
B
TURN ONI

02

I

I
I
I
I
L-------~-----------~

Cs

I

FIGURE 3 THE UC1840's START CIRCUITRY REQUIRES LOW STARTING CURRENT FROM THE DC INPUT
LINE WITH NORMAL OPERATING CURRENT SUPPLIED FROM A LOW-VOLTAGE FEEDBACK
WINDING ON THE POWER TRANSFORMER

(1)

(2)

While the control voltage, Ve, is low
enough so that the voltage on pin 21s less
than 3V, the Start/UV Comparator does
the following:
(a) A 200µA hysteresis current is flowing
into pin 2 through 01 causing an
added drop across R2.
(b) The drive switch is holding the Driver
Bias transistor, Q3, OFF. This
insures that the only current required
through R1 is the start-up current of
the UC1840, plus external dividers
(R2, R3, Rs, etc.).
(c) The Slow Turn-on transistor, Q2, is
ON, holding pin 8 and Cs low.
(d) The Start Latch keeps the undervoltage signal from being defined as
a fault.
The start level is defined by:
Ve (start)= 3 (R 2 : 3R3)

+ 0.2

Comparator then does the following:
(a) Turns off Q1, eliminating the 200µA
hysteresis current. This allows the
voltage on Ve to drop before reaching the under-voltage fault level
defined by:
Ve (U.V. fault)= 3 (R 2: 3 R3 )
(b)
(c)

(d)

(3)

R2.

When Ve rises to this level, the Start/UV
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Sets the Start Latch to monitor for an
under-voltage fault.
Activates Q3 providing Driver Bias to
the power switch, pulling the added
current out of Cin.
Turns off Q2 allowing for programmed slow turn-on defined by Rs
and Cs.

A normal start-up occurs with the control
voltage, Ve, following the path shown 1n
Figure 4. If the power supply does not start,
Ve will fall to an under-voltage fault which
will then either initiate a restart attempt or
hold the power switch off, depending upon
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3.2 Slow Turn-on Circuit
The PWM comparator input connected to pin 8
accommodates several programming functions,
shown in Figure 6. Since this comparator will only
follow the lowest positive input, holding pin 8 low
will effectively eliminate a PWM signal, regardless
of the status of the Error Amplifier output. Prior to
turn-on, and at all times when a fault has been
sensed, 01 is ON, holding pin 8 low.

the status of the Reset terminal as defined
under Fault Sequencing (Para. 3.4.2). If
start-up does not occur because of some
fault in the Driver Bias line, Ve will continue
to rise until the 40V zener across the reference circuit conducts. This will then clamp
Ve to that level, protecting the control chip.
After start-up occurs, current will continue to flow
in Rl providing a power loss of:
Pd=

(Vline - Vc)2
Rl

5 VREF OR
DC INPUT LINE

I

UC1840

I

Ve

I

B

I

D

8

c
-

-

-

-

~UV

A

Jv W 0 HYSTERESIS (UV FAULT)

FAULT
)
SHUTDOWN

8v CHIP INTELLIGENT

I
I

r~,~l-

Note that where starting energy is stored in an
input capacitor, the time for PWM turn-on must be
less than the time required for the added Driver
Bias load current to discharge the input capacitor
to the under-voltage fault level. In other words,
referring back to Figure 4, the slow turn-on must
be faster than the time required for Ve to fall from
level B to level E.

Al

UES1001

POWE.A TRANSFORMER

Another function of pin 8 is to establish a maximum duty cycle limit. This is achieved by clamping
the voltage on pin 8 with a divider formed by
adding Rdc to ground. If Rs is taken to the 5V
reference, the clamp voltage will be fixed, which is
desirable if the ramp slope is also fixed. If the ramp
slope is varied with the input line-for constant
volt-second operation-then the clamp voltage on
pin 8 must also vary. This is readily accomplished
by connecting Rs to the DC input line. The divider

Ve

FIGURE 5 THE ADDITION OF 01 AND 02 CAN ELIMINATE
THE STEADY-STATE CURRENT THROUGH R1
AFTER TURN-ON 02 IS SELECTED TO PASS ALL
CONTROL CURRENT THROUGH ITS BASEEMITTER JUNCTION
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When 01 turns off, allowing pin 8 to rise with a
controlled rate will cause the output pulses to
increase from zero to nominal widths at the same
rate. This is accomplished by the addition of Cs
and a charging source, such as Rs, to the 5V
reference.

DC INPUT LINE

01

1

FIGURE 6 PIN 8 ON THE UC1840 CAN BE USED FOR BOTH
SLOW TURN-ON AND DUTY-CYCLE LIMITING AS
WELL AS A PWM SHUTDOWN PORT

If this loss is objectionable, it can be reduced more
than an order of magnitude by the addition of a
two-transistor switch shown in Figure 5. In this
circuit, 01 is initially driven on by current through
R2. When the feedback winding starts to conduct
through Dl, however, 02 turns on leaving only R2
conducting from the input line.

A2

Q

_J

FIGURE 4 UNDER A NORMAL TURN-ON. THIO SUPPLY
VOLTAGE TO THE UC1840. Ve, WOULD RISE
LIGHTLY LOADED TO THE START LEVEL, FA~L
UNDER THE TURN-ON LOAD, AND THEN
REGULATE AT SOME INTERMEDIATE LEVEL

R1

°"

R-.

voltage:

193

VPin 8 = (Rs

~d~dc) V DC input
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r
VREf

"'

UC1840

I
I

CLOCK

A

OSCILLATOR

RAMP
GENERATOR

C•:r

Jc"

C•
Vo
SENSE

PWM
OUTPUT

A>
PWM
LATCH

VRH

CURRENT
LIMITING

SLOW
TURN·ON

FIGURE 7 THE PULSE-WIDTH MODULATOR WITHIN THE UC1840 SEPARATES THE RAMP FUNCTION
FROM THE FIXED-FREQUENCY OSCILLATOR

should be equal to the ramp voltage level that
yields the desired maximum duty cycle, at the
same DC input level.
RT

3.3 PWM Control
Pulse-Width Modulation within the UC1840 consists of the blocks shown in Figure 7. This architecture, with the possible exception of the separation
between the time-base and ramp functions, is
fairly conventional. It is described in greater detail
in the paragraphs which follow.

TO PIN 9

POSITIVE_
CLOCK

3.3.1 Oscillator
A constant clock frequency is established by connecting Rt from pin 9 to the 5V reference and Ct
from pin 9 to ground. The frequency is approximated by:
1
f = Rt Ct

j

Ri

51 OHMS

FIGURE B SYNCHRONIZATION TO AN EXTERNAL TIME
BASE CAN BE ACCOMPLISHED BY ADDING A
510 RESISTOR IN SERIES WITH CT

where the value of Rt can range from 1kn to 1OOkn
and Ct from 300pF to 0.1µF. The best temperature
coefficients occur with Ct in the range of 1000 to
3000pF. Although the clock output pulse is not
available external to the UC1840, synchronization
to an external clock can still be accomplished with
the circuit of Figure 8, where R1 and C1 are
selected to provide a 0.5V, 200ns pulse across the
s1n resistor, and Rt and Ct define a frequency
slightly lower than the synchronizing source.
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To achieve minimum start-up current, the oscillator is not activated until the input voltage is high
enough to give a start command to the drive
switch.
3.3.2. Ramp Generator
The ramp generator function of the UC1840 is
shown in simplified form in Figure 9.
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-UC184~

-

: :..-

I

-

A•
•1

->

l

TOPWM
COMPARATOR

VIN

I
I

10

,,

D1

I
I

Ro
1K

re.•''

TO PWM COMPARATOR

1 COMPENSATION

I

01

I
I

FIGURE 9 CURRENT MIRRORS 01-04 ARE USED TO MAKE
THE RAMP CHARGING CURRENT 12, LINEARLY
PROPORTIONAL TO THE DC INPUT LINE

FIGURE 10 THE OUTPUT OF THE ERROR AMPLIFIER
OPERA TES CLASS A TO 300µA, BUT CAN
SOURCE AND SINK MORE THAN 1 mA FOR FAST
RESPONSE

The small signal, open-loop gain characteristics
are shown in Figure 11. The amplifier is unity-gain
stable and has a maximum slew rate of just under
1V/µs

The NPN and PNP current mirrors provide a charging current to Cr of:
i2= ii=

Vline - 0.7V
Rr

Vline
Rr

3.3.4 PWM Comparator and Latch
This comparator (see Figure 7) generates the output pulse which starts at the termination of the
clock pulse and ends when the ramp waveform
crosses the lowest of the three positive inputs. The
clock forms a blanking pulse which keeps the maximum duty cycle less than 100%. The PWM latch
insures there will be only one pulse per period and
eliminates oscillation at comparator cross-over.

The current mirrors are useful over a current range
of 1µA to 1mA, but optimum tracking occurs
between 30µA and 300µA. Since the voltage across
01 is very small, i2 accurately represents the input
line voltage. The ramp slope, therefore, is:
dv
Vline
-d-t-= RrCr
The peak voltage across Cr is clamped to approximately 4.2V while the valley, or low voltage, is
determined by the on-voltage of the discharge network, 01 and QS. This is typically 0.7V.

70

If line sensing is not required, Rr should be connected to the SV reference for constant ramp
slope.

60
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The 1kO output resistor, Ro, is used both for short
circuit protection and to limit the peak output voltage to less than 4.0V so it cannot rise above the
clamped ramp waveform. At sink currents less
than 300µA, the low output level will be within
200mV of ground but it rises to 1Vat higher current
levels.
The input common mode range is from 1V to
within 2V of the input supply voltage, Vin, and thus
either input can be connected directly to the SV
reference.

"'w

hl0"'

3.3.3 Error Amplifier
This is a voltage-mode operational amplifier with
an uncommitted NPN differential input stage and
an output configuration as shown in Figure 10.

rr

"w
I

w

it"'

360

FREQUENCY - HERTZ

FIGURE 11 THE UC1840 ERROR AMPLIFIER HAS A DC GAIN
OF 67 db, A 2 MEGAHERTZ BANDWIDTH, AND
PHASE MARGIN OF APPROXIMATELY 45°
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3.3.5 PWM Output Stage
In addition to the PWM output signal on pin 12, the
UC1840 also includes an output gating, or arming
function as Driver Bias on pin 14. Both functions
should be considered together in interfacing to the
external high-voltage power switch. These are
illustrated in simplified form in Figure 12.

d!fferent ways to meet varying system requirements. One obvious application is when the use of
a bipolar transistor switch requires more drive current than the Driver Bias output can provide. Figure 13 shows a more typical bipolar drive scheme
where
has been added to boost the turn-on
current with the UC1840 still providing the highspeed turn-off. The circuit now serves as a more
efficient "totem-pole" driver since 05 turns off
when 04 conducts. It also illustrates the use of a
Baker Clamp to minimize storage time m 06 and
the capacitors for rapid turn-on and high-current
pulse turn-off

as

At very low input voltages (Vin< 3V), both 02 and
04 are OFF. This may necessitate the use of R2,
but its value can be high since it does not have to
turn the output switch off. It merely holds it in the
off state during the early portion of start-up
Between Vin = 3V and the start threshold (pm 2 =
3V with hysteresis on), 02 is OFF and 04 is ON,
clamping the power switch off with a low impedance. A start command (UV high) turns on 02,
applying (Vin - 2V) to R1. This provides a source
for power switch activation; however, since 04 is
still conducting, the current through R1 is shunted
to ground and the power switch remains held off.

~

- - jl

Al
100

DRlVER
0 2 ~R405
BIAS
-22<
14

UC1840

I
I

06

I

At the same time 02 turns on, the clamping transistor at the slow-start terminal, pin 8, turns off allowing the voltage on pin 8 to rise according to the
external slow-start time constant described earlier
This allows PWM pulses to begin to activate 04narrow at first and widening to the point where the
error amplifier takes command.

FIGURE 13 ADDING 05 AS A SWITCHED. DRIVE-BOOST
TRANSISTOR PROVIDES ADDED BASE DRIVE
FOR 06 WHILE REDUCING THE STEADY-STATE
CURRENT THROUGH BOTH 02 AND 04

The interface between the UC1840 and the primary power switch may be implemented in several

I
UC1840

I
BIPOLAR

MOSFET

1
0 ....
START s1GNAL - - - - - - -

DRIVE BIAS
R1

CLOCK BLANKING
PWMCOMMAND

FIGURE 12 INTERFACING THE UC1840 PWM OUTPUT STAGE TO EITHER BIPOLAR OR POWER MOSFET
SWITCHES
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Another application is the two-transistor, off-line,
forward converter topology shown in Figure 14.
This circuit uses proportional base drive where the
UC1840 n~ only supply a short, turn-off current
pulse with transformer regeneration through T1
providing the steady-state drive. The magnetizing
current is controlled by R1, with 05 added to
rapidly recharge C1 from which the turn-off current is supplied.

5v REF

R1

POWER
SWITCH

PULSE BY PULSE
L IMJTING

R2

Ase

CURFIENT
SHUTDOWN

FIGURE 15 CURRENT LIMITING AND OVERCURRENT
SHUTDOWN ARE IMPLEMENTED WITH
COMPARATORS OF DIFFERENT THRESHOLDS
AND A SINGLE CURRENT SENSE RESISTOR.

voltage, it is activated when the voltage across Rsc
equals that across R2. Comparator A2, with an
offset voltage of 400mV, will activate for overcurrent shutdown when the voltage across Rsc
rises to 400mV higher than the voltage across R2.
Since the input bias to both comparators is less
than 5µA, a low-pass filter for noise rejection may
be inserted between Rsc and the sense inputs.
Activation of comparator A2 is defined as an overcurrent fault and it triggers the Error Latch. Its
operation follows.

'IGURE 14 INTERFACING THE UC1840 SINGLE PWM
OUTPUT TO A TWO-TRANSISTOR OFF-LINE
FORWARD CONVERTER WHICH USES
PROPORTIONAL BASE DRIVE

3.4.2 Fault Sequencing
The fault sequencing logic of the UC1840 is shown
in Figure 16. Since a fault is defined by this device
as an activation of the Error Latch, it makes sense
to start here in an attempt to understand this portion of the circuitry. Setting the Error Latch immediately turns on 01 and 02, discharging the
slow-start capacitor and terminating the PWM output. Note that there is an additional path from the
inverted output of the Start/UV comparator
through OR2 which keeps pin 8 low. This is to keep
the slow-start low during initial turn-on which is
not intended to be classified as a fau It.

3.4 Fault Protection
A significant benefit in using the UC1840 is the
multi-faceted fault-sensing and programming
capability built into the device. With the intent to
provide complete control to the power system
under all types of potential malfunctions, faultsensing circuitry has been included to sense overvoltage, under-voltage, or over-current conditions.
Additionally, high-speed, pulse-by-pulse digital
current limiting is included as a separate function.
The operation of these circuits is described below.
3.4. 1 Current Limiting
The current limit comparators have differential
inputs for noise rejection but are intended to be
used with ground-referenced current sensing as in
Figure 15. Comparator A 1 is delegated to pulseby-pulse current limiting. The output of this comparator drives the PWM comparator, where it
activates the PWM latch, terminating each pulse
when the current sensed by Rsc reaches a threshold defined by divider R1, R2, and the 5V reference.
Since Ve is intended to track the supply's output
voltage, the addition of a resistor from pin 6 to Ve
will provide some foldback to the current limit
characteristic. Since comparator A1 has zero offset
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The input to the Error Latch is from OR1 which
triggers on signals resulting from four possible
events:
(1) A voltage less than 3V (after prior turn-on)
at the Start/UV sense terminal, pin 2
(2) A voltage greater than 3V at the OverVoltage Sense terminal, pin 3
(3) A voltage of less than 3V on the Ext. Stop
terminal, pin 4
(4) An over-current signal resulting in a differential voltage between pins 7 and 6 of
greater than 400mV
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FIGURE 16 FAULT SEQUENCE LOGIC IS DESIGNED TO INSURE A COMPLETE SHUTDOWN AND FULLY
CONTROLLED RESTART UPON ANY OF FOUR POSSIBLE FAULT CONDITIONS

Any of these inputs need only be momentary to set
the Error Latch. Transient protection may be
necessary to eliminate false triggering, but it can
be readily accomplished as all the comparator
inputs are high impedances requiring less than
2µA of input current, and the 3.0V reference yields
a high noise immunity.

the Error Latch, the Reset Latch is free to take the
state commanded by pin 5: high if pin 5 is low and
vice-versa. The latch allows merely a pulse to set
the Reset Latch; the voltage on pin 5 need not be
steady state.
With a high Reset Latch output, the Error Latch still
does not reset until a low signal is sensed on the
Start/UV sense terminal. At that point, AND1 then
resets both the Error Latch and the Start Latch, reestablishing the initial conditions for a normal start
after fully charging the input capacitor. Of course,
if the fault is still present, when the Start/UV input
reaches the start level terminating the Error Latch
reset signal, this latch will immediately set again.

The Start Latch can be understood by recognizing
that at initial turn-on it is reset with a low output
This prevents AND2 from transmitting a UV fault
signal from the Start/UV non-inverting output to
the Error Latch. At the start voltage level, defined
by a high level on the Start/UV non-inverting
ouput, the Start Latch sets but AND2 still provides
no output. Only when tl:te Start/UV input goes low
again, with the Start Latch output held high, will
AND2 yield an output into the Error Latch.

To aid in the understanding of this logic, Figure 17
gives a pictorial representation of its operation
with both steady-state and momentary signals on
both the Ext. Stop and Reset terminals.

The status of the Reset terminal, pin 5, determines
what happens after the Error Latch is set. The
choices are:
(1)
(2)
(3)
(4)

If Driver Bias turn-on is used to pump an increment
of charge into an integrating capacitor, and that
capacitor voltage is applied to the Reset Terminal,
some number of retrys could be programmed to
take place before the Reset voltage rises to 3V,
which would then lock the output OFF. Since
Driver Bias continues to cycle in the latched-off
state, the Reset terminal will remain high until it is
either remotely pulled low or the input voltage to
the controller is interrupted.

Latch off and require a recycle of input voltage to restart
Continuously attempt to restart
Attempt some number of restarts and then
latch off
Latch off and await a momentary reset
pulse to restart

To examine the operation of the Reset Latch; note
that prior to setting the Error Latch, its low output
is inverted to hold the reset input to the Reset Latch
high. This forces the Reset Latch's ouput low,
regardless of the voltage on pin 5, and, thus,
insures no signal out of AND1. With the setting of

UNITRODE CORPORATION • 5 FORBES ROAD
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Note that an important element in any restart after
a shutdown is the lowering of the voltage at the
Start/UV terminal below its UV threshold. While
this will occur normally in bootstrap-driven applications, this device can also be used with a con-
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stant driving voltage by externally applying a
momentary pull-down signal to the Start/UV input
after a fault shutdown.

4. Conclusion
With the UC1840, power supply designers now
have a device specifically developed for off-line,
primary control and one which has addressed the
problems of operation under less than "ideal" or
normal conditions. Not only does this device make
it easier to comply with stringent isolation requirements by requiring a minimum of communication
between primary and secondary, but it is also
ideally suited for powering systems in remote locations where only a simple transmitted pulse is
available for power sequencing.
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STOP COMMAND REMOVED
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FIGURE 17 THE INTERRELATIONSHIP BETWEEN THE
FUNCTIONS CONTROLLED BY THE FAULT
SEQUENCE LOGIC IS ILLUSTRATED WITH BOTH
STATIC AND PULSE COMMANDS ON THE EXT
STOP AND RESET TERMINALS
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PIC900 H-BRIDGE
MOTOR AND SOLENOID DRIVER
I. PIC900 -

DEVICE CONSTRUCTION

The PIC900 is a hybrid circuit packaged in an 18-pin
dual-in-line plastic package with standard 100 mil
(2.54mm) lead spacing and integral heat spreader. The
heat spreader is a copper laminate electrically isolated
from the circuit elements. The package has been designed
explicitly for automatic insertion.
The PIC900 motor driver uses four Darlington transistors (2
NPN-NPN and 2 PNP-NPN) with base-emitter pull-up
resistors for the PNP-NPN transistors. The Darlingtons are
matched with four fast recovery gold-doped epitaxial rectifiers matched to minimize spikes during turn-on in order to
minimize noise and EMI. The driver transistor is optimized
for fast-switching in the saturation mode. The output trar,-

sistor is not allowed to saturate, thus resulting in low storage time and fast switching speed.
A key feature of the PIC900 is that the input drive current
needed for the full 5 Amps output is only 5 mA, allowing the
circuit to be driven directly by appropriate logic control
circuits without buffer circuits.
An additional feature lies in the high speed Unitrode rectifiers used in the circuit. With recovery times of less than 50
nS, the motor control designer gains greater flexibility in
dealing with the delay time necessary to avoid conducting
directly to ground during switching phases. By reducing
delay time requirements, the motor can be driven safely to
higher performance levels.

RESISTANCE
LIMITING

Bl LEVEL
CONTROL

2 QUADRANT
CHOPPER

4QUADRANT
CHOPPER

1 PIC900/MOTOR

2 PIC900s/MOTOR

2 PIC900s/MOTOR

1 PIC900/MOTOR

(2•)

(2•)

N.A.

~
I

1 PIC900/MOTOR

2 PIC900s/MOTOR

2 PIC900s/MOTOR

FIGURE 1 THE PIC900 IN STEPPING MOTOR POWER CIRCUITS
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The designer gains further flexibillty through the electrical
isolation of the four switching circuits. Most connections
are brought out to separate pins to allow a number of
different configurations to be used. Typical variations
would be: four independent power drivers, a full-bridge
circuit or two half-bridge circuits. Thus, the PIC900 can be
used to drive both bipolar and unipolar stepper motors, DC
servo motors, DC motors, print hammer solenoids and
other, particularly inductive, loads. Common circuit structures for these applications are described below.

2QUADRANT
CHOPPER

~l
rn r

a:

:s

2
iii

II. DC MOTOR CONTROL WITH THE
PIC900

~

Power circuits for DC and stepping motors are divided into
a number of categories. The first grouping defines the
method of current limiting or control; the second division
considers the control of the polarity of the current.
The most popular methods for current limiting or control
are:
1. Resistive current limiting.
2. Bilevel control.
3. Circulating or 2-quadrant choppers.
4. Non-circulating or 4-quadrant choppers.
For polarlty control, there are two basic switching
techniques:
1. Unipolar circuits.
2. Bipolar circuits.
Combining the aspects of current and polarity control, the
field of stepping motor power drivers is summarized in
Figure 1.
For the control of brush-type DC motors, chopper circuits
using bipolar control are commonly used. Figure 2 shows
the two basic arrangements.
In the bipolar chopper structure for both stepping and
brush-type motors, the power component arrangement is

1 PIC900/MOTOR

t~tf

1

~

1 PIC900/MOTOR

FIGURE 2 THE PIC900 IN DC MOTOR POWER CIRCUITS.

identical for the 2 and 4 quadrant chopper. The only difference in the two modes is the control strategy. Therefore,
flexible controllers that can operate in either mode are
sometimes an available option.
The various structures, starting with the stepping motor
drivers, are reviewed in more detail below.

UNIPOLAR-RESISTANCE LIMITED
In stepping motor controllers, the use of unipolar power
circuits has long been popular. For this arrangement, each
motor phase is equipped with two windings. One winding is
used to provide the desired ampere-turns in one direction,
while the other winding permits opposing energization.
In the earliest designs, current limlting resistors were used
to reduce the circuit time-constant, thus providing
improved, though moderate high speed performance capability. This leads to the simple circuit of Figure 3, where
one PIC900 is used to drive a two-phase stepping motor.

Rs

Rs

4QUADRANT
CHOPPER

Cs

Cs

FIGURE 3. UNIPOLAR R/L.
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FIGURE 4 UNIPOLAR R/L WITH CAPACITIVE SHUNT

-----------Ve2

In this circuit, the transient voltages at a transistor collector
reach almost 4 XV e. This is due to the transformer coupling
between the phase windings. Small snubber networks
Rs/Cs are recommended to absorb the transients caused
by leakage inductance; i.e., the incomplete coupling of one
half of a phase winding to the other half. Typical snubber
values are .047 µF and 47 0 hm. These components should
be mounted as close to the transistors as practicable. In
addition to protecting the transistors, the snubbers reduce
the amount of RF energy radiated from the motor leads to
the environment. To reduce RFI, snubber circuits are often
used where leakage inductance is not an issue, as may be
the case with solenoid drivers or full-bridge circuits.
Another circuit of this type (Figure 4) uses a capacitor to
recover some energy. This can increase the high speed
torque capability of the motor and eliminate the need for a
separate snubber circuit.

UNIPOLAR -

(high voltage)

FIGURE 5 UNIPOLAR, BILEVEL DRIVE, ONE PHASE SHOWN

The advantage of the unipolar bilevel drive is the simplicity
of the structure and the absence of the audible or chopperrelated electrical noise. The need for a second, low voltage,
power supply is the main disadvantage to this structure.
The PIC900 contains all the diodes and transistors to drive
one phase of a bilevel unipolar circuit.

BILEVEL

Of special interest in unipolar circuit configurations is the
bilevel (two power supply) drive shown in Figure 5; particularly if the application has the stepper motor at rest for a
significant portion of the time. Here, each external current
l1m1ting resistor is replaced with a third transistor to switch
the high voltage power supply. This transistor is switched
on briefly - how long depends on the design strategy whenever the energization of a phase is to be reversed.
The "on"-time of the third transistor could be a fixed
amount following each step - using a retriggerable oneshot - or could be tied to a current sensing arrangement
that terminates the "on" condition once a satisfactory current level has been reached.
The low voltage high-current DC power supply provides
standby current for holding torque and for low-stepping
rates, thus reducing power consumption while still providing for good high speed performance.
UNITRODE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 • TEL~ (617) 861-6540

BIPOLAR -

RESISTANCE LIMITED

A simple circuit that permits bipolar control of a stepping
motor and requires only one PIC900 per motor is illustrated
in Figure 6. Two power supplies, one with positive and one
with negative voltage, are required to operate the motor.

CHOPPER CIRCUITS
Chopper or PWM type current control circuits are more
easily understood in the full-bridge configuration. In a
chopper circuit, the transistors are switched on and off in a
particular pattern to provide control over the average
motor-winding current.
A simple and effective control algorithm supplies the power
supply voltage to the motor in the "increase current" state
until the winding current reaches a reference limit. Then,
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PHASE A

PHASE 8

FIGURE 6. ONE PIC900 DRIVING A STEPPING MOTOR IN THE BIPOLAR MODE.

the alternate or "current reduction" state is put into effect
for a preset time interval. This simple method guarantees
stability of the current control loop. Other current control
algorithms can, of course, be used-the current flow patterns are still the same.

BIPOLAR -

until the winding current increases to the value where Rs xi
exceeds the reference voltage VRe1. Then, the comparator
output triggers the one-shot, causing the output to stay low
for a time determined by RT x CT. 01 is turned off, but 04 is
left on, so the load current will circulate through 04 and
diode 02. After the time-out of the one-shot, 01 is turned on
again and the circuit will normally keep the winding current
below a preset limit. If the motor is required to perform
heavy and sustained dynamic braking, current runaway
can occur. The principle of conservation of energy requires
that the energy taken out of the motor load be accounted
for. The only available place for this energy is the I, losses in
the motor winding. Therefore, the designer must monitor
the motor current under the worst case dynamic conditions. Even under normal operating conditions, the "on"
time of the chopper circuit is substantially shorter than the
"off" time. To keep switching losses in the motor and the
PIC900 at the lowest level, the maximum one-shot time that
is acceptable in the application should be used.

TWO-QUADRANT CHOPPER

In the two-quadrant or circulating chopper, the "current
reduction" mode consists of providing a low-impedance
loop around the motor winding. Generally, this will provide
slow reduction of current.
In Figure 7, the overall control of the polarity of the current is.
by means of the signals P+ and P-. With P+ at logic 1, the
current will tend to flow from left to right; with P- at logic 1,
the opposite direction of current flow is obtained. With both
P+ and P- at logic zero, the current decays rapidly to zero.
The designer must see to it that P+ and P- are never
simultaneously at logic 1.
With P+ at logic 1 , transistors 01 and 04 will be held "on"

I - - - - - - - ' } - Pp+

P+

ONE
SHOT

Vo

FIGURE 7. CIRCULATING OR "TWO QUADRANT"" CHOPPER CIRCUIT.
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FOUR-QUADRANT CHOPPER

In the four-quadrant chopper, the "current reduction" mode
applies the supply voltage to the motor, but with opposing
polarity. In the example of Figure 8, this is done by turning all
transistors off.
With P+ at 1, transistors 01 and 04 are kept on until the
winding current increases to the value where Rs x i equals
VRet· Then, the comparator output triggers the one-shot
causing a low output which is used to turn off both 01 and
04.
Now the current decays rapidly since the full power supply
voltage is used to oppose the flow of current. This mode of
operation is useful where tight and rapid control of the
current is needed, as in microstepping applications, or
where frequent or substantial dynamic braking is required.

The main disadvantage of the four-quadrant circuit is the
higher level of eddy-current losses in the motor that result
from the continuous application of the full power voltage of one polarity or another - to the winding.

UNIPOLAR TWO-QUADRANT CHOPPER
The unipolar equivalents of the circulating and noncirculating choppers are discussed below. The circulating
or two-quadrant unipolar chopper uses one PIC900 for
each phase of the motor. The circuit dynamics are the
same as in the bipolar or full-bridge version, and the same
advantages and disadvantages apply.
In Figure 9, with P+ at logic 1,transistor 02 is turned on. The
upper transistor 03 is on, and the current will increase until

P+

P-

Da

ON

OFF
,---_,__ P+

ONE
SHOT

Rs
Vo

FIGURE 8 FOUR QUADRANT CHOPPER CIRCUIT

P-

ONE
SHOT

VREF

Vo

FIGURE 9. TWO QUADRANT UNIPOLAR CHOPPER CIRCUIT
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LEXINGTON, MA 02173 • TEL (617) 861-6540
-

-

---

---- --· ... ., ,..,...

......

,..~

?04

PRINTED IN U SA.

U-92

APPLICATION NOTE

will instantaneously shift to the other winding of the phase,
flowing up to the power supply through Rs and 02 for a
rapid decay. After the time out of the one-shot, the circuit
returns to the "increase current" state. The circuit for phase
b is completely equivalent and operates in the same
fashion.
Substantial care must be taken to provide good transient
protection. The leakage inductance does not permit absolutely instantaneous transfer of the current from one phase
winding half to the other, and snubbing circuits must be
added to protect the transistors as well as to minimize the
RFI problems.
At high chopping rates, RC type snubbers are not very
attractive because of the level of power dissipation in the
resistor. A more efficient method uses a diode - capacitor
- inductor scheme as shown in Figure 11 .

Rs x i exceeds the reference voltage VRer. Then, the oneshot is triggered, and 03 is turned off for a short interval.
The load current now redistributes instantaneously over
the full-phase winding and circulates at half value through
D1 and 02. After the time out of the one-shot, 03 is turned
on again, and the winding current jumps back to half the
winding, at full value. Diode DC must be provided to deal
with leakage inductance. Two PIC900s are required to
drive one two-phase stepping motor in this mode.

UNIPOLAR FOUR-QUADRANT CHOPPER
The unipolar version of the four-quadrant chopper is the
most difficult circuit to implement. In this circuit, the
designer must not only deal with rather high frequency
switching rates of 16 to 25 KHz, but also incorporate
snubber circuits that protect the transistors from leakage
inductance transients occurrin·g at these high frequencies.
However, since this structure provides a full two-phase
drive with microstepping and dynamic braking capability
with a single PIC900, the design effort is worthwhile.
Figure 1O shows how two equivalent phase circuits are
constructed. With P+ at logic 1, the current in 01 and the
associated motor winding current will increase until the
limit imposed by Rs and VRer is reached. Then, the one-shot
will turn off 01 (02 is already off) and the winding current

ON

DC MOTOR DRIVERS
For the control of the current in brush-type DC motors, the
two- and four-quadrant bipolar choppers are the most
commonly used power circuit configurations. For DC
motors with very low inductance, it is sometimes necessary to connect a small inductor in series with the motor.
This tends to reduce the chopper-induced current ripple
and tends to simplify the control of the current loop.

OFF

VREF b

MOTOR ¢a
Vo

Pa+

ONE
SHOT

VAEF a

Vo

FIGURE 10. FOUR QUADRANT UNIPOLAR CHOPPER CIRCUIT.
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FIGURE 11 LOW LOSS SNUBBER CIRCUITS FOR HIGH FREQUENCY CHOPPER CIRCUITS

The structure and operation of the bipolar choppers for DC
motor control is completely equivalent to the circuits used
to control one of the phases of a stepping motor.

RESISTANCE LIMITED AND
CIRCULATING CHOPPER SOLENOID
DRIVERS

Ill. SOLENOID DRIVERS

In the resistance limited and circulating chopper circuits, at
turn-off, the decaying load current is permitted to circulate
through the load and some additional circuit elements. The
rate of current decay is determined by the elements in the
loop; faster current decay exposes the switching transistor
to higher transient voltages.
In the circuit of Figure 13, the current decay is quite slow
and is mainly determined by the L/R time constant of the
load itself. The circuit of Figure 14 permits a relatively slow
voltage build-up during the turn-off of the transistor. The
rate of rise of this voltage is determined by the load current
divided by the capacitance. For example, if the load current
is 3A, and the capacitor has a value of .1 µF, the initial rate
of rise of the voltage is limited to 30V I µS, keeping the
PIC900 well within its Safe Operating Area. The maximum
collector voltage Vee= Ve+ I (load) x R.
In the circuit of Figure 15, at turn-off the voltage at the
collector of the transistor instantly jumps to Ve+ Vz, and
stays there until the load current reaches zero. This results
in the fastest possible load current turn-off for a given
transistor voltage.
Upon turn-off, the energy in the solenoid is dissipated in the
loop elements. This is a disadvantage that must be traded
against the savings resulting from the circuit simplicity. In
this arrangement, one PIC900 can drive four solenoid type
loads.

In solenoid drivers, the same modes of current control are
used as in motor control circuits. The most popular ones
are:
1. Resistance limited.
2. Circulating choppers.
3. Non-circulating choppers.
Figure 12 shows these three arrangements in simplified
form.
RESISTANCE
LIMITING

1 PIC900/
4 LOADS

CHOPPER
CIRCULATING

CHOPPER
NON·CIRCULATING

NON-CIRCULATING CHOPPER
SOLENOID DRIVER
1 PIC900/ 4 LOADS

Non-circulating choppers are configured to return load
energy back to the power supply. When the transistors in
the circuit in Figure 16 are on, the current flows as indicated

1 PIC900/2 LOADS

FIGURE 12. THE PIC900 AS SOLENOID DRIVER.
UNITRODE CORPORATION • 5 FORBES ROAD
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II

FIGURE 13

FIGURE 15

FIGURE 14
THREE ARRANGEMENTS FOR THE PIC900 AS SOLENOID DRIVER

IV. FOR FURTHER STUDY OF MOTOR
DRIVE STRUCTURES:
1. "Improved Step Motor Performance Through Drive
Selection," Donald G. Wilson - Proceedings IMCSS
1982.
2. "Energy Conservation Considerations for Step
Motors," John R. Frus - Proceedings IMCSS 1981.
3. "A Comparison of Bifilar and Bipolar L/R Step Motor
Drive Performance," Albert C. Leenhouts Proceedings IMCSS 1980.
4. "Designing a High Power Fet-Based Servo Drive,"
William A. Taylor - Proceedings of Powercon 10, 1983.
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FIGURE 16. NON-CIRCULATING "HALF BRIDGE" SOLENOID DRIVER.

by the solid arrow. With both transistors off, the decaying
current follows the path indicated by the dotted arrow, and
most of the inductive energy is fed back to the power
supply. The advantage of this method is fast, tight current
control, with good efficiency. This method should be used if
rapid on/off switching at one or more controlled current
levels is desired. In those cases, the control technique is
the same as the one used in the non-circulating or fourquadrant chopper described above for stepping and DC
motors.
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V. SUGGESTED DRIVE CIRCUITS
FOR PIC900
The following drive circurts are intended to provide the
designer with some varied drive concepts for interface to
the PIC900. It should be noted that the main objective
for the designer of the drive circuitry is to reduce the
turn-off time such that bridge cross-conduction is
avoided.
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A) PNP DRIVES
1.) FOR Vee::; 30V

+5V(TuN)
TO PNP
DRIVER
BASE

TTL
IN
av (OFF)
1/6 7406

TTL
COMPATIBLE
DRIVES

+5V(OJlFF)
TO PNP
DRIVER
BASE

TTL
IN
OV(ON)
1/6 7407

R•
+IOV ( ] N ) 1 _ :
CMOS
IN
av (OFF)

20KO

~"'"'-- TO PNP
2N2222

DRIVER
BASE

CMOS
COMPATIBLE
DRIVE

2KO

2.) V > 30V

Tu

+5V (TTL) OR + IOV(CMOS)
N)

CMOS
OR
TTL
IN

Rs

,,.-v,Jv--

TO PNP
DRIVER
BASE
CMOS OR TTL
COMPATIBLE
DRIVE

OV (OFF)
SELECT Rs TO LIMIT 2N3497 POWER DISSIPATION
SELECT RL = 8600 FOR TTL, RL = I 8KO FOR CMOS

*R SELECTED FOR 5mA DRIVE CURRENT
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B) NPN DRIVES
+5V (TTL)

6200 (typ)
+5V(OJlF)

TO NPN

TTL
IN

X>---+-"V'\/\.r+- DRIVER
BASE

OV (ON)
1/6 7406

TTL
COMPATIBLE
DRIVES
+5V (TTL)

+5V(n_N)
TO NPN
DRIVER
BASE

TTL

IN
OV (OFF)
1/6 7407

1 7KO (typ)
+lOV 0-"'\/V\nr-~~ b~1~:~
(CMOS)
BASE
+lOV(JlFF)

20KO

CMOS

IN

OV (ON)

CMOS
COMPATIBLE
DRIVE

0-'VV'n>--2KO

+5V (TTL) OR + lOV (CMOS)

2Kn

+5V(TTL) OR + lOV (CMOS)
(OFF)
CMOS

OR

TTL

IN

15KO

: ,.-~

<..>---:-,., -.,-:-.- •

OV (ON)

CMOS OR TTL
COMPATIBLE
DRIVE

3900 (TTL)
OR
!Kn (CMOS)

----+- TONPN
DRIVER
4700

BASE

+ ADD 1N914 DIODE IF
INPUT VOLTAGE EXCEEDS
+5 (+lO)V
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A NEW INTEGRATED CIRCUIT FOR
CURRENT-MODE CONTROL

Abstract
The inherent advantages of current-mode control over conventional PWM approaches to switching power
converters read like a wish list from a frustrated power supply design engineer. Features such as automatic feed
forward, automatic symmetry correction, inherent current limiting, simple loop compensation, enhanced load
response, and the capability for parallel operation all are characteristics of current-mode conversion. This paper
introduces the first control integrated circuit specifically designed for this topology, defines its operation and
describes practical examples illustrating its use and benefits.

1.0

Introduction
Figure 1 illustrates a simplified block diagram of a
fixed frequency buck regulator employing currentmode control. As shown, the error signal, Ve, is
controlling peak switch current which, to a good
approximation, is proportional to average inductor
current. Since the average inductor current can
change only ifthe error signal changes, the inductor
may be replaced by a current source, and the order
of the system reduced by one. This results in a
number of performance advantages including
improved transient response, a simpler, more easily
designed control loop, and line regulation comparable to conventional feed-forward schemes. Peak
current sensing will automatically provide flux
balancing thereby eliminating the need for complex
balance schemes in push-pull systems. Additionally, by simply limiting the peak swing of the error
voltage Ve, instantaneous peak current limiting is
accomplished. Lastly, by feeding identical power
stages with a common error signal, outputs may be
paralleled while maintaining equal current sharing.

Over the past several years an increased interest in
current-mode control of switching inverters has
surfaced in the literature. Originally invented in the
late 1960s, this scheme was not publicly reported
until 1977( 11 and has seen rapid development by
many authors to date.( 2 -6 1 In short, current-mode
control uses an inner or secondary loop to directly
control peak inductor current with the error signal
rather than controlling duty ratio of the pulse width
modulator as in conventional converters. Practically, this means that instead of comparing the error
voltage to a voltage ramp, it is compared to an
analogue of the inductor current forcing the peak
current to follow the error voltage.

Although the advantages of current-mode control
are abundant, wide acceptance of this technique
has been hampered by a lack of suitable integrated
circuits to perform the associated control functions.
This paper introduces a new integrated circuit
designed specifically for control of current-mode
converters. Circuit function and features are described in detail, and a comparative design example
is used to illustrate the numerous advantages of this
approach.

CLOCK-~~-~--

LATCH
OUTPUT

n

_J

n L....Jn

L.._J

2.0

L_.
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UC1846 Chip Architecture
In addition to all the functions required of conventional PWM controllers, a current-mode controller

FIGURE 1 A FIXED FREQUENCY CURRENT-MODE CONTROLLED
REGULATOR
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~-+----<13

Ve

t---+---<11 A OUT

_n_

UC1846

OUTPUT STAGE

f - - - - - - - . . - - - - 1 1 6 SHUTDOWN
'---+--«COMP

6K
350mV

FIGURE 2. UC1846 BLOCK DIAGRAM

must be able to sense switch or inductor current
and compare it on a pulse-by-pulse basis with the
output of the error amplifier. As may be seen in the
block diagram of Figure 2, this is accomplished in
the UC1846 by using a differential current sense
amplifier with a fixed gain of 3. The amplifier allows
sensing of low level voltages while maintaining high
noise immunity. A list of other features, while not
unique to current-mode conversion, demonstrates
the advanced, state-of-the-art architecture of the
UC1846:

• Under-voltage lockout with hysteresis to guarantee outputs will stay "off" until reference is in
regulation.
• Double pulse suppression logic to eliminate the
possibility of consecutively pulsing either output.
• Totem pole output stages capable of sinking or
sourcing 1OOmA continuous, 400mA peak
currents.
These various features, along with their interrelationships and applications to switched-mode regulators, will be further discussed in the following
sections.

• A ± 1%, 5.1 V trimmed bandgap reference used
both as an external voltage reference and internal regulated power source to drive low level
circuitry.

3.0

• A fixed frequency sawtooth oscillator with variable deadtime control and external synchronization capability. Circuitry features an all NPN
design capable of producing low distortion
waveforms well in excess of 1MHz .
• An error amplifier with common mode range from
ground to Vcc-2V.
• Current limiting through clamping of the error
signal at a user-programmed level.
• A shutdown function with built in 350mV threshold. May be used in either a latching, or nonlatching mode. Also capable of initiating a
"hiccup" mode of operation.
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UC1846 Functional Description
3.1 Current Sense Amplifier
The current sense amplifier may be used in a variety of ways to sense peak switch current for comparison with an error voltage. Referring to Figure 2,
maximum swing on the inverting input of the PWM
comparator is limited to approximately 3.5V by the
internal regulated supply. Accordingly, for a fixed
gain of 3, maximum differential voltages must be
kept below 1 .2V at the current sense inputs.Figure 3
depicts several methods of configuring sense
schemes. Direct resistive sensing is simplest, however, a lower peak voltage may be required to minimize power loss in the sense resistor. Transformer
coupling can provide isolation and increase effi-
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ciency at the cost of added complexity. Regardless
of scheme, the largest sense voltage consistent
with low power losses should be chosen for noise
immunity. Typically, this will range from several
hundred millivolts in some resistive sense circuits to
the maximum of 1.2V in transformer coupled
circuits.

series with the input is generally all that is required
to reduce the spike to an acceptable level.

lk
500pf

;

'~'JL

;

;

,

/

FIGURE 4 RC FILTER FOR REDUCING SWITCH TRANSIENTS

A) RESISTIVE SENSING WITH GROUND REFERENCE

3.2 Oscillator
Although many data sheets tout 300 to 500kHz
operation, virtually all PWM control chips suffer from
both poor temperature characteristics and waveform distortions at these frequencies. Practical
usage is generally limited to the 1 00 to 200kHz
range. This is a direct consequence of having slow
(ft = 2MHz) PNP transistors in the oscillator signal
path. By implementing the oscillator using all NPN
transistors, the UC1846 achieves excellent temperature stabillity and waveform clarity at frequencies
in excess of 1MHz.

RSENSE

I
8) RESISTIVE SENSING ABOVE GROUND
CURRENT
XFORMER

C) ISOLATED CURRENT SENSING

--~12mA

FIGURE 3 VARIOUS CURRENT SENSE SCHEMES
10

In addition, caution should be exercised when using
a configuration that senses switch current (Figure
3A) instead of inductor current (Figure 38). As the
switch is turned on, a large instantaneous current
spike can be generated in the sense resistor as the
collector capacitance of the switch is discharged.
This spike will often be of sufficient magnitude and
duration to trip the current sense latch and result in
erratic operation of the PWM circuit, particularly at
lower duty cycles. A small RC filter (Figure 4) in
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SYNC

OSCILLATOR
(PINS)
/

_,../"\

..../"\.

~

~

~

lose=

~T~T

\

SYNC
(PIN 10)

-I I-

OUTPUT DEADT!ME (r 0 )

FIGURE 5 OSCILLATOR CIRCUIT

Referring to Figure 5, an external resistor RT is used
to generate a constant current into a capacitor CT to
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A plot of output deadtime versus CTfortwo values of
RT is given in Figure 7.

produce a linear sawtooth waveform. Oscillator frequency may be approximated by selecting RT and
CT such that:

2.2
lose= - - -

Although timing capacitors as small as 1OOpF can
be used successfully in low noise environments, it is
generally recommended that CT be kept above
1OOOpF to minimize noise effects on the oscillator
frequency (see Section 4.0).

(1)

RT CT

Where RT can range from 1K to SOOK and CT is
above 1OOpF. For quick reference a plot of frequency versus RT and CT is given in Figure 6.

Synchronization of one or more devices to either an
external time base or another UC1846 is accomplished via the bi-directional SYNC pin. To synchronize devices, first, CT must be grounded to disable the
internal oscillator on all slaved devices. Second, an
external synchronization pulse must be applied to
the SYNC terminal. This pulse can come directly
from the SYNC terminal of a master UC1846 or,
alternatively, from an external time base as shown
in Figure 8.

FREQUENCY - KILOHERTZ

Jl

FIGURE 6 OSCILLATOR FREQUENCY AS A FUNCTION OF
Rr AND Cr

EXTERNAL
TIMEBASE

Again referring to Figure 5, the oscillator generates
an internal clock pulse used, among other things, to
blank both outputs and prevent simultaneous cross
conduction during switching transitions. This output
"deadtime" is controlled by the oscillator fall time.
Fall time, in turn, is controlled by CT according to the
formula·
Td = 145 CT [

J

12
12 - 3.6/RT(kQ)

FIGURE 8 SYNCHRONIZING THE 1846 TO AN EXTERNAL
TIME BASE

3.3 Current Limit
One of the most attractive features of a currentmode converter is its ability to limit peak switch
currents on a pulse-by-pulse basis by simply limiting the error voltage to a maximum value. Referring
to Figure 9, peak current limiting in the UC1846 is
accomplished using a divider network, R1 and R2, to
set a pre-determined voltage at pin 1.

(2)

For large values of RT:
Td=145CT

(3)

1000----------------

10

10

100

OUTPUT DEAD TIME, T d - MICROSECONDS

FIGURE 7 OUTPUT DEADTIME AS A FUNCTION OF TIMING
CAPACITOR Cr
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FIGURE 9. PEAK CURRENT LIMIT SET UP
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This voltage, in conjunction with 01, acts to clamp
the output of the error amplifier at a maximum value.
Since the base emitter drop of 01 and the forward
drop of diode 01 very nearly cancel, the negative
input of the comparator will be clamped atthe value
VP1N 1 -0.5V. Following this through to the input of
the current sense amplifier yields:
Vcs

=

VPIN 1 -0.5
3

3.4 Shutdown

The shutdown circuit, shown in Figure 11, was
designed to provide a fast acting general purpose
shutdown port for use in implementing both protection circuitry and remote shutdown functions. The
circuit may be divided into an input section consisting of a comparator with a 350mV temperature
compensated offset, and an output section consisting of a three transistor latch. Shutdown is accomplished by applying a signal greater than 350mV to
pin 16, causing the output latch to fire, and setting
the PWM latch to provide an immediate signal to the
outputs. At this point, several things can happen. 01
requires a minimum holding current, IH, of approximately 1 5mA to remain in the latched state. Therefore, if R1 is chosen greater than 5k0, 01 will
discharge any capacitance, Cs, on pin 1 to ground
and commutate the output latch, allowing Cs to
recharge. If R1 is chosen less than 2.5k0, 01 will
discharge Cs and remain in the latched state until
power is externally cycled off. In either case, Cs is
required only if a soft-start or soft-restart function is
desired.

(4)

Where Vcs is the differential input voltage of the
current sense amplifier. Using this relationship, a
value for maximum switch current in terms of external programming resistors can be derived, resulting
1n:
R2 (VREF) - 0.5
lcL =

R1 + R2

(5)

3Rs

While still on the subject of resistor selection, it
should be pointed out that R1 also supplies holding
current for the shutdown circuit, and therefore
should be selected prior to selecting R2 as outlined
in the next section.
One last word on the current limit circuit. As may be
seen from equation 5, any signal less than 0.5V at
the current limit input will guarantee both outputs to
be off, making pin 1 a convenient point for both
shutting down and slow starting the PWM circuit.
For example, both the under-voltage lockout and
shutdown functions are connected internally to this
point. If a capacitor is used to hold pin 1 low (Figure
1 0) then as the input voltage increases above the
under-voltage lockout level, the capacitor will
charge and gradually increase the PWM duty cycle
to its operating point. In a similar manner if the
shutdown amplifier is pulsed, the shutdown SCR will
be fired and the capacitor discharged, guaranteeing a shutdown and soft restart cycle independent
of input pulse width.

TO

TO

UNDER VOLTAGE
LOCKOUT

PWM COMPARATOR

FIGURE 11 SHUTDOWN CIRCUITRY

For example, the shutdown circuit of Figure 12,
operating in a nonlatched mode, will protect the
supply from overcurrent fault conditions. Many
times, if the output of a supply is shorted, circulating
currents in the output inductor will build to dangerous levels. Pulse-by-pulse current limiting with its
inherent time delay, will in general not be able to
limit these currents to acceptable levels. Figure 12
details a circuit which will provide shutdown and
soft-restart if the overcurrent threshold set by R3
and R4 is exceeded. This level should be greater
than the peak current limit value determined by R1
and R2 (see equation 5). Sometimes called a "hiccup mode", this overcurrent function will limit both
power and peak current in the output stages until
the fault is removed.

FIGURE 10 USING UNDER-VOLTAGE LOCKOUT ANO SHUTDOWN
TO INITIATE A SLOW START.
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placed in the feedback loop to reduce high frequency gain and allow the output capacitor (low
ESR) to roll off loop gain to OdB at 3kHz.
While not demonstrated in Figure 13, fixed frequency current-mode converters are known to be
unstable above 50% duty cycle without some form
of slope compensation 14-s1. By injecting a small current from the sawtooth oscillator into the positive
terminal of the current sense amplifier, slope compensation is accomplished, and the converter can
be operated in excess of 50% duty cycle. An alternate, but just as effective, scheme would be to inject
the signal into the negative terminal of the error
amplifier.

TO PWM
LATCH

FIGURE 12 OVER CURRENT SENSING WITH THE SHUTDOWN
CIRCUIT PRODUCES A SHUTDOWN - SOFT RESTART
CYCLE TO PROTECT OUTPUT DRIVERS

4.0

As may be seen, a similar parts count for both
supplies was encountered. Topologically, using the
UC1525A shutdown terminal provided only a crude
current limit in contrast to the UC1846. Furthermore, internal double pulse suppression circuitry of
the UC1 846 gave an added level of protection
against core saturation - important if your regulator is prone to subharmonic oscillations. Since both
regulators were over-designed to withstand a short
circuit on the output with resultant high peak currents, the shutdown-restart mode of the UC1846
was not used.

Noise Immunity
As in all PWM circuits, some simple precautions
should be observed to prevent switching noise from
prematurely triggering the oscillator as it
approaches its upper threshold. This is most evident when large capacitive loads - such as the
gates of power FETS - are directly driven from
outputs A and B. As the duty cycle approaches
100%, the current spike associated with this output
capacitance can cause the oscillator to prematurely trigger with a resulting shift upward in frequency. By separating high current ground paths
from low level analog grounds, using CT values
greater than 1OOOpF grounded directly to pin 12,
and decoupling both V1N and VReF with good quality
bypass capacitors, noise problems can be avoided.

It should be pointed out at this time that one of the
main features of a current-mode converter of this
type is its ability to be paralleled with similar units.
By disabling the oscillator and error amplifiers (CT
grounded, +E/ A to VReF, -E/ A grounded) of one or
more slave modules, and connecting SYNC and
COMP pins of the slave(s) respectively, the outputs
may be connected together to provide a modular
approach to power supply design.

5.o Comparative Design Example
To more vividly illustrate the advantages of currentmode control, a relatively simple push-pull forward
converter was designed using two interchangeable
control sections, as shown in Figure 13. The control
modules consist of (a) a UC1846 current-mode
controller with associated circuitry, and (b) a conventional UC1525A PWM controller with its support
circuitry. Loop compensation of the UC1 525A was
implemented by placing a zero in the feedback loop
to cancel one of the poles in the output stage,
resulting in a unity gain bandwidth of approximately
3kHz - a commonly used technique. Compensating the current-mode converter requires somewhat
of a different approach. Since the output stage contains only a single pole, in theory closing the loop
will produce a stable system with no additional
compensation. In practice, however, it has been
shown that subharmonic oscillation will result from
excess gain at half the switching frequenci 51 .
Therefore, a pole-zero combination has been
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Starting with Figure 14, a comparison of line and
load step responses is made between the two converters. As a result of the feed-forward effect of the
current-mode converter, response to a step input
change shows more than an order of magnitude
improvement (Figure 14a) when compared to the
conventional converter (Figure 14b). Although not
as pronounced, response to a step load change
leaves the UC1846 converter (Figure 15) with a
clear advantage in output response - 40mV as
compared to 70mV for the UC1525A.
Virtually all conventional push-pull converters are
prone to flux imbalance caused by mismatched
storage delays, etc., in the output stage. Figure 16
shows both converters operating with the same
power stage. No effort was made to match output
devices. As may be seen, there is little noticeable
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difference between switch currents of the UC1846.
However, the UC1525A - with identical output

transistors - shows phase B driving the core close
to saturation with 50% more current than phase A.
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-1,
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0- 3 6k

(A) UC1846 CURRENT-MODE CONTROLLED REGULATOR

100µ1

(B) UC1525A VOLTAGE MODE CONTROLLER
FIGURE 13 PUSH-PULL FORWARD CONVERTER WITH (A) CURRENT-MODE CONTROL AND (B) VOLTAGE MODE CONTROL

t "2ms/DIV
-COUTPUT~

RESPONSE
50mV/DIV

(B)

(A)

FIGURE 14 RESPONSE TO A STEP INPUT CHANGE OF 25 TO 35V BY (A) UC1846 and (B) UC1525A CONVERTERS
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t

=0.2ms/DIV

-COUTPUT•
RESPONSE
20mV/DIV

(B)

(A)

FIGURE 15 RESPONSIVE TO A STEP LOAD CHANGE OF 1 AMP BY (A) UC1846 AND (B) UC1525A CONVERTERS

t = Sµs/DIV
-CSWITCH •
CURRENTS
(0 2A/DIV)

(A)

(B)

FIGURE 16 SWITCH CURRENTS SHOWING FLUX IMBALANCE IN (A) UC1846 AND (B) UC1525A CONVERTERS

6.0 Conclusion
Rarely do new design techniques evolve that can
promise as much as current-mode control for the
power supply engineer. We have shown this to be a
simple technique easily extended from present
converter topologies, that will increase dynamic
performance and provide a higher degree of reliability while permitting new approaches to modular
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design. Until recently, current-mode converters
could not compete with the economics of conventional converters designed 'with l.C. controllers.
Now, with the UC1846 designed specifically for this
task, current-mode control can provide all of the
above performance advantages on a cost competitive basis.
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THE UC1901 SIMPLIFIES THE PROBLEM OF ISOLATED
FEEDBACK IN SWITCHING REGULATORS
1. Introduction

bility. The gain, or current transfer ratio, through an
opto-coupler is loosely specified and changes as a
function of time and temperature. This variation will
directly affect the overall loop gain of the system,
making loop analysis more difficult and the resulting
design more conservative. In addition, limited bandwidth capability prevents the use of optical couplers
when an extended loop response is required.
I Ys'"bLZt~6N BOUNDARY

The UC1901 simplifies the task of closing the
feedback loop in isolated, primary-side control,
switching regulators by combining a precision
reference and error amplifier with a complete
amplitude modulation system. Using the IC's
amplitude modulated output, loop error signals can
be transformer coupled across high voltage isolation boundaries, providing stable and repeatable
closed-loop characteristics. Coupling across an
isolation boundary is nothing new in transformer
technology, and the UC1901 's ability to generate
carrier frequencies of up to SMHz keeps the transformer size and cost at a minimum. With a secondary reference and accurate coupling path for the
feedback signal, isolated off-line supplies can
reliably achieve the tolerances, regulation, and transient performance of their non-isolated counter
parts and still take advantage of the benefits of
primary-side control.

PRIMARY

//
I
l

SECONDARY

I

COUPLING
ELEMENT

Closing a feedback loop in a simple or complex
system requires a thorough understanding of all
of the loop elements. Worse case variations of
each element must be taken into account when
loop stability, dynamic response, and operating
point are determined. Unpredictability in any of the
loop components will affect the overall design by
making it, necessarily, more conservative. The transient response of a control loop, for example, will
usually suffer if a loop must be heavily compensated
to guarantee stability with component variations.

FIGURE 1: A Typical Closed-Loop Isolated Power Supply
With Primary-Side Control.

With reliability firmly situated as an important aspect
of electrical design, the benefits of primary-side
control are increasingly attractive in off-line designs.
The organization of an off-line switcher with primaryside control (See Figure 1) puts the control function
on the same side of the isolation boundary as the
switching elements. Not only does this simplify the
interface between the controller and switches, it
makes the protection of these switches much easier.
Sensing of the switch currents and voltage can
avoid failures and improve over-all supply performance. The argument for primary-side control has
been further strengthened by the introduction of a
new generation of control IC's. The controllers incorporate such features as low current start-up, high
speed current sensing for pulse-by-pulse current
limiting, and voltage feed-forward. Low current
start-up alleviates the problem of efficiently supplying power to a line-side controller, while fast
current limit circuitry and voltage feed-forward take
advantage of the proximity of a primary-side controller to both the power switch(es) and the input
supply voltage.

To obtain high levels of load and line regulation, the
output voltage of a power supply must be sensed
and compared to an accurate reference voltage.
Any error voltage must be amplified and fed back to
the supply's control circuitry where the sensed error
can be corrected. In an isolated supply, the control
circuitry is frequently located on the primary, or
line, side of the supply. As shown in Figure 1, the
feedback signal in this type of supply must cross
the isolation boundary. Coupling this signal requires
an element that will withstand the isolation potentials and still transfer the loop error signal. Though
some significant drawbacks to their use exist, optical
couplers are widely used for this function due to
their ability to couple DC signals. Primarily, optocouplers suffer from poor initial tolerance and staUNITRODE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 • TEL. (617) 861·6540
TWX (710) 326-6509 • TELEX 95-1064
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Combining all of the necessary functions to generate
an AM feedback signal on the UC1901 make it the
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first IC of its type. As will be seen, the UC1901 can
be used in several modes to take full advantage of
its functions. Recognizing the continuing evolution
of power converter technology the UC1901 is
intended to simplify the design of a new era of
reliable and higher performance power converters.

The amplified error signal at the UC1901 's compensation output is internally inverted and applied
to the modulator. The other input to the modulator is
the carrier signal from the oscillator. The modulator
combines these two signals to produce a square
wave output signal with an amplitude that is directly
proportional to the error signal and whose frequency
is that of the oscillator input. This output is buffered
and applied to the coupling transformer. With the
internal oscillator, carrier frequencies into the megahertz range can be generated. Operating at high
frequencies can reduce both the size and cost of
the coupling transformer. The secondary winding on
the coupling transformer drives a diode-capacitor
peak detector. With a simple resistive load to allow
discharging of the holding capacitor an effective
amplitude demodulator is formed. The small signal
voltage gain from the error amplifier input to the
detector output is a function of the feedback network around the error-amp, the modulator gain, the
turns ratio of coupling transformer, and any loss in
the demodulator.

2. The UC1901 Functions
The operation of the UC1901 is best undestood by
considering a typical application. In Figure 2, the
UC1901 is shown providing the feedback signal to
close the loop in an isolated switching power supply.
With any feedback system it is desirable to compare
the system output to the system reference with a
minimum of intermediate circuitry. With the UC1901
situated on the secondary, or output side of the
supply, the output voltage is simply divided down
and compared to the 1.5V reference using the chip's
high gain error amplifier. In this manner DC errors at
the supply output are kept minimal even if significant non-linearities, or offsets, occur in the remainder of the power supply loop. Since the 1.5V output
on the UC1901 is a trimmed, precision, reference,
the need for a trim-pot to fine tune the output
voltage is eliminated.

In Figure 2 the relationship of the detector output to
the sense supply voltage is non-inverting. This is
necessary to guarantee start-up of the supply. Since
the UC1901, as shown, is powered from the supply's
output, the initial feedback signal back to the PWM
controller will always be zero. The required 180° of
DC phase shift is easily achieved by inverting the
signal with the error amplifier that is present in most
any PWM controller circuit.

To make the UC1901 compatible with single output
5V power supplies it is designed to operate with
input voltages as low as 4.5V. This allows the part to
be powered directly from a TTL compatible 5V
output. A nominal supply current of only 5mA allows
the part to be easily operated at its maximum input
voltage rating of 40V without worry of excessive
power dissipation.

In some applications it may be desirable to operate
the carrier frequency of the UC1901 in synchroni-

TO~M~ll

CONTROLLER

RF COUPLING
TRANSFORMER

FIGURE 2: With a Precision Reference, and a Complete Amplitude Modulation System, the UC1901 Lets Isolated
Feedback Loops be Closed Using a Small Signal Transformer.
UNITRODE CORPORATION • 5 FORBES ROAD
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AM
WAVEFORM
OUTPUT

700µA

FIGURE 3: The Compensation Output on the UC1901 can be used to Accurately Control the AM Waveform Output.
A Simplified Schematic, (a) Shows the internal Signal Split into the Modulator. \bltage waveforms, (b) Across
the Modulator Outputs, and at the Compensation Output show the Modulator Transfer Characteristic.

zation with a system clock, or reference frequency.
In many situations, operation of the UC1901 at
the switching frequency of the power supply can be
beneficial. One such application is presented in
this article. To accommodate this need the UC1901
has an external clock input.
One additional mode of operation is possible if the
oscillator is left disabled and the external clock
signal is kept low (or floated). In this condition the
error amplifier can be used in a linear fashion with
its output taken at the driver A output. The driver B
output will be at a fixed DC voltage about 1.4V from
the input supply voltage. If the external clock signal
is tied high the roles of the two driver outputs are
reversed. With 15mA of output current capacity,
the two outputs can easily be combined to reference
and drive an optical coupler. Although the instabilities
of the coupler will still be present, the advantages of
the UC1901 's precision reference, high gain amplifier-driver, and 4.5V supply operation can be utilized.

38
ers are often designed. In the near future currentmode control versions of these may also be widely
used. Each of these converter topologies has a
different forward transfer characteristic and, within
each type of converter, operating point, continuous
or discontinuous inductor current, and voltage or
current-mode duty cycle control are a few of the
factors which can alter this characteristic. In short,
the task of optimally designing a feedback network
for one supply must usually be repeated when the
next supply is designed.

3. A Controlled Feedback Response
There are many different topologies which can be
used when implementing a switching power supply.
For off-line supplies, fly-back and forward convertUNITROOE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 • TEL. (617) 861-6540
TWX (710) 326-6509 • TELEX 95-1064
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Once the forward transfer function of a particular
converter has been determined, various factors
such as stability, line regulation, load regulation,
and transient response will determine the overall
loop response, and therefore feedback response,
required. One of the objectives of the UC1901, in
addition to allowing a controlled isolated feedback
response, is to make the task of implementing a
given response as easy as possible. With the compensation node on the UC1901, local R-C feedback
networks can be used to shape the small signal
gain and phase frequency response of the overall
feedback network.
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FIGURE 4: A Typical Detector Model and its Output
Characteristics.

Here the load on the detector is modeled as a
current source, simplifying the equations. In actual
practice the operating point of the detector output
will be determined by the circuitry which interfaces it with the PWM input. Since the minimum
recovery from the detector is zero volts a nominal
positive operating level which provides adequate
dynamic range for DC and transient conditions
should be chosen.

The error amplifier on the chip has a typical open
loop gain of 60d8 and is internally compensated to
have a unity gain bandwidth of just above 1MHz.
Both of these characteristics are measured with
respect to the compensation node (Pin12). As shown
in Figure 3a, the amplified error signal is internally
split, at the collectors of 0 1 and 0 2, and fed to both
the modulator and the compensation output. Applying feedback from the compensation output to the
error amplifier's inverting input controls the small
signal collector current through 0 1 . Since 0 2
sees the same base voltage, and its emitter resistance is the same, its collector current will track that
of 0 1 • The collector current of 0 2 feeds the modulator and determines the amplitude of its output
signal. The 4-to-1 ratio of resistors R4 (or R5)
and R2 results in a fixed 12d8 of small signal gain
measured as the ratio of the amplitude of the differential signal at the modulator outputs to the compensation mode signal. This relationship, as well as
the function of the modulator, is shown in Figure 3b.
The scope traces show a 200mV peak to peak sinusoid at 2.5kHz, measured at the compensation
output, and the resulting 800mV variations in the
peak amplitude of a 25kHz square wave carrier as
measured across the modulator's differential output.

The UC1901 is specified to generate maximum
carrier levels equal to or in excess of 1.6V peak.
This indicates that a turns ratio of greater than
one-to-one will be required for the coupling transformer if the detector output must exceed approximately 1V, (allowing for a detector diode drop of
0.6V). It should be noted that many switching power
supplies now being designed include an integrated
PWM control IC. A typical PWM IC includes a dedicated error amplifier which amplifies and buffers
the input error voltage and applies it to the PWM
ramp comparator. This amplifier can be readily used
to fix a nominal detector operating point that is
compatible with a one-to-one transformer. Additionally, the error amplifier on the UC1901 and the
PWM's amplifier can be combined to achieve both
large DC loop gains for improved load and line
regulation, and the optimization of the loop gain
and phase frequency response for improved transient and stability performance.

The remaining factors influencing the response of
the feedback path are the signal gain through the
transformer, the detector circuit, and the circuitry
between the detector output and the supply's PWM.
The signal gain through the transformer is simply
the turns ratio of transformer. The small signal
detector gain can usually be assumed to be unity
as long as the AC load presented to the detector is
kept small. Some load on the detector is necessary
to allow its output to slew in a negative direction.
Figure 4 summarizes the transfer and output characteristics of a typical transformer and detector.
UNITRODE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 • TEL (617) 861-6540
TWX (710) 32&-6509 • TELEX 95-1064
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4. Transformer Requirements
The coupling transformer used with the UC1901
has two primary requirements. First, it must provide
DC isolation. Secondly, it should transfer voltage
information across the isolation boundary. Meeting
the first requirement of DC isolation will depend on
specific applications. In general, though, small signal
transformers can be readily built to meet the isolation requirements of today's line-operated systems.
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For the most stringent applications, E-type cores
with bobbin carried windings are inexpensively
available or built. Where small size is most important,
a simple toroid core can be used.
The second requirement of the transformer primarily determines the amount of magnetizing inductance it must have. The magnetizing inductance of a
transformer refers to the actual inductance formed
by the windings around the core material. In many
classical transformer examples, the magnetizing
inductance is ignored. This is a valid approximation
since, in these examples, the magnetizing current
required is much less than the reflected load
currents. In this case, the load currents are small
and, as the transformer inductance is reduced, the
magnetizing currents become dominant.
The driver outputs on the UC1901 are emitter followers which are biased at 700µA. Therefore, if the
drivers are operated without additional bias current
the peak current through the transformer's primary
winding cannot exceed this value. Figure Sa illustrates the relationship of the magnetizing current to
the voltage across the transformer's input. If the
reflected load currents are neglected, it can be
seen that the minimum magnetizing inductance
required for linear transfer of the modulator squarewave is given by:
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Where:
VP
fc
Ip

=

the magnetizing inductance,
the peak carrier voltage across
transformer inputs,
the UC1901 operating frequency,
the bias current of the UC1901
drivers.

FIGURE 5: The UC1901 Driver Outputs Follow the Modulator Output Square Wawl, (a.), Sourcing
and Sinking Current Levels Dependent on
Transformer Inductance, Carrier Frequen~
and \4>ltage Level. When the Bias Level of the
Driver Outputs, 1,., is Reached, (b.), a Tri-stale
Mtlveform is Coupled Across the Transformel;
the Peak \4>ltage Level Though, Remains Approximalely the Same. The Retlected Load
Currents are Assumed Negligible.

As an example, consider the case where Vp is
equal to 2V, f0 is 1OOkHz, and the drivers are operating at their internal bias levels. Using equation 1,
the inductance looking into the primary winding
with no secondary load must be greater than 7.1 mH.
Alternatively, if the carrier frequency is raised to
1MHz and the bias levels of the UC1901 drivers are
increased to 3.SmA, then LM can be as low as
1SOµH. Using high permeability ferrite material, this
level of magnetizing inductance can be realized with
as little as 10 turns on a small toroid core.

form. Actually, the amplitude information is still
coupled even when the inductance is less than this
minimum. In this case, the UC1901 drivers will
support the voltage across the coil until the peak
current is reached. The result, illustrated in Figure
Sb, is a tri-state waveform at the transformer's input
and output. Peak detection of this waveform yields
the same amplitude information as the linear transfer case, although detection ripple will increase.
Another situation which results in a tri-state waveform exists when the carrier duty cycle is not SOO/o.
In this case, the volt-seconds across the transformer
will be balanced by an "imbalancing" of the driver

Equation 1 sets a minimum limit on the magnetizing
inductance for linear transfer of the carrier waveUNITRODE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 • TEL (617) 661-6540
TWX (710) 32&-6509 • TELEX 95·1064
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When the resulting ramp reaches the comparator's
lower threshold, the current is switched back to
0 1 1 and the ramp reverses until the upper threshold is reached and the process begins again. This
results in a triangle waveform at C,. and a squarewave
signal at 0 1 and 0 2 •

bias levels. The imbalance will be sufficient to cause
the peak current to be reached during the > 500/o
portion of the carrier waveform.

5. The High Frequency Oscillator
The oscillator circuit on the UC1901 is designed
to operate at frequencies of up to 5MHz. To achieve
this operating range the circuit shown in Figure 6
uses only NPN transistors in those parts of circuit
which are dynamically involved in the actual oscillation. The standard bipolar process used to produce
the UC1901 characteristically yields high fT, typically
250MHz, NPN devices. Conversely, the same process has PNP structures with fT's of only 1 to 2MHz.
In the oscillator, PNP's are used only in determining
quiescent operating points of the circuit.

The magnitude of the charging current is controlled
by the external resistor, Rr and the internally generated voltage across it. This voltage is compensated
to track variations in the comparator hysteresis. The
tracking characteristics of this voltage stabilize the
oscillation frequency over temperature and enhance
the initial frequency tolerance. Typically, repeatability
and temperature stability of the operating frequency
are both better than 50/o.
The oscillator circuit has been optimized for a
nominal RT of 1Ok.a. A desired operating frequency
is obtained by choosing the correct value for C,.. As
shown in Figure 7, the oscillator frequency is give
by the relation:

The latched comparator formed by 0 1-04, diodes
D1 and 0 2 , and resistors R1 and R2 has a controlled
input hysteresis which determines the peak to peak
voltage swing on the timing capacitor C,.. The timing
capacitor C,. is referenced to V1N since this is the
reference point for the latched comparator's thresholds. The comparator's outputs at 0 1 and 0 2 switch
the 2X current source through 0 10 changing the net
current into the timing capacitor from positive to
negative, reversing the capacitor voltage's dv/dt.

(2)

for frequencies below 500kHz. Above 500kHz, the
solid line indicates appropriate C,. values. There is

VIN

UC1901

OSCILLATOR

Cr

Rr
(101<)

EXTERNAL

H-~¥R5.tv-+-~-4~~C~LO~C~K~IN~P..:..:..jUT 2

OUTPUT TO
MODULATOR

RGURE 6: UC1901 High Frequency Oscillator Simplified Schematic.
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no upper limit on the size of the capacitor used,
thus allowing the oscillator to have an arbitrarily
long period if desired.

latched comparator via the input device Q 9 , and the
differential pair Q 7 and Q 8 . As the clock input goes
high, 0 9 turns 0 8 off and 0 7 on, creating an offset
across R3 that is sufficient to switch the comparator.
The comparator then, as before, drives the modulator. When the clock input returns low, the process is
reversed. Using the external clock input, both the
frequency and duty cycle of the modulator outputs
are controlled.
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6. A Status Output is More
Than Just a Green Light

R, == 25°C
IOKO
T,
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Many systems today require a monitoring function
on the supply output. The status output on the
UC1901 can fill this need, a green light function,
and can also be used to fill some more "sophisticated" needs. The circuit in Figure 8 takes advantage of the status output in the start-up of an off-line
forward converter. The UC1901 is being used in an
application where the switching supply must be
synchronized to a system clock. The clock signal
is generated on the secondary or output side of
the supply. To allow start-up, the PWM oscillator is
free-running when the line voltage is applied. As the
supply voltage rises, the UC1901 's external clock
input is driven at the switching frequency rate
through resistors R1 and R2. When the supply output

~

IO'

IO
Cr YALU£- PICOFARADS

RGURE 7: UC1901 Oscillator Frequency.

To allow operation of the modulator with a carrier
frequency that is driven from a system operating
frequency or clock, the oscillator can be over-ridden.
Tying Cr to the input supply voltage disables the oscillator. The modulator circuit can now be switched
in synchronization with a signal at the external clock
input. Internally, the clock signal is applied to the
RECTIFIED LJNE' VOLTAGE

OUTPUT FILTER

SUPPLY
OUTPUT

POWER
TRANSFORMER

PWM
OUTPUT

SYNC PULSE
TOPWM

START-UP CLOCK SIGNAL

JL

OSCILLATOR

TOPWM
ERROR AMP

Ra

COUPLING
TRANSFORMER

-::-

MASTER CLOCK SIGNAL

FIGURE 8: The Status Output on the UC1901 is used in the Start-Up of a Power Supply Synchronized to a Secondary
Referenced Master Clock. The Coupling 1i"ansformer Carries the Feedback and Clock Signals. The Status
Output is used to Sequence Clock Signals to the UC1901 External Clock Input During Start-Up.
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reaches 90% of its operating level, the status output decouples the external clock input from the
switcher and enables the UC1901 's clock input to
be driven from the now operational system clock.
On the primary side, the output of the coupling
transformer is used before demodulation to provide
a synchronization pulse to the PWM control oscillator. Under normal operation, the entire power supply,
including the feedback system, will be synchronized
to the system clock.

7. The UC1901 in an Off Line
Flyback Converter
As alluded to previously, flyback converters see
wide use in off-line applications. The flyback topology has some general cost benefits which have
spurred its use in low cost, low power ( < 150W),
off-line systems. Perhaps the two most significant
of which are the need for only a single power
magnetic element in the supply (no output filter
inductor is required), and the ability to easily obtain
multi-output systems by adding one additional
winding to the coupling power inductor for each
extra output. Also, the flyback topology, especially
when used in the discontinuous mode, lends itself
very well to the benefits of voltage feed-forward.

7a. 60 Watt Dual Output Converter
Shown in Figure 9 is a flyback converter designed
with the UC1901 and a primary side control IC, the
UC1840. The converter has two 30W outputs, one
at 5V/6A, and another at 12V/2.5A. Minimum loads
of 1A are specified at each output. The UC1901 is
used to sense and regulate the 5V output. This output is specified at ±2 percent (untrimmed), with load
and line regulation of better than 0.2 percent. Respectively, the 12V output is specified at ±5 percent
with ±6 percent load and line regulation. Regulation
of the 12V output relies on close coupling between
the 5V and 12V output circuits.

winding on the coupled inductor, W1 is applied
across the rectified and filtered line voltage at a
60kHz rate via the FET switching device. L1 is referred to as a coupled inductor, rather than as a transformer, since the primary and secondary windings
do not conduct at the same time. Energy is stored
in the inductor core as the switching device conducts, and then "dumped" to the secondary outputs
when the device is turned off.
The converter operates in the discontinuous mode.
Operating in this mode, the total current in the
coupled inductor goes to zero during each cycle of
operation. In other words, the energy stored in the
core during the beginning of a cycle is entirely
expended to the load before the end of the cycle.
This allows the inductor size to be minimized since
its average energy level is kept low. The price paid
for discontinuous operation is higher peak currents
in the switching and rectifying devices. Also, high
ripple currents at the supply's output(s) make ESR,
(equivalent series resistance), requirements on the
output filter capacitors more stringent.

7b. Discontinuous Flyback's Forward
Transfer Function
The process of designing a feedback network for
the supply begins with determining the small signal
transfer function of the converter's forward control
path. This path can be defined as the small signal
dependency of the output voltage, Vour. to, Ve, the
control voltage at the input to the PWM comparator.
As defined, the control voltage on the UC1840 appears at the compensation output of its internal
error amplifier. The transfer function of this path
for the discontinuous converter is given by equation (3).
(3)

{T;p; • 1 + sCFRs

\} 2L:

1 + sCFRL

2
The UC1840 controller has all of the features
discussed previously for an off-line controller. In
addition, it has some advanced fault protection
features. Only parts of the UC1840's capabilities
are discussed here. For those desiring a more
complete description, it can be found in the second
reference mentioned atthe end of this article. In the
supply, the UC1840 sequences itself through startup using the energy stored in C4 by the trickle
resistor R11 • Once the supply is up and running
W4, the auxiliary winding on L1, provides power to the
controller and the switch drive circuitry. The primary

Where:
V,N
VR

Tp

LM
CF

level of the rectified line voltage,
The equivalent peak PWM ramp voltageequal to the extrapolated control voltage
input which would result in a 100%
switch duty cycle,
One period of the switching frequency,
Magnetizing inductance of the primary
winding,
A total effective output filter capacitor,
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FIGURE 9: The UC1901 Combines With an Advanced PWM Controller in a 60W Off-Line Converter.
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Rs

s

The total effective load, (assumed
resistive),
ESR of the filter capacitor,
2rrjf, f is frequency in hertz.
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The word effective is used in describing RL and CF
since, although we are interested in calculating the
response to the 5V output, the loads at the 12V and
auxiliary outputs must be accounted for. This is
easily done by reflecting these loads to the 5V
output using the corresponding turns ratio on the
inductor.
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7c. Voltage Feedforward Steadies
Response
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Equation 3 indicates a substantial dependency of
the control response to both the load RL, and the
input voltage, ViN· This can slightly complicate the
design of the feedback network since both the gain
and phase response of the loop will vary with operating conditions.

RGURE 10: Closing the Feedback Loop is Preceecled
by the Characterization of the Converter's
Forward Small Signal Transfer Function.

cy. No mid-band zeros or led-lag networks are
necessary, as might be for converters with double
pole responses. Although, the zero resulting from
the ESR of the filter capacitors can, if not taken into
account, appreciably extend the loop bandwidth
beyond its intended value.

The benefits of feed-forward are easily illustrated at
this point by examining its effect in this circuit. The
UC1840 controller uses resistor R5 to sense the
input voltage and proportionately scale the charging
current into the PWM ramp capacitor, C3• Scaling
the ramp slope is the same as scaling VR, the equivalent peak ramp voltage. The result is a modeled
ramp voltage given by:

7d. Wide Bandwidth Gives Fast Transient
Response At SV Output
This supply was designed to have a unity gain loop
bandwidth of between 5 and 1OkHz. With this bandwidth the supply's control response to step load and
line changes occurs in fractions of a millisecond. This
is only true with regard to the 5V output. There is no
feedback from the 12V output therefore the output
impedence of the 12V supply will be determined by
IR losses, the dynamic impedence of the rectifying
diodes, and the coupling efficiency between the
inductor windings. This impedence is not reduced
by the loop gain, as it is at the 5V output. As a result,
the time constant of the response at this output will
be considerably longer.

(4)

When this expression for VR is substituted into
equation 3, the result is a forward transfer function
that is independent of the input voltage. Not only
does this simplify the feedback analysis, it also
vastly improves the supply's inherent rejection of
line voltage variations.

The forward response of the converter, plotted in
Figure 10, has a single pole roll-off occurring
between 11 Hz and 38Hz depending on the load.
The single pole roll-off allows the feedback network
a bit of latitude since, from a stability standpoint, the
loop bandwidth can be extended by simply adding
broadband gain with an appropriate roll-off frequenUNITRODE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 • TEL (617) 861-6640
TWX 1710\ 326-6609 • TELEX 95-1064

The fast response of the 5V output and the relatively
slow response of the 12V output are illustrated in
Rgure 11 which shows three oscilliscope traces
in response to a 3.0A load change at the 5V output.
The upper trace is the response of the 5V output
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which has been expanded and lowpass ( < 15kHz)
filtered slightly so the small signal loop characteristics can be seen. The trace below this is the 12V
output's deviation due to cross-regulation limitations,
the longer time constants involved are obvious. Both
the fast response of the 5V loop, and the longer
settling time of the 12V output are apparent in the
third trace. This trace is the fed back correction
signal at the UC1840's error amplifier output. From
the middle trace the output impedence of the 12V
supply can be estimated by noting the approximate
1ms time constant and dividing it by the 2000µF
value of the 12V output filter capacitor. This gives a
value of 0.5n for the output impedence. This agrees
well with actual measurements of the 12V output's
load regulation.
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The UC1901 is operated with a carrier frequency
of 500kHz. The coupling transformer, a Coilcraft
E3493A, (double E core, bobbin wound construction),
has a magnetizing inductance of 2.1 mH. At 500kHz
the peak current required to drive the primary
winding is only 475µA per peak volt. The reflected
load current is kept much smaller. This allows the
transformer to be easily driven from the UC1901
driver outputs. The E3493A is widely used as a
common mode line choke, and is rated for V.D.E.
and U.L. isolation requirements. The transformer
has a current rating of 2A, greatly exceeding the
requirements of this application. Even though the
device is larger than some alternatives, its availability and high volume pricing, as well as its isolation
capability, make it a very suitable choice.

At the output of the transformer the diode-capacitor
detector is referenced, along with the inverting input
of the UC1840 error amplifier, to the UC1840's 5V
reference. The operating point of the detector is
fixed at 0.5V by the divider formed by R16 and R17 in
Figure 9. This in turn sets the operating point of
the carrier, with a detector diode drop of 0.5V, at
about 1V peak. This level is reflected back through
the one-to-one transformer to the UC1901 outputs.
A 1V operating point is approximately at the center
of the devices dynamic range.
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The load current at the detector output is 50µA, set
by the 0.5V operating level and R16• The peak to
peak detector ripple, at 500kHz, across the .001 SµF
holding capacitor is about 35mV. The gain through
the UC1840 error amplifier at 500kHz is -26dB,

1ms/DIV

RGURE 11: The Transient Response of the 5V Output
(10p 1/'ace), to a 3.0A Step Load Change
Rellects the Extended Bandwidth of the 5V
Loop. The Open-Loop 12VOutput(Middle),
Responds to the Effects of Cross Regulation. The Feedback Error Signal (Lower)
Coupled Through the UC1901 is Measured
at the UC1840 Error Amp. Output.
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Plotted in Figure 12 is the response of the feedback
network. Also plotted are the asymptotic gain lines
of the two contributing gain blocks, the UC1901
response (from 5V output to detector output) and
the UC1840 error amp response (detector output to
the PWM control voltage). The UC1901 's error amplifier is run open loop at DC but is quickly rolled off to
8dB. With the 12dB of modulator gain, the UC1901
feedback system has a broadband gain of 20dB. A
pole at 16kHz is added to reduce the gain through
the UC1901 error amplifier at the 60kHz switching
frequency. As mentioned earlier, excessive gain at
the switching frequency can "use up" the dynamic
range of the UC1901 's AM output.
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RGURE 12: Local Feedback Around the UC1901 and
1840 Error AmplifietS is Used to Obtain the
Desired Feedback Response.
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attenuating the ripple to less than 2mV at the error
amplifier output.

The result is a supply with very repeatable, as well
as stable, operating characteristics. The same type
of analysis for determining the required feedback
response can be used in applying the UC1901 to
any type of isolated closed loop supply. The choice
of coupling transformer and carrier frequency used
with the UC1901 should be based on individual
system requirements.

The response of the UC1840 error amplifier is flat
out to 1kHz where the gain is rolled off to set the
loop's Odb frequency. The DC gain is kept as high
as possible, to fix the detector operating point,
without actually having a series integrating capacitor in the feedback. If both the UC1901 and the
UC1840 error amplifiers are run open loop at DC,
with series R-C networks to set the AC gain, the total
phase margin at low frequencies can become small
or nonexistent. The result can be instability or, more
likely, a peaked closed loop response that can
increase the low frequency noise level of the supply.
The distribution of gain between the UC1901 and
UC1840 error amplifiers is somewhat, although not
entirely, arbitrary. Keeping the 500kHz ripple at the
PWM comparator input below a certain level puts
restrictions on the PC gain of the PWM's error amplifier. To much AC gain through the UC1901 's amplifier can degrade the supply's transient response
under large signal conditions. A suitable distribution for any application will, more than likely, be an
iterative procedure. A simple computer or programmable calculator program can be a great tool
when massaging these aspects of a design.
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FIGURE 13: The Over-All Open-Loop Response of the
Supply Will Delermine the Supply's OverAll Stability and Small Signal Transient
Response.

The overall open-loop responses, plotted in Figure
13, will not vary significantly except as indicated
with load. The desired loop bandwidth has been
achieved with an adequate phase margin of > 50°.
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VERSATILE UC1834 OPTIMIZES
LINEAR REGULATOR EFFICIENCY

Linear voltage regulators have long been an important resource to power supply
designers. Three terminal, fixed-voltage linear regulators find extensive use as "spot"
regulators and as post-regulation stages fed by switched-mode supplies. However,
while inexpensive and simple to use, these devices have several performance limitations.
First, three terminal regulators are inefficient power converters. Power dissipation in a
linear regulator is given by the relation:
p = Io . (VIN - VouT).
Most monolithic regulators now available require an input-to-output voltage differential of at least 2 to 3V. This requirement can result in substantial inefficiency, particularly in low voltage supplies. As switched-mode power technology matures, power
losses incurred in linear post-regulation stages are becoming more significant in terms
of overall system efficiency.
Second, fixed-voltage regulators, with fixed maximum output currents, lack versatility.
The use of these devices requires that OEMs maintain large, diverse inventories in order
to support a broad range of power supply requirements.
Third, fixed three-terminal devices lack the capability of remote voltage sensing, and
therefore can exhibit poor load regulation.
Finally, the most common failure mechanism for linear regulators is a shorted pass
transistor. All critical loads, therefore, require over-voltage protection not provided by
three-terminal regulators.
IMPROVED PERFORMANCE WITH UC1834

The UC1834 is a programmable linear regulator control IC which, with an external pass
transistor, forms a complete linear power supply. This IC provides solutions to all the
above-mentioned drawbacks of three-terminal devices.
Figure 1 shows the basic elements of positive and negative regulators implemented with
the UC1834. An error amplifier monitors the output voltage and provides appropriate
bias to the pass transistor (QI) through a driver stage. This high-gain error amplifier
(E/ A) allows good dynamic regulation while allowing QI to operate near saturation in
the common-emitter mode. The circuits can achieve high efficiency by maintaining
output regulation with an input-to-output voltage differential as low as 0.5V (at 5A).

UNITROOE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 •TEL. (617) 861-6540
TWX (710) 326-6509 • TELEX 95-1064

231

PRINTED IN U S A

U-95

APPLICATION NOTE
The UC1834 has both positive and negative reference voltage outputs, as well as a
sink-or-source driver stage, as shown in Figure 1. These features allow implementation
of either positive or negative regulators with this single IC, as shown. Output voltages
from I.SY to nearly 40V can be programmed by appropriate choice ofremote sensing
divider elements. Remote sensing also allows improved DC and dynamic load
regulation.

vi'N

VouT

UC1834

VOLTAGE

REF.

ViN
a.

UC1834

VOLTAGE
REF

ViN

VouT

b.

Figure 1. Basic Elements of (a.) Positive and (b.) Negative Regulators
implemented with a UC1834

UNITRODE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 • TEL. (617) 861-6540
TWX (710) 326-6509 • TELEX 95·1064

232

PRINTED IN U S A

U-95

APPLICATION NOTE
The UC1834 is intended to provide a complete linear regulation system. Therefore,
many auxiliary features are included on this IC which eliminate the need for additional
circuit elements. Figure 2 shows a more complete block diagram including on-chip
provisions for current sensing, fault monitoring, remote voltage sensing, and thermal
protection.

16 CROWBAR GATE

c__.____--{15

0 V LATCH & RESET

> - - - - - - - + - + - - - - - - - - - 1 1 4 COMPENSATION/SHUTDOWN

L_+-----.-------<>-1'-------------i 11

THRESHOLD ADJUST 4

FAULT DELAY

t----~
~--~

Figure 2. UC1834 Block Diagram

DRIVING THE PASS TRANSISTOR
Figure 3 shows suggested pass transistor configurations for implementing either positive or negative regulators with the UC1834. For those low current (:5200mA) applications in which efficiency is not extremely critical, the UC1834 output transistor can
serve as the pass element, resulting in the simple configurations of Figure 3a. An
external pass transistor is needed for output currents greater than 200mA. With the
circuits of Figure 3c, the UC1834 can maintain regulation while operating the pass
transistor near saturation. Operation at very high output currents (to - 30A) is possible
with the Darlington pass elements of Figure 3d.
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Positive Output

Negative Output

GND

GND c

r---------~-----()

GND

GND

---OVouT

a. louT 0 - 200mA
V1N - VouT2'.1 OV

b. louT > 200mA
V1N -VouT2'.12V

0

c. louT. 0 - 5A
V1N - VouT 2'.0 5V

5J()
Q2

Q2

> 5A
V1N - VouT 2'.1 2V

d. louT

Figure 3. Pass Transistor Configurations
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Current in the UCI834 output transistor is self-limiting, for improved reliability. This
limiting is achieved by Q3 and RI in Figure 4a. The resulting maximum output current
is a function of temperature as shown in Figure 4b.
A resistor (RE) is shown in series with the drive transistor in Figures 3c, d. This resistor
shares base-drive power with the transistor, allowing cooler, more reliable operation of
the IC. RE should be as large as possible while still supporting adequate pass transistor
base current under worst-case conditions of low input voltage and maximum output
current:
VRE(min) = VJN(min) - VBE(max)(Q2) - VCE(sat)(max)(Ql)
lB(max)(Q2) = lO(max)/ .8(min)(Q2)
RE(opt) = VRE(min)/ lB(max)(Q2)
where: VRE(min) is minimum voltage available to RE
lB(max) (Q2) is maximum required base drive to Q2
RE(opt) is optimum value of RE.
RE also enhances stability by allowing operation of QI as an emitter-follower, thereby
eliminating .8Q1 from the loop transfer function:
Ic(Ql) = lE(Ql) = (VE;A out - VBE(Ql) - VBE(Q2)) I RE

(.8

independent).

400
300

!'--.

~

lo1max1

(mA)

200
100
0

-55

-

125

25

T (°C)
b.

a.

Figure 4 a. Driver Current Limiting Circuit
b. Resulting Maximum Current vs Temperature
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CURRENT SENSING
In order to protect the pass transistor from damage due to overheating, one must sense
its emitter current (IE) and then decrease the base drive ifIE is excessive. The UC1834
current sense amplifier (CS/ A) accomplishes these tasks.
The UC1834 CS/ A has a common mode range which includes both input supply
"rails". This extended range is made possible by introducing matched voltage offsets in
the differential input paths, as shown in Figure 5. Internal current sources bias the offset
diodes in their appropriate direction. Which bias source(+ or-) is active is determined
by whether the CS/ A positive(+) input is greater or less than V1N/2. Therefore, it is
advisable to configure the sensing circuit such that the voltage at CS/ A(+) will not cross
VIN/2 during operation. This precludes sensing in series with the load for most
applications.

UC1834

RsENSE

Figure 5. Two Diode-Drop Offset Allows Current Sensing at Supply Rall

The CS/ A has a programmable current limit threshold which can be set between OmV
and lSOmV. Programming is achieved by setting the voltage at the "Threshold Adjust"
terminal (pin 4) to 10 · VTH(desired)· The factor of 10 provides good noise immunity at
pin 4 while allowing low power dissipation in the current sensing resistor. Figure 6
shows the guaranteed relationship between VPIN 4 and the actual resulting threshold
across the CS/ A inputs. Note that the threshold is clamped at l SOm V if pin 4 is open or
if VPIN4 > l.SV. The "Threshold Adjust" input is high impedance (bias current is less
than lOµA), allowing simple programming through a voltage divider from the l.SV
reference output. However, loading the l.SV reference will affect the regulation of the
-2.0V reference. Figure 7 shows how to compensate for this loading with a single
resistor when the -2.0V reference is needed.
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10

15

'1 5V OR OPEN

VOLTAGE AT THRESHOLD ADJUST PIN (PIN 4) - V

Figure 6. Guaranteed Tolerances on C/S Threshold Adjustment

UC1834
+

2 OV

+

1 5V
l.44kO

VAoJ = l.5V'

R2

R0R;

*TO MAINTAIN -2 OV OUTPUT

20

R,=15· (R, + R2)

Figure 7. Setting the Current Threshold and
Compensating the -2.0V Reference

The CS/ A functions by pulling the E/ A output low, turning off the output driver
(Figure 8). As current approaches the threshold value, the E/ A attempts to correct for
the CS/ A output, resulting in an E/ A input offset voltage.The supply output voltage
can decrease a proportional amount. When the CS/ A input voltage differential reaches
the current sense threshold, then the pass transistor is totally controlled by the CS/ A.
The combined CS/ A and E/ A gains and output configurations result in the current
limit knee characteristic of Figure 9.
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DRIVER

SENSE- ------< +
CS/A
SENSE+ _ _____,
THRESHOLD ----~
ADJUST

Figure 8. Current Sense Tied to E/A Output
>

E
I

"'
f-

=i~

Q_

f-

Q_

~

~~

120

">

"'z

"'l:E8
°'o

80

WW
f-U

«z
ww
«w
~~

"'"'
0

>

e;

40

f-

w

"'
~

0

-10
-7 5
-5 0
-2 5
CURRENT SENSE
THRESHOLD
DIFFERENTIAL VOLTAGE AT CURRENT SENSE INPUTS - mV
(REFERENCED TO SENSE - INPUT)

Figure 9. Current Limiting Knee Characteristic
FOLDBACK CURRENT LIMITING
It is desirable to put an upper limit on pass transistor power dissipation in order to

protect that device. Ideally, for a constant power limit:

or:

IE(max) · VCE = K
where K is a constant
IE(max) = K/(VIN - VoUT) (ignoring the sense resistor voltage drop).

As the input-to-out voltage differential increases, it is necessary to "fold back" the
maximum allowable current. This ideal foldback characteristic is shown in Figure 10,
along with a practical characteristic achievable with the circuit of Figure 11.
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Figure 10. Ideal (Dashed Line) and Practical (Solid Line)
Foldback Current Limiting Characteristics
R,
le

RseNse

PASS DEVICE

v," + u------...-v11w.......-+-----i

'

·-

·u

VouT

UC1834

•
IE MAXITyplcall

= 0 l(VAoJ)_ (
RseNse

v,/- VouT) R,

(R, +

R2) RseNSE

FOR R, + R, >> RseNse, VAoJ
R,' = R,

°"' 1 5V,

Figure 11. Foldback Current Limiting - Responds to Changes In V1N or VouT
This circuit responds to changes in either VIN or VouT. The voltage differential VIN VouT causes proportional current flow through R1 and R2. The additional drop across
R1 is interpreted by the CS/ A as additional load current. The result is that the real
current limit decreases linearly with VIN - VoUT:
IE(max) =
for:

O.l(VADJ)
R
SENSE

(VIN - VouT) R1
(R1 + R2) RSENSE

Rt + R2 ~ RsENSE
VADJ ::; l.5V

R{ = Ri.

UNITRODE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 •TEL. (617) 861-6540
TWX (710) 326-6509 • TELEX 95-1064

239

PRINTED IN US A

U-95

APPLICATION NOTE
This technique can be susceptible to "latch-off". If a momentary short at the supply
output causes IE to drop to zero (pass transistor cut off), then VouT cannot recover
when the short is subsequentially removed. To prevent this undesirable operation, one
must ensure that IE(max) > 0 when VouT =0 and VIN is at its minimum:

=

IE(max)
VouT =o
VIN(min)

O. l(V ADJ)

(VIN - VouT) Ri
(R1 + R2) RsENSE

Rs ENSE

O.l(VADJ)
VIN(min)

R2

>

>

>0

Ri
Ri + R2

VIN(min) Ri (l _ 0.1 (VADJ) )
0.1 (VADJ)
VIN(min)

Figure 12 shows an alternative foldback current limiting scheme which responds to
decreased VouT only. This circuit gives the output characteristics of Figure 13, defined
by the following relation:
IE(max)

=

0.1
RsENSE

VoUT + R2Ra VREF)
· (R1R2
RiR2 + RiR3 + R2R3

This technique is immune to "latch-off" because the minimum current limit is always
non-zero.

Figure 12. Foldback Current Limiting -
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Figure 13. Foldback Current Limiting Characteristic

FAULT CIRCUITRY AND SYSTEM INTERFACING
In order to minimize the need for additional components, the UC1834 has on-chip
provisions for fault detection and logic interfacing. These features are particularly
useful when the linear regulator is part of a larger power supply system.
As shown in Figure 14, an internal comparator monitors the UC1834 E/ A inputs. This
comparator has two thresholds, for over- and under-voltage detection. Comparator
thresholds are fixed at I VN.l. - VINv. I = 150mV. The resulting output voltage windows
for non-fault operation are:

± .150V
l.5V

± .150V
2V

= ± 10% for positive (+) supplies

= ± 7.5% for negative(-) supplies.

A fault delay circuit prevents transient over- or under-voltage conditions (due to a
rapidly changing load) being defined as faults. The delay time is programmable. An
external capacitor at pin 11 is charged from an internal 75µA source. The delay period
ends when the capacitor voltage reaches -3.5V. The delay time is therefore-47ms/ µF.
The fault alert output (pin 10) becomes an active low if an out-of-tolerance condition
persists after the delay period. When no fault exists, this output is an open collector.
An over-voltage fault activates a lOOmA crowbar gate drive output (pin 16) which can
be used to switch on a shunt SCR. Such a fault also sets an over-voltage latch ifthe reset
voltage (pin 15) is above the latch reset threshold (typically 0.4V). When the latch is set
its Qoutput will pull pin 15 low through a series diode. As long as a nominal pull-up
load exists, the series diode prevents Qfrom pulling pin 15 below the reset threshold.
However, pin 15 is pulled low enough to disable the driver outputs if pins 15 and 14 are
tied together. With pin 15 and 14 common, the regulator will latch off in response to an
over-voltage fault. If the fault condition is cleared and pins 14 and 15 are momentarily
pulled below the latch reset threshold, the driver outputs are re-enabled.
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16 CROWBAR GATE
L_+-------115 0 V LATCH & RESET

t------1-1-----------114
~-t----+---+----------;11

COMPENSATION/SHUTDOWN

FAULT DELAY

THERMAL
SHUTDOWN

Figure 14. Fault Circuitry

An internal "delay reset latch" prevents crowbar turn-on when an under-voltage
condition is immediately followed by a transient over-voltage condition. Such a situation could arise from a momentary short circuit at the supply output.
A thermal shutdown circuit pulls the E/ A output low when junction temperatures
reach 165°C, in order to protect the IC from excessive power dissipation in the drive
transistor.
COMPENSATING THE FEEDBACK LOOP

A reliable design for any feedback system must yield a closed-loop frequency response
which ensures unconditional stability. An optimum power supply response provides
this stability while maximizing broadband gain for good dynamic voltage regulation
with changing loads. Figure 15 illustrates such a response. The OdB crossover frequency
(fc) should be as high as possible while maintaining phase margin above -360° at all
lower frequencies (Nyquist stability criterion). In practice, this criterion dictates a
single-pole response below fc.
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Gain
(dB)

As high as possible

t

40+------'<-20dB/dec
20

f--..

As high as possible
Frequency (log scale)

-20

Phase

fc

oo+-----------+-------~

-z- -180° due to
negative feedback

-90°
-180°
-270°

phase margin

-360°

Circuit Oscillates if Phase
reaches -360° when Gain is > OdB

Figure 15. Desired Closed-Loop Response

Linear supplies using the UC 1834 will usually have a current limiting loop in addition to
the voltage control loop, as illustrated for two basic configurations* in Figure 16. Both
loops must be stabilized for reliable operation. This is accomplished by appropriately
compensating the E/ A and CS/ A at their common output (pin 14). Design of the
compensation networks will often require an iterative procedure, since the compensation for one loop will affect the response of the other. A straightforward approach is
outlined below:
1). Determine the frequency response of all voltage loop elements excluding the
E/ A. Appendix I offers guidelines for this step.
2). Design E/ A compensation giving a frequency response which , when added to
the response calculated in step 1, will yield a total loop characteristic
consistent with the objectives outlined above. (Appendix II.)
3). Calculate the current loop response and determine whether it satisfies the
Nyquist stability criterion. (Appendix III.) If not, add additional
compensation and then recalculate the voltage loop response.
4). Iterate if necessary.
•All other configurations of Figure 3 are variants of these two, and can be treated in essentially the same ways.
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CONFIGURATION I

CONFIGURATION II

VOLTAGE
LOOP

a.

b.

Rs EN SE

RsENSE

CURRENT
LOOP

c.

d.

Figure 16. Voltage and Current Loops for Two Basic Configurations

EXAMPLE

Figure 17 shows a 5V, 5A (positive output) supply of the class shown in Figures 16a, c.
This circuit tends toward instability when it is lightly loaded because of the high gain
(/3 = 200) of the pass transistor at low currents. Output capacitor C2 is needed to
introduce a pole which rolls off the gain of the voltage loop to OdB at IOOkHz, avoiding
instability due to the additional phase shift of a transistor pole at:
f-

fr

{3 -

50MHz
200 = 250kHz

Assuming a minimum load of IA (RL = 50), the low frequency voltage loop gain,
excluding the E/ A, is (from Appendix I):
Av

l

0.5lk.!1

=15.!1
- · 200 · 5.!1 · (1.7 + 0.51) k.!1 = 20 = 26dB.
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Q1:GE D45VHI

.0160

VoN+

~ur(5V)

: '" ~'"

(5.5 to 12V)
2.2µF

C2

c;I

(TANTALUM) ~

c,

(TANTALUMJ, ;+ERAMIC)
UC1834

Re
1.2K

Cs

Figure 17. O.SV Input-Output Differential SA Positive Regulator

A pole at SkHz is required in order to roll off from 26dB to OdB at l OOkHz. The required
value of C2 is therefore given by:

C2 = 27T • RL • fp = 21T. 50. SkHz = 6.4µF (6.8µF used).

The dashed curves of Figure l 8a show the resulting voltage loop response, excluded the
compensated E/ A. Notice that the SkHz pole (justadded)itself introduces undesirable
phase lag. This can be corrected bypositioningthecompensationzero (see Appendix II)
at the same frequency. With Rs= 6800(providing-OdB E/ Again above SkHz), then:
C5

l
= 27T · 6800
=.047µF.
· SkHz

The gain and phase of the compensated E/ A (dotted lines) and complete voltage loop
(solid lines) are also shown in Figure 18a.
The resulting current loop response (Figure 18b) is seen to meet the stability criterion.
Gain above SkHz is given by (from Appendix III):

l
1
A1 = - - · 6800 • - - · 200 · 0.0180= 2.3 =7.4dB.
700
150
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Key:
--- Without E/ A
.... E/A alone
Total loop

60

60

t

40

40

GAIN
(dB)

20

~

20

~

I
0

0

"'-

~

'J

~

-20
10
0
-65
-90
-135
-180

100

lk

·r-.
r-....

lOk

...)<

lOOk

.. · ..
~

lM

··· ...

··...

lOM lOOM ~FREQUENCY_
(Hz)

PHASE
(degrees)

10

100

lK

lOK

lOOK

1M

lOM

lOOM

-90+-----""'-+-~-4-~---I~~+--"<--+-~--+-~--+-~

I
a.

b.

Figure 18. Loop Responses for Circuit of Figure 17
a. Voltage Loop
b. Current Loop

Reasonable phase margin (-40°) is maintained as the transistor and CS/ A poles roll
off this small gain to OdB.
Figure 19 shows the UC1834 used to implement a negative output supply. A Darlington
pass element provides adequate gain for operation at output current levels up to lOA.
CONCLUSION

Ever-increasing requirements for improved power supply economy and efficiency have
produced a need for a versatile control IC capable of minimizing power losses in linear
regulators. The UC1834 meets this need while also supporting all the auxilliary functions required of such supplies. This control circuit provides for optimized performance
in a broad range of linear regulators, and in fact extends the range of applications for
which such regulators are appropriate.
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FAULT
.OOlµF

UC1834

V1N+
39k

2
3

lOk
O.lµF

_ __,

..._

20k

INV.

-2.0V

NI

+l.5V

D. SINK

4

5
6
7

C.8. GATE

VTH
V1N-

ALERT

s-

RESET

S+

COMP

8
12
16

6k
NC

10
15
2.2µF
TANTALUM

14

F. DELAY
.47µF

lk

9

.022µF
CERAMIC

~RESET

D.SOURCE
13

.OOlµF

ion
lW

lk
UPT721

V1N(-13 to -15V)

VouT(-12V)

2N6676

.om

Figure 19. -12V, -10A Negative Regulator
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APPENDIX I - FREQUENCY RESPONSE OF VOLTAGE LOOP ELEMENTS

A. The configuration of Figure 16a has, in addition to the compensated E/ A, the
following loop elements:
• Drive Transistor - RE allows operation of the driver as an emitter follower.
Together these elements have an effective small signal AC conductance of l /RE.
• Pass Transistor - Low frequency gain (/3) and unity-gain frequency (fr) are usually
specified. The pass transistor adds a pole to the loop transfer function at fp =fr/ {3.
Therefore, in order to maintain phase margin at low frequencies, the best choice for
a pass device is often a high frequency, low gain switching transistor. Further
improvement can be obtained by adding a base-emitter resistor (RBE in Figure 16a)
which increases the pole frequency to:
f =
P

where: re

!I_ ii + ~)
f3 ~

kT

RBE

0.026mV

= -qlc = - - - (at T = 300K).
le

• Load Impedance - Load characteristics vary greatly with application and operating
conditions. The most commonly used models and their respective (s domain)
transfer functions are given in Table I. Note that there are no poles in the transfer
functions of those loads which lack shunt capacitance. This can result in a loop
transfer function which cannot be rolled off to OdB at a suitably low frequency using
simple E/ A compensation networks. For this reason a shunt output capacitor is
often added to supplies which must drive loads having low or indeterminant
capacitance.
• Voltage Divider - The output sensing network introduces a gain of R2/ (R1 + R2).
• Total Loop Gain, excluding the E/ A, is therefore given by:
Ve

1

R2

Vf

RE

Ri + R2

Av= --= - · /3PASS'ZL' - -

fr ( 1 + f3re)
forf<13
RBE .

B. The circuit of Figure l 6b has a more straightforward response, since the only element
(other than the E/ A) which introduces any gain is the voltage divider:
R2

Av=---R1 + R2
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Load Model

Transfer Function

Poles@ f =

Zeros@ f =

ZL(S) = R

---

---

---

I

---

R(l + s(ESR)C)
ZL(s) = I + s(R + ESR)C

I
27T(R + ESR)C

I
27r(ESR)C

ZL(s) = R + sL

---

--

°t

~{R

J]R

}}A

ZL(S) = l

]
]]:

R
+ sRC

s(s +
ZL(S) =

~

21T RC

)

-R/L

I
R
s2 + - - s + L
LC

±

-J R2/L2 - 4/LC
41T

R

21T L

0,

R

-21T L

Table 1. Load Models and their Transfer Functions
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APPENDIX II· ERROR AMPLIFIER RESPONSE
Figure 20 shows the open-loop gain and phase response of the UC1834 E/ A when
lightly loaded. The gain curve represents an upper limit on the gain available from the
compensated amplifier. Note that a second-order pole occurs near 800kHz. Stable
circuits will require a OdB crossover well below this frequency (fc :S 500kHz).
The E /A can be compensated with or without the use oflocal feedback. When operated
without such feedback (Figure 2la) the transconductance properties of the E/ A
become evident; i.e. the voltage gain in given by:
(f :S 500kHz)

= gM Zc
I
gM = 700!1 = l.4mS
AV(E/A)

where:

OUTPUT AT PIN 14
WITH 820pF TO GNO
T1 = 25°C
60

"'OJ
8
~

w
0

"

I
J>

g;

40

I

z

ii:

;;'
(.'.)

w

20

90

(.'.)
<(

"'
ffi

'="
§2
180

-20 ~-~--~--~-~--~
10
100
lK
!OK
lOOK
lM
FREQUENCY - HERTZ

Figure 20. Error Amplifier Gain and Phase Frequency Response

When the EI A has local feedback (Figure 21 b), its gain is, to a first approximation,
independent of transconductance:
(f ;S 500kHz)

AV(E/A)

KVo
VREF

KVo

b.

Figure 21. E/A Compensation (a.) Without and (b.) With Local Feedback

UNITRODE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 •TEL. (617) 861-6540
TWX (710) 326-6509 • TELEX 95·1064

250

PRINTED IN U S A

APPLICATION NOTE

U-95

However, the use of local feedback creates an additional loop which must be
independently stable. The UC1834 has no internal compensation to ensure this
stability, so additional external compensation is usually required. An 820pF capacitor
from the E/ A output to ground will stabilize this inner voltage loop while also
enhancing current loop stability.
An additional drawback to the use of local feedback is that ZF places a DC load on the
E/ A output. With a transconductance amplifier this results in additional input offset
voltage:
~ VIQ

IE/A OUT

= -~g-M--

This offset results in degradation of DC regulation. The problem can be averted by
taking local feedback from the emitter of the drive transistor if the driver is configured
as an emitter-follower.
Whatever the compensation scheme, the UC1834 E/ A output can sink or source a
maximum of IOOµA.
Table 2 shows two typical compensation schemes and the resulting E/ A transfer
functions. The first of these circuits is most widely used.

Compensation Circuit

E/ A Gain (AV(E/A)(s)
gM(l + sRC)

Av=----sC

Poles@ f =

0

Zeros@ f =

2rrRC

RF
RIN (I + s RFCF)

Av=-------

Table 2. E/A Compensation Circuits and Gain Response
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APPENDIX III - FREQUENCY RESPONSE OF THE CURRENT LOOP
•CS/A - Figure 22 shows the open-loop gain and phase response of the UC1834
CS/ A. This is also a transconductance amplifier, having gM = l / 700 =14mS. The
voltage gain is analogous to that of the E/ A. The E/ A compensation impedance (Zc
or ZF(E/A>) is also seen by the CS/ A output. For purposes of small signal AC
analysis, the CS/ A will always see this impedance as being returned to VIN (as
shown in Figures 16c, d) when the E/ A is compensated by either of the methods
shown in Table 2.
100
OUTPUT AT PIN 14
WITH 820pF TO GND
T 1 = 25°C

80

"'w
~

"I
~

<l'.l

80

60

I

I

z

"'

(!)

w

~

40

90

20

180

(!)

""

>::;

~

0

>

10

100

lK

!OK

lOOK

lM

FREQUENCY - HERTZ

Figure 22. Current Sense Amplifier Gain and Phase Frequency Response

• Pass Transistor - Introduces current gain f3 to the loop transfer of both basic
configurations (Figures 16c, d).Considerations outlined in Appendix I also apply
here.
• Sense Resistor - Resistance value RsENSE appears in transfer function for both
configurations.
• Drive Transistor - In the circuit of Figure l 6c, RE allows operation of the driver as
an emitter-follower. Effective conductance is l /RE.
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Closed-loop responses are given by the following:
for circuit of Figure 16c:
A1

1

= gM • Zc • - - • f3 • RsENSE
RE

(f <

500kHz,

f<

~ (1 + ::~))

for circuit of Figure 16d:
Zc
A1

= gM

• zc + /3ZL •
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(f

< 500kHz, f < Tfr

(

f3re ))
1 + RsE
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A 25 WATT OFF-LINE FLYBACK SWITCHING REGULATOR
Introduction

across C2 reaches a level of 16V the output of IC1 is
enabled, turning on power MOSFET 01. During the
on time of 01, energy is stored in the air gap of transformer (inductor) T1. At this time the polarity of the
output windings is such that all output rectifiers are
reverse biased and no energy is transferred. Primary
current is sensed by a resistor, R10, and compared to
a fixed 1 volt reference inside IC1. When this level is
reached, 01 is turned off and the polarity of all
transformer windings reverses, forward biasing the
output rectifiers. All the energy stored is now transferred to the output capacitors. Many cycles of this
store/release action are needed to charge the
outputs to their respective voltages. Note that C2
must have enough energy stored initially to keep the
control circuitry operating until C4 is charged to a
level of approximately 13V. The voltage across C4 is
fed through a voltage divider to the error amplifier
(pin 2) and compared to an internal 2.5V reference.

This Application Note describes a low cost (less than
$10.00) switching power supply for applications
requiring multiple output voltages, e.g. personal
computers, instruments, etc...The discontinuous
mode flyback regulator used in this application provides good voltage tracking between outputs, which
allows the use of primary side voltage sensing. This
sensing technique reduces costs by eliminating the
need for an isolated secondary feedback loop.
The low cost, (8 pin) UC1842 current mode control
chip employed in this power supply provides
performance advantages such as:
1) Fast transient response
2) Pulse by pulse current limiting
3) Stable operation
To simplify drive circuit requirements, a T0-220
power MOSFET (UFN833) is utilized for the power
switch. This switch is driven directly from the output
of the control chip.

Energy stored in the leakage inductance of T1
causes a voltage spike which will be added to the
normal reset voltage across T1 when 01 turns off.
The clamp consisting of D4, C9 and R12 limits this
voltage excursion from exceeding the BVDSS rating
of 01. In addition, a turn-off snubber made up of D5,
C8 and R11 keeps power dissipation in 01 low by
delaying the voltage rise until drain current has
decreased from its peak value. This snubber also
damps out any ringing which may occur due to
parasitics.

Power Supply Specifications
1. Input voltage: 95VAC to 130VAC (50Hz/60Hz)
2. Output voltage:
A. +5V, ±5%: 1A to 4A load
Ripple voltage: 50mV P-P Max.
B. + 12V, ±3%: 0.1A to 0.3A load
Ripple voltage: 100mV P-P Max.
C. -12V, ±3%: 0.1A to 0.3A load
Ripple voltage: 100mV P-P Max.

Less than 3.5% line and load regulation is achieved
by loading the output of the control winding, Ne, with
R9. This resistor dissipates the leakage energy associated with this winding. Note that R9 must be
isolated from R2 with diode D2, otherwise C2 could
not charge to the 16V necessary for initial start-up.

3. Line Isolation: 3750 Volts
4. Switching Frequency: 40KHz
5. Efficiency @ Full Load: 70%

Basic Circuit Operation

A small filter inductor in the 5V secondary is added
to reduce output ripple voltage to less than 50mV.
This inductor also attenuates any high frequency
noise.

The 117VAC input line voltage is rectified and
smoothed to provide DC operating voltage for the
circuit. When power is initially applied to the circuit,
capacitor C2 charges throuQh R2. When the voltage
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25W OFF-LINE FLYBACK REGULATOR
R1
5Q
1W

117 VAC

01

D6
USD945

VARO
VM68

A12
4 7K
2W
R2
56K
2W

C9
3300pF
600V

•

C11

C10

4700µF
10V

Np
04
IN3613

R4
4 7K

N5

L1 (Note 2)

07

C12
2200µF
16V

02
IN3612

R3
20K

±12VCOM
C13
2200µF
16V

IC1
UC1842

R7
22Q

R11
2 7K
2W

Cl
470pF

Notes: 1. All resistors are 'l'4 watt unless noted
2. See Appendix for construction details

2R

PWM

LATCH
COMP

CURRENT
SENSE
COMPARATOR

CURRENT
SENSE

BLOCK DIAGRAM: UC1842 CURRENT MODE CONTROLLER
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TYPICAL SWITCHING WAVEFORMS

T0 n -

Drive waveforms

Toft -

Drive waveforms

5V/DIV

-----Upper trace: Q 1
Lower trace: Q1

-

200mA/DIV

Gate to source voltage
Gate current

Upper trace: Q1
Lower trace: Q 1

100V/DIV

5A/DIV

0.5A/DIV

50mV/DIV

Upper trace: Q1 - Drain to source voltage
Lower trace: Primary current - 10
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Upper trace:
Lower trace:
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Gate to source voltage
Gate current

+ 5V charging current
+ 5V output ripple voltage
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PERFORMANCE DATA

CONDITIONS

SVout

12Vout

-12Vout

Low Line (95VAC)
± 12@
100mA

± 12@
300mA

+5V@ 1.0A

5.211

12.05

-12.01

4.0A

4.854

12.19

-12.14

+5V@ 1.0A

5.199

11.73

-11.69

4.0A

4.950

11.68

-11.63

+5V@ 1.0A

5.220

12.07

-12.03

4.0A

4.875

12.23

-12.18

+5V@ 1.0A

5.208

11.73

-11.68

4.0A

4.906

11.67

-11.62

+5V@ 1.0A

5.207

12.06

-12.02

4.0A

4.855

12.21

-12.15

+5V@ 1.0A

5.200

11.71

-11.67

4.0A

4.902

11.66

11.61

±3.5%

±2.3%

Nominal Line (120VAC)
± 12@
100mA

± 12@
300mA

High Line (130VAC)
± 12@

100mA

± 12V@
300mA

Overall Line and
Load Regulation
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PARTS LIST

IC's
IC1

UC1842

C10, C11

4700µF, 10V

C12, C13

2200µF, 16V

C14

100pF, 25V

POWER MOSFET
01

UFN833

RESISTORS

RECTIFIERS

R1

SQ, 1W

R2

56K, 2W

01

VM68 varo

R3

20K

02, 03

1N3612

R4

4.?K

04, 05

1N3613

R5

150K

D6

US0945

R6

10K

07, 08

UES1002

R?

22Q

R8

1K

R9

68Q, 3W

CAPACITORS
C1

250µF, 250V

R10

0.55Q, 1W

C2

100µF, 25V

R11

2.?K, 2W

C3

0.22µF, 25V

R12

4.?K, 2W

C4

47µF, 25V

R13

20K

C5

.01µF, 25V

C6

.0047µF, 25V

MAGNETICS

C?

470pF, 25V

T,

see appendix

ca

680pF,600V

L,

see appendix

C9

3300pF, 600V
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APPENDIX
POWER TRANSFORMER- T1

Core:

Ferroxcube
EC-35/3C8

Ferroxcube EC-35/3C8
Gap: 10 mil in each outer leg

NOTE: For reduced EM/ put gap in center leg only.
Use 20 mil.

[:5=4

Ne~

[12=9
[12=9

TRANSFORMER CONSTRUCTION
Control Winding
N=10, AWG 30
2 in parallel

0C)000000 ,,,........- 2 layers, 3M mylar tape
+ 5V out, N = 4, AWG 26, 00000000
6 in parallel
00000000 - ±12V windings N = 9, AWG30
_....,, 00000000 " - 2 wires in parallel, bifilar wound
2 layers 3M mylar tape .,....Primary N =45, AWG 26

Bobbin-35PCB1

5V OUTPUT INDUCTOR
===

N=4, AWG 18

~

Ferroxcube
204 T 250 - 3C8 (toroid)
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MODELLING, ANALYSIS AND
COMPENSATION OF THE
CURRENT-MODE CONVERTER

Abstract
As current-mode conversion increases m popularity, several peculiarities associated with fixed-frequency, peak-current
detecting schemes have surfaced These include instability above 50% duty cycle, a tendencv towards subharmonic
oscillation, non-ideal loop response, and an increased sensitivity to noise. This paper will attempt to show that the
performance of any current-mode converter can be improved and at the same time all of the above problems reduced or
eliminated by adding a fixed amount of "slope compensation" to the sensed current waveform.

1.0 INTRODUCTION
The recent introduction of integrated control circuits designed specifically
for current mode control has led to a dramatic upswing in the
application of this technique to new designs Although the advantages of
current-mode control over conventional voltage-mode control has been
amply demonstrated(l-5), there still exist several drawbacks to a fixed
frequency peak-sensing current mode converter. They are ( l) open loop
instability above 50% duty cycle, (2) less than ideal loop response
caused by peak instead of average inductor current sensing, ( 3) tendency
towards subharmonic oscillation, and ( 4) noise sensitivity, particularly
when inductor ripple current is small. Although the benefits of current
mode control wil~ in most cases, far out-weight these drawbacks, a
simple solution does appear to be available. It has been shown by a
number of authors that adding slope compensation to the current
waveform (Figure I) will stabilize a system above 50% duty cycle. If

one is to look further, 1t becomes apparent that tins same compensation
technique can be used to minimize many of the drawbacks stated above.
In fact, it will be shown that any practical converter will nearly always
perform better with some slope compensation added to the current
waveform.
The simplicity of adding slope compensation - usually a single resistor adds to its attractiveness However, tins mtroduces a new problem - that
of analyzing and predicting converter performance Small signal AC
models for both current and voltage-mode PWM's have been
extensively developed m the literature. However, the slope compensated
or "dual control" converter possesses properties of both with an
equivalent circuit different from, yet contammg elements of each.
Although this has been addressed m part by several authors(!, 2), there
still exists a need for a simple circuit model that can provide both
qualitative and quantitative results for the power supply designer.

POWER
SWITCH
Vo

SLOPE
COMPENSATION

__l

f"'1'''f"1'~

~A

~T-j

FIGURE l

I LJ
~T-j

1

INDUCTOR
CURRENT
SWITCH

~CURRENT

- A CURRENT-MODE CONTROLLED BUCK REGULATOR WITH SLOPE COMPENSATION.
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The first objective of this paper 1s to farmlianze the reader with the
peculiarities of a peak-current control converter and at the same time
demonstrate the ability of slope compensation to reduce or eliminate
many problem areas. This 1s done m secuon 2 Second, in section 3, a
circuit model for a slope compensated buck converter in continuous
conduct10n will be developed using the state-space averaging technique
outlined m( I). This will provide the analytical basis for section 4 where
the pracllcal implementation of slope compcnsauon is discussed.

li.11

=-ti.Io (mi
+ m)
m1 +m

(2)

Solving for m at I 00% duty cycle gives
m

> -Y>m2

(3)

Therefore, to guarantee current loop stability, the slope of the
compensaUon ramp must be greater than one-half of the down slope of
the current waveform. For the buck regulator of Figure I, mi 1s a
constant equal to Vo Rs, therefore, the amplitude A of the compensatmg
L
waveform should be chosen such that

2.1 OPEN LOOP INSTABILITY
An unconchuonal mstab1lity of the mner current loop exists for any fixed
frequency current-mode converter operating above 50% duty cycle regardless of the state of the voltage feedback loop. While some
topologies (most notably two transistor forward converters) cannot
operate above 50% duty cycle, many others would suffer serious mput
hm1tat10ns 1f greater duty cycle could not be achieved. By injecting a
small amount of slope compensation mto the inner loop, stabdity will
result for all values of duty cycle. Following is a brief review of this
technique

A> T Rs Vo
L
to guarantee stability above 50% duty cycle.

(4)

2.2 RINGING INDUCTOR CURRENT
Lookmg closer at the inductor current waveform reveals two additional
phenomenon related to the previous instability If we general1Ze equation
2 and plot In vs nT for all n as m F 1gure 3, we observe a damped
sinusoidal response at one-half the switchmg frequency, similar to that of
an RLC circuit Thrs nng-out 1s undesirable in that it (a) produces a
nnging response of the inductor current to line and load transients, and
(b) peaks the control loop gam at Y, the switchrng frequency, producmg
a marked tendency towards mstability.

INDUCTOR
CURRENT (IL)
A) DUTY CYCLE< 0 5

2T
3T
4T
5T
0
nT_.
FIGURE 3 - ANALOGY OF THE INDUCTOR CURRENT RESPONSE TO
THAT OF AN RLC CIRCUIT.

B) DUTY CYCLE> 05

<">lo

C) DUTY CYCLE > 0 5 WITH SLOPE COMPENSATION

FIGURE 2

- DEMONSTRATION OF OPEN LOOP INSTABILITY IN A
CURRENT·MODE CONVERTER.

It has been shown in (I), and is easily verified from equation 2, that by
choosing the slope compensation m to be equal to -m2 (the down slope
of the inductor current), the best possible transient response is obtained.
This is analogous to critically damping the RLC circuit, allowing the
current to correct itself in exactly one cycle. Figure 4 graphically
demonstrates this point Note that while this may optimize inductor
current ringing, it has little bearing on the transient response of the
voltage control loop itself.

Figure 2 depicts the inductor current waveform, k. of a current-mode
converter being controlled by an error voltage V0. By perturbing the
current IL by an amount AI, it may be seen graphically that.ti.I will
decrease with time for D < 0.5 (Figure 2A), and increase with time for
D > 0.5 (Figure 2B). Mathematically this can be stated as

li.11

=-ti.Io(:~)

(I)

Carrying this a step further, we can introduce a linear ramp of slope -m
as shown in Figure 2C. Note that this slope may either be added to the
current waveform, or subtracted from the error voltage. This then gives
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FIGURE 4 - FOR THE CASE OF m =-1112, A CURRENT PERTURBATION
WILL DAMP OUT IN EXACTLY ONE CYCLE.
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For steady state condition we can write

2.3 SUBHARMONIC OSCILLATION

D m1 T = (1 - D) mi T
or

Gain peaking by the inner current loop can be one of the most
significant problems associated with current-mode controllers. This
peaking occurs at one-half the switching frequency, and- because of
excess phase shift in the modulator - can cause the voltage feedback
loop to break into oscillation at one-half the switching frequency. This
instability, sometimes called subharmonic oscillation, is easily detected
as duty cycle asymmetry between consecutive drive pulses in the power
stage. Figure 5 shows the inductor current of a current-mode controller
in subharmonic oscillatmn (dotted waveforms with penod 21)

(8)

D=~

(9)

m1 -m2

By usmg (9) to reduce (7), we obtain
6.IL
6.Ye

(IO)

= 1 -2D(l + m/mi)

Now by recognizmg that6.IL 1s simply a square wave of penod 2T, we
can relate the first harrnomc amplitude to.AIL by the factor 4/n and
write the small signal gain at f = \Hs as

j_ = ..,.-.....,=..,.4_n..,...,.__,_,...
I - 2D {l

Ve

(11)

+ m/m2)

If we assume a capacitive load of C at the output and an error amplifier
gain of A, then finally, the expression for loop gain at f = \0 fs is

L'>D

(12)

Loop gam

L'>D

1 - 2D (1

o------------2T-----------~

FIGURE 5 - CURRENT WAVE FORM (DOTTED) OF A CURRENT-MODE
CONVERTER IN SUBHARMONIC OSCILLATION.

+ m/m2)

2.3.2 USING SLOPE COMPENSATION TO ELIMINATE
SUBHARMONIC OSCILLATION

To determine the bounds of stability, it is first necessary to develop an
expression for the gain of the inner loop at one-half the switching
frequency. The technique used in (2) will be paralleled for a buck
converter with the addition of terms to include slope compensation.

From equation 12, we can wnte an expression for maximum error
amplifier gain at f = \Ofs to guarantee stability as

Amax

2.3.1 LOOP GAIN CALCULATION AT ¥.if,

1 -2D{l +m!m2)

4T

=

(13)

n2 C
Referring to figures 5 and 6, we want to relate the input stimulus, 6.Ye.
to an output current,6.IL. From figure 5, two equations may be
written
ADm1 T-ADm2T
AD m1 T +AD m2 T

(4)
(5)

Adding slope compensation as in figure 6 gives another equation

.ti.v.

=

6.Vc +26.DmT

This equation clearly shows that the maximum allowable error amplifier
gain, Arna., is a function of both duty cycle and slope compensation. A
normalized plot of Amax versus duty cycle for several values of slope
compensation is shown in figure 7. Assuming the amplifier gain cannot
be reduced to zero at f = \0 fs, then for the case of m = 0 (no
compensation) we see the same instability previously discussed at 50%
duty cycle. As the compensation is increased to m = -\01112, the point
of instability moves out to a duty cycle of 1.0, however in any practical

(6)

m/11'12

3

= -2

Using (5) to eliminate LI.Ve from (6) and solving for6.IiJ6.Ve yields

(7)

2

3

4

5

6

7

8

9

10

DUTY CYCLE (D)

i------T--------i

FIGURE 7 FIGURE 6 - ADDITION OF SLOPE COMPENSATION TO THE CONTROL
SIGNAL
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MAXIMUM ERROR AMPLIFIER GAIN AT 112 f, (NORMALIZED)
V.S. DUTY CYCLE FOR VARYING AMOUNTS OF SLOPE
COMPENSATION. REFER TO EQUATION 13.
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system, the finite value of Amax will drive the feedback loop into
subharmonic oscillation well before full duty cycle is reached. If we
continue to increase rn, we reach a point, m = -mz, where the
maximum gain becomes independent of duty cycle. This is the point of
critical damping as discussed earlier, and increasing m above this value
will do little to improve stability for a regulator operating over the full
duty cycle range.

2.4 PEAK CURRENT SENSING VERSUS
AVERAGE CURRENT SENSING
True current-mode conversion, by definition, should force the average
inductor current to follow an error voltage - in effect replacing the
inductor with a current source and reducing the order of the system by
one. As shown in Figure 8, however, peak current detecting schemes are
generally used which allow the average inductor current to vary with
duty cycle while producing less than perfect input to output - or
feedforward characteristics. If we choose to add slope compensation
equal tom = -11 mz as shown in Figure 9, we can convert a peak

U-97
2.5 SMALL RIPPLE CURRENT
From a systems standpoint, small inductor ripple currents are desirable
for a number of reasons - reduced output capacitor requirements,
continuous current operation with light loads, less output npple, etc.
However, because of the shallow slope presented to the current sense
circuit, a small ripple current can, in many cases, lead to pulse width
jitter caused by both random and synchronous nmse (Figure IO). Again,
if we add slope compensation to the current waveform, a more stable
switchpoint will be generated To be of benefit, the amount of slope
added needs to be significant compared to the total inductor current not just the ripple current This usually dictates that the slope m be
considerably greater than m2 and while this is desirable for subharmonic
stability, any slope greater than m = -\-1 mz will cause the converter to
behave less like an ideal current mode converter and more like a voltage
mode converter. A proper trade-off between inductor ripple current and
slope compensation can only be made based on the equivalent circuit
model derived in the next section.

v, t-=-----------------

current detecting scheme into an average current detector, again allowing
for perfect current mode control. As mentioned in the last section,
however, one must be careful of subharmonic oscillations as a duty
cycle of I is approached when using m = -\-1 m2 .

JRIPPLE

IAVG 1 1-----f-.~O-f---f->,rl-"~-"..---
IAVG 2 i---7191'--+--f--'1,.---"..---'~-IAvG 3

>-~,.._--

___,,__-+---+---'Olt-~,._-_._

FIGURE 10 - A LARGE PEDESTAL TO RIPPLE CURRENT RATIO.

3.0 SMALL SIGNAL A.C. MODEL

FIGURE 8 - PEAK CURRENT SENSING WITHOUT SLOPE COMPENSATION
ALLOWS AVERAGE INDUCTOR CURRENT TO VARY WITH
DUTY CYCLE

As we have seen, many drawbacks associated with current-mode control
can be reduced or eliminated by adding slope compensation in varying
degrees to the current waveform. In an attempt to determine the full
effects of this same compensation on the closed loop response, a small
signal equivalent circuit model for a buck regulator .will now be
developed using the state-space averaging technique developed in (I).

3.1 A.C. MODEL DERIVATION
Figure 11 a shows an equivalent circuit for a buck regulator power stage.
From this we can write two state-space averaged differential equations
corresponding to the inductor current and capacitor voltage as functions
of duty cycle D

tL=

(V1-Vo)D_Vo(I-D)
L

FIGURE 9 - AVERAGE INDUCTOR CURRENT IS INDEPENDENT OF DUTY
CYCLE AND INPUT VOLTAGE VARIATION FOR A SLOPE
COMPENSATION OF m = - 1/:a m2.
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between Rx and L as the slope compensation, m 1s changed. In most
cases, the dependent source between Rx and C can be ignored

If Rx 1s much greater than L, as 1s the case for little or no compensation
( m = 0), the converter will have a smgle pole response and act as a true
current mode converter. If Rx 1s small compared to L (m »
(A)

V1

/Wo

(~

V1 (l·D)

~~) 2L(~- ~c)

Of particular mtcrest 1s the case when m

t:;V, V1

c

"2_)

(B)
FIGURE 11 - BASIC BUCK CONVERTER (A) AND ITS SMALL SIGNAL
EQUIVALENT CIRCUIT MODEL (B).

If we now perturb these equations - that in substitute
Yr + l:Ni. Yo + t:.Yo, D + t:.D and IL+ /::;.IL for their respectJve
variables - and ignore second order terms, we obtain the small signal
averaged equations

12Y
25Y
200µH
300µf
20µS
50
10, 120

Yo
Y1
L

c

(I -D)YoTRs
iLRs = Y, - mDT 2L

Rs

Rs

2L

T
Rs
~

(18)

Agam, as the slope compensatJon approaches -Yim2, the theoretical
npple rejection is seen to become mfinite. As larger values of m are
mtroduced, npple re1ect1on slowly degrades to that of a voltage-mode
converter (-6.4dB for this example)

Perturbing this equation as before gives

t::.Y,_Ll.DT(~- Yo)_..:!:.(!

Smee the down

Havmg denved an equivalent circuit model, we may now proceed m its
apphcat10n to more specific design examples Figure 12 plots open loop
npple reiectJon (LI.Yo/LI.Yr) at 120Hz versus slope compensatJon for a
typical 12 volt buck regulator operating under the followmg cond1t1ons

A third equation - the control equation - relating error voltage, Y,, to
duty cycle may be wntten from Figure 6 as

/::;.IL=

Rs Yo
2L

can wntc m = -Y2m2 At this point, Rx goes to mfimty, resultmg man
ideal current mode converter This 1s the same pomt, discussed m
sect10n 2 4, where the average inductor current exactly follows the error
voltage Note that although this compensation 1s ideal for hne rejection
and loop response, maximum error amp gam hm1tat1ons as higher duty
cycles are approached (section 2.3) may necessitate usmg more
compensation.

(17)

f}.IL_ 6Vo
C
CR

=

=

Rs Yo
slope of the mductor current (m2 from Figure 6) 1s equal to-L-, we

Rs T (."'- _
Rs
2L

bVo

R~~0),

then a double pole response will be formed by the LRC output filter
s1m1lar to any voltage-mode converter. By appropnately adjustmg m,
any cond1t10n between these two extremes can be generated

-D)Ll.Yo

(19)

2L

-70

By using 19 to ehmmate LI. D from 16 and 17 we amve at the statespace equations
(20)
t.iL=.QLl.Yr+
L

6.Y,Y1
Rs

LT(~- Yo)'
Rs

2L

_Ll.YoYi(l-D)_

Ll.ILY1

2U (~-Yo)

LT(~- Yo)

Rs

2L

Rs

°'e_

-BO

0

-50

:C
~

r-

«
z

2L

0

-40

~

-30

~
""-

-20

F

•
LI.IL LI.Yo
LI.Yo = c - C R

(21)

ct:

An equivalent circuit model for these equations is shown in Figure 11 B
and discussed in the next section.

°'

-10~~~~~~~~~~~~~~~~~~--'

0

3.2 AC. MODEL DISCUSSION

-1

-15

-2

-25

-3

-35

-4

SLOPE COMPENSATION (m/m2)

The model of Figure 11 B can be used to verify and expand upon our
previous observations. Key to understanding this model is the interaction
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FIGURE 12 - RIPPLE REJECTION AT l20Hz V.S. SLOPE COMPENSATION
FOR lAMP AND l2AMP LOADS.
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If a small ripple to D.C. current ratJO 1s used, as is the case for RL =
I ohm in the example. proportionally larger values of slope compensation
may be injected while still maintaining a high npplc rejection ratio. In
other words, to obtain a given npple re1ccllon ratio, the allowable slope
compensation vanes proportionally to the average D.C. curren~ not the
ripple current. This 1s an important concept when attempting to
minimize noise Jitter on a low npplc converter
Figure 13 shows the small signal loop response (/;;.Vo//;;.V0 ) versus
frequency for the same example of Figure 12. The gams have all been
normalized to zero dB at low frequency to reflect the actual difference m
frequency response as slope compensation m IS varied. At m = -Y.1 m2,
an ideal smgle--pole rol~off at 6c!B/oct.ave 1s obtained. As higher rallos
are used, the response approaches that of a double-pole with a
I 2c!B/ octave roll-off and associated 180° phase shifl

d
co

UC1846

IL)

Rs

(a) SUMMING OF SLOPE COMPENSATION DIRECTLY WITH SENSED CURRENT
SIGNAL

10

u

"'0
z

~-10
~-20
<(

"'"-0

-30

0

-40

~

-50

mlm2

g

w
N
:::;

=-5---~>..

m/n12

= 0 ----;....;::~

(b) SUMMING OF SLOPE COMPENSATION WITH ERROR SIGNAL
UC1846

a::
0

z

10

100
FREQUENCY (HERTZ)

IK

!OK

FIGURE 13 - NORMALIZED LOOP GAIN V.S. FREQUENCY FOR VARIOUS
SLOPE COMPENSATION RATIO'S.
(c) EMITTER FOLLOWER USED TO LOWER OUTPUT IMPEDANCE OF
OSCILLATOR.

FIGURE 14 - ALTERNATIVE METHODS OF IMPLEMENTING SLOPE COMPENSATION WITH THE UC1846 CURRENT·MODE CONTROLLER.
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A NEW IC OPTIMIZES
HIGH SPEED POWER MOSFET DRIVE
FOR SWITCHING POWER SUPPLIES

Abstract
Although touted as a high-impedance, voltage-controlled device, prospective users soon learn that it takes high drive
currents to achieve high-speed switching with Power MOSFETS. This paper descnbes the construction techniques which
lead to the paras1t1c effects which normally hm1t FET performance, and discusses several circuit approaches useful to
improve sw1tchmg speed. IC drivers opt1m1zed for driving FETS are compared and a new high-speed efficient dnver is
introduced

THE POWER MOSFET MODEL

INTRODUCTION
An investigation of Power MOSFET construction techniques will
1dent1fy several parasitic elements which make the highly-touted
"simple gate dnve" of MOSFET devices less than obvious. These

An understanding of the paras1t1c elements m a power MOSFET can
be gained by companng the construction details of a MOSFET with
its electncal model as shown in Figure I. This construction diagram 1s
a simplified sketch of a single cell - a high power device such as the
UFN 150 would have :::; 20,000 of these cells all connected in
parallel

parasitic elements, primanly capacitive m nature, can reqmre~high
peak dnve currents with fast nse times coupled with care that
excessive di/ dt does not cause current overshoot or ringing with
rectifier recovery current spikes

In operation, when the gate voltage is below the gate threshold, Vg( th),
.the dram voltage 1s supported by the ·N- drain region and its adjacent
implanted P region and there is no conduction.

This paper develops a switching model for Power MOSFET devices
and relates the individual parameters to construction techmques From

this model, ideal dnve charactenst1cs are defined and practical IC
1mplementat1ons are discussed. Specific applications to switch-mode
power systems involving both direct and transformer coupled dnve are
descnbed and evaluated

When the gate voltage rises above Vg( th), however, the P area under
the gate inverts to N forming a conductive layer between the N +
source and the N- dram. This allows electrons to migrate from source
to drain where the electric field in the drain sweeps them to the drain
terminal at the bottom of the structure.

POWER MOSFET CHARACTERISTICS
The advantages which power MOSFET's have over their bipolar

In the eqmvalent electrical model, the parameters are defined as
follows:

competitors have given them an ever-increasing utilization m power
systems and, m the process, opened the way to new performance

levels and new topologies.

I . Lg and Rg represent the inductance and resistance of the wire
bonds between the package terminal and the actual gate, plus the
resistance of the polysilicon gate runs.

A major factor in this regard 1s the potential for extremely fast
switching. Not only is there no storage time inherent with MOSFET's,
but the switching times can be user controlled to smt the application.
This, of course, requires that the designer have an understanding of the
switching dynamics inherent in these devices. Even though power
MOSFET's are maiority carrier devices, the speed at which they can
switch is dependent upon many parameters and parasitic effects
related to the device's construction.
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2.

CI represents the capacitance from the gate to both the N +
source and the overlying source interconnecting metal. Its value is
fixed by the design of the structure.

3.

C2 + C4 represents additional gate-source capacitance into the P
region. C2 is the dielectric capacitance and is fixed while C4 is
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FIGURE 1

• SIMPLIFIED CROSS SECTION OF A POWER MOSFET CELL AND ITS ELECTRICAL EQUIVALENT.

In this illustration, the load portion of the circuit is established with
Vm = 2SV, Io= 2A, and f = 2SK.hz. The resultant turn-on waveforms
are shown in Figure 3 from which the following observations may be made:

due to the depletion region between source and drain and vanes
with the gate voltage. Its contribution causes total gate-source
capacitance to increase 10-1S% as the gate voltage goes from zero
to Vg(th).
4.

C3 + CS is also made up of a fixed dielectnc capacitance plus a
value which becomes significant when the dram to gate voltage
potential reverses polarity.

S.

C6 ts the drain-source capacitance and while it also varies with
drain voltage, 1t is not a significant factor with respect to switching
times.
EVALUATING FET PARASITIC ELEMENTS

Although it is clearly not the best way to drive a power MOSFET,
using a constant gate current to tum the device on allows visualization
of the capacitive effects as they affect the voltage waveforms. Thus the
demonstration circuit of Figure 2 is configured to show the gate
dynamics in a typical buck-type switching regulator circuit This
simulates the inductive switching of a large class of applications and is
implemented here with a UFN-SIO FET, which is a 4 amp, IOOV
device with the following capacitances:
~

Ciss
Crss

Cl

+ C4

+CS =

13S - ISO pFl
20-2SpF
80 - 100 pF

~CS

Coss~

CS+ C6

V1N

l

UFN510

sll

2. There is a 10-IS% increase in gate capacitance when the gate voltage
reaches Vg( th).
3. The gate voltage remains unchanged during the entire time the drain
voltage is falling because the Miller effect-increases the effective gate
capacitance.

LOAD
25 0

C1N

100µ1J

I. For a fixed gate drive current, the drain current rise time is S times
faster than the voltage fall time.

Vgs = OV

L = lmH

= 25V

FIGURE 3 - FET TURN·ON SWITCHING CHARACTERISTICS WHEN DRIVEN
WITH A CONSTANT GATE CURRENT

4. The input gate capacitance is approximately twice as high when drain
current is flowing as when it is off.

D
S. The drain voltage fall time has two slopes because the effective drainG

gate capacitance takes a signifcant jump when the drain-gate
potential reverses polarity.

56K

6. Unless limited by external circuit intluctance, the current rise time
depends upon the large signal gM and the rate of change of gate
voltage as
LIId = gM LIVg
FIGURE 2 • SWITCHING TIME EVALUATION CIRCUIT.
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AN OPTIMUM GATE DRIVE

CHANGES IN EFFECTIVE CAPACITANCE

In most switclung power supply applications, if a step function in gate
current is provided. the dram current rise time is several times faster than
the voltage fall time. This can result m substantral switching power losses
wluch are most often combated by increasing the gate dnve current This
creates a problem. however, in that 1t further reduces current rise time
which can cause overshoot, ringing, EMI and power dissipation due to
recovery time for the rectrtiers winch are much happier with a more slowly
changing drain current

The waveform drawmgs of F 1gure 4 illustrate the dynamic
effects wluch take place dunng tum-on As the gate voltage nses from
zero to threshold. C2 1s not significant smce C4 1s very small. At
threshold. the dram current nses qwckly wlule the dram voltage 1s
unchanged Tlus. of course. 1s due to the buck regulator circuit
configuratron wluch will not let the voltage fall untrl all the inductor
current 1s transfered from the free-wheelmg dlode to the FET.

In an effort to meet these conl11ctmg requirements, an idealized gate
current waveform was denved based upon the goal of makmg the voltage
fall lime equal to the current nse time. Tlus optrmurn gate current
waveform is shown m Figure 5 and consists of the following elements.

FIGURE 5 ·

AN "IDEAL" GATE CURRENT TURN·ON DRIVE TO PROVIDE EQUAL CURRENT RISE AND VOLTAGE FALL TIMES
WITH AN INDUCTIVE LOAD

I. An m1t1al fast pulse to get the gate voltage up to threshold.
FIGURE 4·

PARASITIC CAPACITANCE VARIATION FOR A UFN510
MOS FET DURING TURN-ON

2. A lesser amount to slow the dram current rise time. This value
however, will also be a funcl.ion of the required drain current
3. Another increase to get the drain voltage to fall rapidly with a large
current pulse added when the drain gate potential reverses.

While the drain current is increasing, there 1s a slight increase m the gate
capacitance due to the large current density underneath the gate m the Nregion close to the P areas.

4. A continued amount to allow the gate voltage to charge to its final
value.

As the dram voltage begms to fall, its slope depends upon gate to drain
capacitance and not that from gate to source. During this time, all the
gate current is utilized to charge this gate to drain capacitance and no
change in gate voltage is observed. This capacitance initially increases
slightly as the voltage across it drops but then there is a significant Jump in
value when the drain voltage falls lower than the gate. When the polarity
reverses from dram to gate, a surface charge accumulation takes place and
the entire gate structure becomes par1 of the gate to drain capacitance. At
this point the drain voltage fall time slows for the duration of its transition.
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Obviously this might be a little difficult to implement in exact form,
however, it can be approximated by a gate current waveform which,
instead of being constant, has a rise time equal to the desired sum of the
drain current rise time and the voltage fall time, and a peak value high
enough to charge the large effective capacitance which appears during the
switching transition. The peak current requirement can be calculated on
the basis of defining the amount of charge required by the parasitic
capacitance through the switching period.
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The first PWM !C's to include FET compatible output stages were the
J525A, followed by the J526. Both of these designs feature push-pull
outputs, each of which is configured as shown in Figure 7. Again with
source and sink - this time driven by constant current sources - these
devices can provide high FET switching drive with low stand-by current
regardless of the state of the outputs. Frustratingly, these designs also
suffer from some limitations. First, the maximum peak current is
approximately !l amp which is just not adequate for larger geometry
FETs and, secondly, there are delays in turning off the output transistors
which allow a high cross conduction current from Vc to ground as the
conduction of source and sink overlap at each switch transition. Tlus
current spiking is shown in Figure 8 and while its not too much of a
problem at low frequencies, at 200 KHz the internal power dissipat10n of
the IC increases by a factor of 3 - 4.

A linear current ramp will deliver a charge equal to
lp•ton
Q=-2

where we define
ton=td+tn+tlV

The total charge required for switching is

Q = C1ss [Vg (th)+M..) + Crss lVoo-Vg (th)] +Crss'Vg (th)
gM

where Crss' is the gate-drain capacitance after the polarity has
reversed during turn-on and is related to Ciss by the basic geometry
design of the device. A reasonable approximation is that Crss'::::: J .5
Ciss. With this assumption,
2 (C1ss (2.5 Vg (th) +!sl.) + Crss (V00
Ip :::::-t
on
gM

-

Vg (th) ))

As an example, if one were to implement a 40 V, JOA buck regulator
with a UFNJ 50, it would not be unreasonable to extend the total
switching time to 50 nsec to accomodate rectifier recovery time. An
optimim drive current for this applicat10n would then take 50 nsec to
ramp from zero to a peak value calculated from
Ciss = 2000 pF
Crss = 350 pF
Vg(th) = 3 V
JOA
gM = 2 5 V = 4 S

+Ve

ton= 50 nsec
V00 = 40 V
Id= IO A

OUTPUT

INPUT
FROM
PWM GATES

2
-12
JO
-12
as Ip= 50 x 10 _9 [2000 x JO (2.5 x 3 +4) +350 x JO (40 - 3))
:. Ip = J .32 amps peak

FIGURE? ·

ONEOFTWOOUTPUTSTAGESFOUNDINTHE1525Aand
1527A !C's

FIGURE 8 -

CROSS-CONDUCTION CURRENT IN THE 1525A OUTPUT
STAGE

The above has shown that while high peak currents are necessary for
fast power MOSFET switching, controlling the rise time of the gate
current will yield a more well-behaved system with less stress caused
by rectifier recovery times and capaciiance. This type of switching
requirement can be fulfilled with integrated circuit technology and
several !C's have been developed and applied as MOSFET drivers.
FET DRIVER !C'S
In searching for IC' s capable of providing the high peak currents required
by power MOSFETS, one of the first devices which became popular was
DS0026 shown in Figure 6. Wlule tlus IC was onginally designed to be
a dock driver for MOS logic, it was capable of supplying up to J .5 amps
as either a source or sink. In addition, it was made with a gold doped,
all-NPN process which minimizes storage delays and, as a result, offers
transition times of approximately 20 nsec. Its disadvantage is that pull-up
resistors R3 and R4 require excessive supply current when the output is
in the low state.

INTRODUCING THE UCJ706
This brings us to a new IC designed specifically as a power MOSFET
driver compatible with PWM circuits for switching power supplies. As
seen from the block diagram shown in Figure 9, this device 1s an interface
circuit based upon the philosophy that the analog PWM control circuitry
can best be done on a separate chip from the digital output driving stages.
The UCl706 is made with a high-speed, high-voltage Schottky clamped
process and while it isn't as fast as the DS0026, it does have delay times
of only JOOnsec while requiring much less supply current

OUTPUT

FIGURE 6 -

Referring again to Figure 9 it can be seen that the UC 1706 is designed to
provide three basic functions:

A SIMPLIFIED SCHEMATIC OF THE DS0026 DRIVER IC
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UC1706 BLOCK DIAGRAM

FLIP FLOP
ACTIVATE

INVERTING
INPUT
NON-INVERT
INPUT

GROUND
4, 5. 12. 13

ANALOG
STOP (-)

FIGURE 9

· UC1706 BLOCK DIAGRAM.

L The main feature of this chip is a pair of totenrpole output stages,
each designed to provide peak currents of l 5 amp source or slllk,
with a fast tunroff optimized to mirumize cross-conducllon current
2. With an internal fup-flop, the UCl/06 will accept a single-ended
PWM signal and dnve the outputs alternately for push-pull or bndge
apphcallons. This flip-flop can be externally &sabled so both outputs
work ll1 parallel They can then be combmed for 3A peak operation.
Inputs can be of either polarity insuring compatibility with all
available PWM chips, Le. UC1840, UC1842, NE5560, MC30060,
NE556l, etc.
3. Several protection functions associated with output dnve are also
included in the UC! 706. These mclude a latchmg analog comparator
with a l 30mV threshold useful for pulse-by-pulse current limiting, an
inhibit circuit designed for automallc dead-band control when slower
bipolar power transistors are used as the final power switch, and
thermal shutdown for 1f s own protection.

INPUT
FROM
LOGIC
GATES
GROUND
FIGURE 10·

ONE OF lWO OUTPUT CIRCUITS CONTAINED WITHIN
THE UC1706

INSIDE THE UCl706
The schematic of one of the output circmts in the UCI 706 is shown in
Figure 10. While appearing as a fairly conventional totem-pole design,
the subtleties of this circuit are the slowing of the tum-off of Q3 and the
addition of Q4 for rapid tunroff of Q8. The result is shown in F 1gure 11
where it can be seen that while maintaming fast transitions, the crossconduction current spike has been reduced to zero when going low and
only 20nsec with a high transition. This offers negligible increase in
internal circuit dissipation at frequencies m excess of 500Khz.
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The overall transition time through the UC 1706 is shown in Figure 12
with the upper photograph recording the results with a drive to the
inverting input while the lower picture is with the non-inverting input
driven. Note that the only difference in speed between the two inputs is
an additional 20nsec delay in turning off when the non-inverting input is
used (Note- here and in all further discussions, ON or OFF relates to the
driven output power switch, i.e., ON is with the UC! 706 output high and
vice versa The shutdown, blanking, and protective functions all force the
UC! 706 output low when active).
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CROSS CONDUCTION CURRENT INTHE UC17060UTPUT
STAGE

FIGURE 13·

Note that the rise and fall times of the output wavefonn average 20nsec
with no load, 40nsec with I OOOpF, and 60nsec when the capacitive load
is 2200 pF.

PEAK OUTPUT CURRENT WITH BOTH OUTPUTS OF THE
UC1706 CONNECTED IN PARALLEL CL~ 0.1 µF

The input logic circuitry of the UCl706 is shown in Figure 14. Since it is
driven from an internally regulated 5 volt supply, TIL compatibility is
assured with the driving signal only required to sink less than 1.0 mA.
Input Zener clamps are included so that higher driving voltages may be
used as long as the current is limited to less than IO mA. While external
pul~ up resistors may speed- up the drive signal, they are not required

REGULATED 5V

INVERTING
INPUT

TO OUTPUT
STAGE
F/F TRIGGER
LATCH RESET

FIGURE 14·

FIGURE 12·

SWITCHING RESPONSE WITH OUTPUT CAPACITANCE OF
O, 1000, AND 2200 PF.

The peak output current of each output either source or sink, is l .5A but
with the flip/flop externally disabled, the outputs may be paralled for peak
currents of 3 amps as shown in Figure 13. Saturation voltage is high at
this level but falls to under 2V at 500 mA per output

The logic configuration is such to favor an output low. To get the output
high requires both a low Inverting input and a high N .I. input An output
low is achieved with either a high Inv. input or a low N.I. input To put
it another way: if the Inv. input is used, the N.I. input must be high or
open. Using the N.I. input requires that the Inv. input be held low.
Obviously, one input could be used to override the other to force a
shutdown
Note that the output from the logic gate perfonns three functions when
going high: it blanks both output stages to OFF, changes the state of the
flip-flop, and resets the internal shutdown latch. These last two functions
require at least 200nsec which means the input signal must have an off-.
time of at least that duration. By triggering the flip-flop from the same
signal that drives the outputs, double-pulsing is prevented. When one
output turns off, only the other one can tum on next regardless of the
intervening time.

It should be noted that while optimized for FET drive, the UC! 706 is
equally at home when driving bipolar NPN transistors. The saturation
voltage in the low state, after the tum-off transient is less than 0.4 volt at
currents to 50mA.
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SUPPLYING POWER TO THE UCJ706
From the block diagram of Figure 9, note that the UC! 706 has two
supply terminals: Vin on pin 14 and Ve on pin 8. These pins can be
dnven from the same or different voltages and either can range from 5 to
40 volts. Vin dnves both the input logic and the current sources prov1dmg

Pnrhary DC~----------~

Input V

R1n

the pull-up for the outputs. Thus Vin also can be used to acuvate the
outputs and no current is drawn from Ve when Vin is low. Thus the
UC! 706 interfaces conveniently with the UC!840 Off-Line PWM

Np

+

Ql
2N2907

C1n

Vin

Controller where low-current start-up is deSlfed Figure 15 shows this
application where Vin is powered from the Dnve Bias switch in the
UC!840 In this way, the UC!706 draws no supply current wlule C2
mitally charges through R3. R3 only has to provide 5 .5 mA for the
UC 1840 plus the start threshold divider of RI and R2. When there 1s

EToOutput

I

Aux
Power

Ve

Ao

04
Bo

adequate charge in-C2, the start command from the UC1840 acllvates the
UC! 706 which, in turn, dnves QI bnnging up sustaming low-voltage
power from N2 of the power transformer.

UC1706

FIGURE 16-

TRANSISTORS 01 - 03 FORM A HYSTERESIS SWITCH TO
ENERGIZE THE UC1706 WHEN THE VOLTAGE ON CIN
HAS CHARGED TO 1 SV. ISOLATED PWM DRIVE CAN BE
WITH EITHER AN OPTICAL COUPLER AS SHOWN OR
WITH A SMALL TRANSFORMER

DIRECT COUPLED MOSFET DRIVE

FIGURE 15·

POWERING THE UC1706 FROM THE UC1840 PWM
CONTROLLER

In apphcat1ons where the PWM control 1s desired to be referenced to the

The circuit of Figure 17 shows the simplest mterface to a power
MOSFET - m tlus case the UFN 150, a large geometry IOOV, 40A
device with a gate capacity of typically 2000 pF. Only one output of the
UC! 706 was used for tlus demonstration and the load was the buck
regulator circuit descnbed earlier. As mc:hcated by the use of a sense
resistor in the source line, tlus circmt was also used to evaluate the
capability of the latched shutdown comparator as a current limiter.

load or secondary side of the 1solallon transformer, the UC! 706 can st.Ill
be operated on the pnmary side for direct coupling to the power switch.
With this topology, a secondary referenced auxilhary power source 1s
necessary to operate the control circmtry whose output pulses can be

2 50

either transformer or opt1cally coupled to the mput to the UC 1706 on the
pnmary side Smee only gate capacitance charging current 1s required
from the source, at lower frequencies 1t is feasable to supply all the drive
power duectly from the line via Rin and Cin as shown in Figure 16.

PULSE
INPUT

---L=:.....r-,

In tlus configurallon, it's sllll helpful to use a threshold switch with
hysteresis to apply power to the UC 1706 so that there is no posS1b1hty of
turning on the power switch until the input voltage 1s adequate
Ql-Q3 implement a discrete vemon of such a switch.

FIGURE 17 • DIRECT FET DRIVE WITH THE UC1706 WITH CURRENT
SENSING IN THE SOURCE LEAD.
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While directly connecting the FET gate to the output of the UC I 706 is
both simple and fast, it must be done with care as any wiring inductance
can cause severe ringing wluch could take the gate voltage past its
allowable limits. Usually, it merely requires some senes resistance in the
gate circuit to damp this ringing. but this is at the expense of sw1tchmg
speed as the gate resistance reacts with the mput capacitance. Another
justification of gate resistance is to slow switclung to accommodate output
rectifier recovery time as mentioned earlier m this paper.
For this example, however, maximum speed was desired and considerable
care was taken to minimize lead inductance with the results as shown in
Figure 18 and with an expanded time base for tum-on, in Figure 19.
These photos show the requirements of this FET for one amp peak gate
current at tum-on and tum-off with the hesitation in gate voltage rise tune
at threshold as the falling dram voltage robs gate current through the gatedrain capacitance. The drain current spike at turn-on is due to the recovery
of the freewheeling diode in the output load.

FIGURE 19-

DIRECT DRIVE TURN·ON WITH EXPANDED TIME SCALE

For this example, a 0.1 ohm noI>-inductive resistor was used as a current
sensor with a I 00 ohm potentiometer used to adjust the current threshold
to 2 amps. The multiple exposure print of Figure 20 shows the effect of
increasing load current At 2 amps, the comparator begins to reduce the
pulse width. As current increases, the comparator is overdriven and its
response time quickens to approximately 200nsec plus the tum-off time of
the power switch. Beyond this point, one must rely on circuit inductance or
go to more elaborate means to clamp the current

FIGURE 18-

DIRECT COUPLED POWER MOS FET DRIVE

In order to evaluate the threshold of the shutdown comparator, the buck
regulator crrcuit load on the drain was replaced with a wire wound resistor
whose inductance provided a slower tum-on of drain current Since it is a
latching circuit, this comparator is another area where considerable care
must be taken to eliminate the possibility of noise triggering. These
problems are eased somewhat since the inputs are differential with a large
common-mode range capability and the threshold of 130 mV is built in.
However, these inputs should still be connected to the current sensor as a
closely coupled, and perhaps even shielded pair.
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The resultant waveforms through this circmt are shown m Figure 22.
Note that when switching is complete,the gate circuit goes to a high
impedance and the transformer leakage inductance causes a slight voltage
over-shoot at both the gate and at the output of the UC! 706. Otherwise,
these waveforms should be self-explanatory.

The smgle-ended transformer-coupled drive circuit shown in Figure 21 is
often useful for either 1solat1on or to optimally match the voltage and
current between the dnvmg source and the gate. In this case, outputs A
and B were paralleled merely to get close to I 00% modulation - the full
output current capability was not required as the transformer provided
add111onal current gain Smee this 1s a unipolar drive, capacitor CI is used
to block the DC voltage and provide adequate volt-seconds for core reset
C2 and the zener diode provide DC restoration and clamp the gate to only
one diode drop negative. The IOV pos11Ive clamp of the zener also
protects the gate from any transient overshoot
Ve= 20V

+

I

UC1706

!OOµF

Ve

01

UFNJ50

Z1

IOV

18Jl-L00-3C8
FIGURE 21 · BOTH UC1706 OUTPUTS ARE COMBINED FOR A SINGLE·
ENDED TRANSFORMER·COUPLED DRIVE.

The critena for the transformer design was the arbitrary specification to
keep the magnetization current to less than 50 mA to keep the steady-state
power consumpt10n low. Magnetizat10n current may be made lower with
more transformer turns which yields lugher leakage mductance and slower
response. In this circmt, with f = I 00 kHz, T = I 0 µ sec, and Vin = 20V,
Lm

=

Vin·r = 20 x 10 x IO -6 _ 2 mH
2 Im
2 x 50 x 10 -3

and smce L =At N2 x 10-6 mH, for a 1811P-L00-3C8 core

(W06

Np ~y--;,:-;---L- ~ 20 turns

and Ns was made equal to 10 turns for a IOV output
With tlus design, the energy stored in the core 1s
E = Yi Lm Im2 = .05 µJ
FIGURE 22 · SINGLE ENDED TRANSFORMER COUPLED PERFORMANCE

wluch 1s considerably below the satural!on level of

E

B2 Ae le x IO -8
2 µe

2000 2 x .43 x 2.58 x I0- 8
2xl930

~

1 1. 4 1

µ

The couphng capacitor value was defined by setting a requirement that 11
charge to no more than IO% of V m with each pulse.

-3
-6
Ci ~ ~ ~ 50 x IO
x IO x IO
0.1 Vin
0.1 x 20

. 25 µF
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PUSH-PULL TRANSFORMER COUPLING
The totem-pole outputs of the UC! 706 can easily be interfaced for
balanced transformer drive as shown in Figure 23. A and B outputs are
alternating now as the internal flip-flop is active and the output frequency
is halved Note that when one UC! 706 output goes high, the other is
held low and both are low during the dead time between output pulses.
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UC1706

D;z

1811P-L00-3C8

1N5819

FIGURE 23 • BALANCED PUSH·PULL TRANSFORMER COUPLING

For this circuit, the same transformer as in the previous example was used
except that now there are two identical secondary windings. With
balanced operation, no coupling capacitor is necessary as there is no net
DC current through the primary.
One precaution which must be taken however, is that transformer leakage
mductance may force the output of the UC! 706 negative when 1t turns
off. If both the frequency and current are low, the output diodes in the
UC 1706 may suffice for clamping. Otherwise, external diodes as shown
in Figure 23 should be added. An added complicallon of transformer
leakage inductance is the requirement for snubbing circuits to keep the gate
voltage ringing under control
Again, waveforms at all significant points within tlus mcuit are shown
Figure 24.

111

A SQUARE WAVE INVERTER EXAMPLE
FIGURE 24 . BALANCED PUSH-PULL TRANSFORMER COUPLING
PERFORMANCE.

To illustrate the usage of the UC! 706 as a bipolar transistor switch dnver,
a simple square wave generator 1s shown in Figure 25, with the operating

Ve= 1 5 V - - - - - - - - - - - - - - .
Vs= 5V

100
IN914

+V1N
555

Aour 1-..,.VVY-<l>--I
UC1706

TIMER

001

+Ve
B1NHIB

REF

NI

200KHz

INPUT
INV
INPUT
F/F GND

GROUND
FIGURE 25 • A SQUARE WAVE INVERTER CIRCUIT USING THE UC1706 TO DRIVE
BIPOLAR TRANSISTOR SWITCHES.
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The higl>-current output from the UC! 706 1s utilized with .047 mfd speedup capacitors to provide one amp of peak tum on current, I 00 mA of
drive, and I.SA turn-off, thus reducing the typical 2 micro-second tum-off
time of the TIP-31 to approxunately 400nsec. Since this 1s still longer
then the blanking pulse, conduction overlap would take place were it not
for the use of the inh1b1t c1rcu1t of the UC I 706 winch 1s connected to the
outputs through the 1N914 diodes. This circuit insures that regardless of
the mput, side A will not tum on until the diode connected to side B's
collector rises above the reference established by the 3K/2K divider.
Wl!)'efonn photos of this inlub1t acbon are shown in Figure 27. There 1s
now a dead bme resulting from the mlub1t delay m the UC! 706 plus the
turn-on delay of the TIP-31 which can be used to advantage to allow time
for the output rectifiers to recover.

circuit wavefonns p1tured in Figure 26. This application demonstrates the
advantages m usmg the UC! 706 to efficiently drive relatively slow
transistors in higl>-speed applications.

FIGURE 28·

BIPOLAR SQUARE WAVE GENERATOR WAVEFORMS

This circuit starts with a 555 timer oscillating at 200 kHz to establish the
operating frequency of the inverter at I 00 kHz.
Its output triggers the 74121 one-shot which provides an input pulse to the
UC 1706. This signal is actually the off-time or blanking pulse to the
outputs. For an ideal push-pull square wave generator, its pulse width
should be zero. If the storage time of the power switches were a known
constant, then this pulse width could be adjusted such that one switch
turns on just as the other comes out of saturatiO!L Since this is not very
realistic and since the UC! 706 needs 200nsec to switch from one output
to the other, thaf s the pulse width set by the one-shot
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FIGURE 27·

SQUARE WAVE GENERATOR OUTPUT WITH INHIBIT ·
CONTROLLED DEADBAND
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SUMMARY
This paper has attempted to present an WJderstandmg of the dynamics of
high-speed power MOSFET switching to aid in defining optimwn gate
dnve signals to meet specific applications. The need for high peak gate
currents with controlled nse tunes has led to the development of several
mtegrated circuits rumed toward these goals. The most recent of these, the
UCI 706, provides high-speed response, three amps of peak curren~ and
the ease of implementing either direct or transformer drive to a broad range
of MOS FET devices. With this new device one more specialized
fWJction has been developed to further aid the power supply designer
simplify lus tasks.
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UC3842 PROVIDES LOW-COST
CURRENT-MODE CONTROL
The fundamental challenge of power supply design is to
simultaneously realize two conflicting objectives: good
electrical performance and low cost. The UC3842 is an
integrated pulse width modulator (PWM) designed with
both these objectives in mind. This IC provides designers
an inexpensive controller with which they can obtain all the
performance advantages of current-mode operation. In
addition, the UC3842 is optimized for efficient power
sequencing of off-line converters and for driving increasingly popular power MOSFETs.

Several performance advantages result from the use of
current-mode control. First, an input voltage feed-forward
characteristic is achieved; i.e., the control circuit instantaneously corrects for input voltage variations without
using up any of the error amplifier's dynamic range. Therefore, line regulation is excellent and the error amplifier can
be dedicated to correcting for load variations exclusively.
For converters in which inductor current is continuous,
controlling peak current is nearly equivalent to controlling
average current. Therefore, when such converters employ
current-mode control, the inductor can be treated as an
error-voltage-controlled-current-source for the purposes
of small-signal analysis. This is illustrated by Figure 2. The

This application note gives a functional description of the
UC3842 and suggests how to incorporate the IC into practical power supplies. A review of current-mode control and
its benefits is included and methods of avoiding common
pitfalls discussed. The final section presents designs of two
power supplies utilizing UC3842 control.

CURRENT-MODE CONTROL

CLOCK
VEAROR

VsENSE

E/A

~------------+----<

iVouT

I
FIGURE 2 INDUCTOR LOOKS LIKE A CURRENT SOURCE
TO SMALL SIGNALS

two-pole control-to-output frequency response of these
converters is reduced to a single-pole (filter capacitor in
parallel with load) response. One result is that the error
amplifier compensation can be designed to yield a stable
closed-loop converter response with greater gainbandwidth than would be possible with pulse-width control,
giving the supply improved small-signal dynamic response
to changing loads. A second result is thatthe error amplifier
compensation circuit becomes simpler and better
behaved, as illustrated in Figure 3. Capacitor C, and resistor
R,. in Figure 3a add a low frequency zero which cancels
one of the two control-to-output poles of non-current-mode
converters. For large-signal load changes, in which converter response is limited by inductor slew rate, the error
amplifier will saturate while the inductor 1s catching up with
the load. During this time, C, will charge to an abnormal
level. When the inductor current reaches its required level,
the voltage on C, causes a corresponding error in supply
output voltage. The recovery time is R,zC,, which may be

I I I

J1J1]'[
n W n LJn L

LATCH
OUTPUT _J

FIGURE 1 TWO-LOOP CURRENT-MODE CONTROL SYSTEM
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VOLTAGE
CONTROLLED
CURRRENT
SOURCE

Ve

Figure 1 shows the two-loop current-mode control system
in a typical buck regulator application. A clock signal
initiates power pulses at a fixed frequency. The termination
of each pulse occurs when an analog of the inductor
current reaches a threshold established by the error signal.
In this way the error signal actually controls peak inductor
current. This contrasts with conventional schemes in
which the error signal directly controls pulse width without
regard to inductor current.
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Finally, current-mode controlled power stages can be operated in parallel with equal current sharing. This opens the
possibility of a modular approach to power supply design.

milliseconds. However, the compensation network of Figure 3b can be used where current-mode control has eliminated the inductor pole. Large-signal dynamic response is
then greatly improved due to the absence of C,.

FUNCTIONAL DESCRIPTION
A block diagram of the UC3842 appears in Figure 4. This IC
will operate from a low impedance DC source of 1OV to
30V. Operation between 1OV and 16V requires a start-up
bootstrap to a voltage greater than 16V in order to overcome the under-voltage lockout. Vee is internally clamped
to 34V for operation from higher voltage current-limited
sources (Ice ::S: 30mA).

Cr

>-__.,--Ve

Under-Voltage Lockout (UVLO)
This circuit insures that Vcc is adequate to make the
UC3842 fully operational before enabling the output stage.
Figure 5a shows that the UVLO turn-on and turn-off thresholds are fixed internally at 16V and 1OV respectively.* The
6V hysteresis prevents Vcc oscillations during power
sequencing. Figure 5b shows supply current requirements.
Start-up current is less than 1mA for efficient bootstrapping
from the rectified input of an off-line converter, as illustrated
by Figure 6. During normal circuit operation, Vee is developed from auxiliary winding WAux with D1 and C1N. At
start-up, however, C1N must be charged to 16V through R1N.
With a start-up current of 1mA, R1N can be as large as
1OOkn and still charge C1N when VAc= 90V RMS (low line).
Power dissipation in R1N would then be less than 350mW
even under high line (VAc = 130V RMS) conditions.

Rr

Rt

FIGURE 3 REQUIRED ERROR AMPLIFIER COMPENSATION FOR
CONTINUOUS INDUCTOR CURRENT DESIGNS USING
(a) DUTY CYCLE CONTROL AND
(b) CURRENT-MODE CONTROL

Current limiting is simplified with current-mode control.
Pulse-by-pulse limiting is, of course, inherent in the control
scheme. Furthermore, an upper limit on the peak current
can be established by simply clamping the error voltage.
Accurate current limiting allows optimization of magnetic
and power semiconductor elements while ensuring reliable supply operation.

During UVLO, the UC3842 output driver is biased to a high
impedance state. However, leakage currents (up to 1OµA),
if not shunted to ground, could pull high the gate of a
MOSFET. A 1OOkn shunt, as shown in Figure 6, will hold the
gate voltage below 1V.

Vee

VAEF

50V
50mA

INTERNAL

BIAS

PWM

LATCH

CURRENT
SENSE

FIGURE 4 UC3842 BLOCK DIAGRAM

*For operation from a low voltage input, the UC3843 1s available This IC has

a

UVLO thresholds of 1 8V and 7 9V, and 1s otherwise 1dent1cal to UC3842
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Vee

U-100

ON/OFF COMMAND
TO REST OF IC

FIGURE 5 (a) UNDER-VOLTAGE LOCKOUT AND (b) SUPPLY CURRENT REQUIREMENTS

[

01

Vee
UC3842
OUTI----+~

GND

lOOK

FIGURE 6 PROVIDING POWER TO THE UC3842

Oscillator
The UC3842 oscillator is programmed as shown in Figure
7a. Oscillator timing capacitor CT is charged from VRE.F (5V)
through RT, and discharged by an internal current source.
Charge and discharge times are given by·

During the discharge time, the internal clock signal blanks
the output to the low state. Therefore, td limits maximum
duty cycle (DMAX) to:

tc - =
DMAX= - -

le= 0.55 RrG

t = R ,..._
d
Tvr

tc+\ci

p ( .0063 RT - 2.7 )
n .0063 RT - 4.0

The timing capacitor discharge current is not tightly controlled, so Id may vary somewhat over temperature and
from unit to unit. Therefore, when very precise duty cycle
limiting 1s required, the circuit of Figure 7b is recommended.

f=

One or more UC3842 oscillators can be synchronized
to an external clock as shown in Figure 8. Noise immunity
is enhanced if the free-running oscillator frequency
(f = 1 /(le+ Id)) is programmed to be ~20% less than the
the clock frequency.

For Rr > 5kn, td is small compared to le, and·

0.55 RTG

=

T

wher9' r= 1 /f = switching period.

Frequency, then, is·

f=

-~

1.8

RrG.
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Vee

Vee
----~,__

4
RESET

_ _,___---tVREF

8

4 7K

UC3842

Vee
OUT
DISCH

GND

7555
TRIG
CNTL

Re
DMAX = tL/(tH + tL)

THRESH
GND

tH=0693(RA+Re)C

c

01

tL = 0 693 RsC

FIGURE 7 (a) OSCILLATOR TIMING CONNECTIONS AND (b) CIRCUIT FOR LIMITING DUTY CYCLE

Continuous-inductor-current boost and flyback converters
each have a right-half-plane zero in their transfer function.
An additional compensation pole is needed to roll off loop
gain at a frequency less than that of the RHP zero. Rp and
Cp in the circuit of Figure 1Ob provide this pole.
The E/A output will source 0.5mA and sink 2mA. A lower
limit for Rt is given by·

Vee

Vee
VREF

UC3842

EXTERNAL
CLOCK

R11MIN)=

01

.Jlilf>------i~ r-----.

VE/A

IMAX> - 2.5V
0.5mA

OUT

6V - 2.5V = ?ko.
0.5mA

GND

E/A input bias current (2µA max) flows through R,, resulting
in a DC error in output voltage (Vo) given by:
ll.Vo1MAX> = (2µA) R,.

FIGURE 8 SYNCHRONIZATION TO AN EXTERNAL CLOCK

It is therefore desirable to keep the value of R, as low as
possible.

Error Amplifier

Figure 11 shows the open-loop frequency response of the
UC3842 E/A The gain represents an upper limit on the
gain of the compensated E/A. Phase lag increases rapidly
as frequency exceeds 1MHz due to second-order poles at
~1 OM Hz and above.

The error amplifier (E/A) configuration is shown in Figure 9.
The non-inverting input is not brought out to a pin, but is
internally biased to 2.5V ± 2% The E/A output is available
at pin 1 for external compensation, allowing the user to
control the converter's closed-loop frequency response.
Figure 1Oa shows an E/A compensation circuit suitable for
stabilizing any current-mode controlled topology except for
flyback and boost converters operating with continuous
inductor current. The feedback components add a pole to
the loop transfer function at fp = 1/2TT RtCt. Rt and Ct are
chosen so that this pole cancels the zero of the output filter
capacitor ESR in the power circuit. R, and R1 fix the lowfrequency gain. They are chosen to provide as much gain
as possible while still allowing the pole formed by the output
filter capacitor and load to roll off the loop gain to unity (OdB)
at f = fswitchmg/ 4. This technique insures converter stability
while providing good dynamic response.
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Current Sensing and Limiting
The UC3842 current sense input is configured as shown in
Figure 12. Current-to-voltage conversion is done externally
with ground-referenced resistor Rs. Under normal operation the peak voltage across Rs is controlled by the E/ A
according to the following relation:
Vc-1.4V
3
where: vc =control voltage= E/A output voltage.
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FIGURE 9 UC3842 ERROR AMPLIFIER

R,

f----t----+--'-.....,,,..c----lo=:----1---c--I

2olt--

40

0crt-10

100

v,

1K

10K

FREQUENCY -

100K

1M

-90

"~

-135

~

iii

10M

(Hz)

R,

FIGURE 11 ERROR AMPLIFIER OPEN-LOOP FREQUENCY RESPONSE

ERROR
AMP

2R

R

FIGURE 10 (a) ERROR AMPLIFIER COMPENSATION
ADDITIONAL POLE (b) NEEDED FOR
CONTINUOUS-INDUCTOR-CURRENT
BOOST AND FLYBACK TOPOLOGIES

IV

CURRENT
SENSE
COMPARATOR

R

FIGURE 12 CURRENT SENSING
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Totem-Pole Output

Rs can be connected to the power circuit directly or
through a current transformer, as Figure 13 illustrates.
While a direct connection is simpler, a transformer can
reduce power dissipation in Rs, reduce errors caused by
the base current, and provide level shifting to eliminate the
restraint of ground-referenced sensing. The relation
between Ve and peak current in the power stage is given by:
.
l1pk1

=N

(

-VRslpkl)
--Rs

= -N3Rs

(

Ve -

The UC3842 has a single totem-pole output. The output
transistors can be operated to ±1 A peak current and
±200mA average current. The peak current is self-lim1t1ng,
so no series current-limiting resistor is needed when driving a MOSFET gate. Cross-conduction between the output
transistors is minimal, as Figure 14 shows. The average
added power due to cross-conduction with V1N = 30V is
only 80mW at 200kHz.

1.4V)

where: N = current sense transfomer turns ratio
= 1 when transformer not used.
For purposes of small-signal analysis, the control-tosensed-current gain is:
~
Ve

..

N
3Rs

When sensing current 1n senes with the power transistor, as
shown in Figure 13, the current waveform will often have a
large spike at its leading edge. This is due to rectifier
recovery and/or inter-winding capacitance in the power
transformer. If unattenuated, this transient can prematurely
terminate the output pulse. As shown, a simple RC filter is
usually adequate to suppress this spike. The RC time constant should be approximately equal to the current spike
duration (usually a few hundred nanoseconds).

II

Figures 15-17 show suggested circuits for driving
MOSFETs and bipolar transistors with the UC3842 output.
The simple circuit of Figure 15 can be used when the
control IC is not electrically isolated from the MOSFET.
Series resistor R1 provides damping for a parasitic tank
circuit formed by the MOSFET input capacitance and any
series wiring inductance. Resistor R2 shunts output leakage currents (1 OµA maximum) to ground when the undervoltage lockout is active. Figure 16 shows an isolated
MOSFET drive circuit which is appropriate when the drive
signal must be level-shifted or transmitted across an isolation boundary. Bipolar transistors can be driven effectively
with the circuit of Figure 17. Resistors R1 and R2 fix the
on-state base current. Capacitor C1 provides a negative
base current pulse to remove stored charge at turn-off.

Rs

h JL
· 11

I

~

UC3846

Rs

Since the UC3842 has only a single output, an interface
circuit is needed in order to control push-pull or full bridge
topologies. The UC3706 Dual Output Driver performs this
function. A circuit example at the end of this paper illustrates a typical application for these two ICs. For more
information on the UC3706, consult Reference 3.

FIGURE 13 TRANSFORMER-COUPLED
CURRENT SENSING
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l'

FIGURE 14 OUTPUT CROSS-CONDUCTION

N · 1V

1N4148

Jj

200ns/d1v

The inverting input to the UC3842 current-sense comparator is internally clamped to 1V (Figure 12). Current limiting
occurs if the voltage at pin 3 reaches this threshold value,
i.e. the current limit is defined by:

1N

'I

lilll
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12 to 20V

Shutdown of the UC3842 can be accomplished by two
methods; either raise pin 3 above 1V or pull pin 1 below 1V.
Either method causes the output of the PWM comparator to
be high (refer to block diagram, Figure 4) The PWM latch is
reset dominant so that the output will remain low until the
first clock pulse following removal of the shutdown signal at
pin 1 or pin 3 As shown in Figure 18, an externally latched
shutdown can be accomplished by adding an SCR which
will be reset by cycling Vee below the lower under-voltage
lockout threshold (1 OV) At this point all internal bias is
removed, allowing the SCR to reset.

Vee

1 to 50

UC3842

OUT

6

!OOK

GNO

FIGURE 15 DIRECT MOSFET DRIVE

18 to 30V

4 7K

J

FERROXCUBE
1811
L00-3C8

Ve~

lK

TO CURRENT
SENSE RESISTOR

15V

FIGURE 16 ISOLATED MOSFET DRIVE

12 to 30V

c,

Vee

UC3842

UC3842

OUT

FIGURE 18 SHUTDOWN ACHIEVED BY
(a) PULLING PIN 3 HIGH OR
(b) PULLING PIN 1 LOW

GND

AVOIDING COMMON PITFALLS
Current-mode controlled converters can exhibit performance peculiarities under certain operating conditions.
This section explains these situations and how to correct
them when using the UC3842

FIGURE 17 BIPOLAR DRIVE WITH NEGATIVE
TURN-OFF BIAS

PWM Latch
Slope Compensation Prevents Instabilities

This flip-flop, shown in Figure 4, ensures that only a single
pulse appears at the UC3842 output in any one oscillator
period. Excessive power transistor dissipation and potential saturation of magnetic elements are thereby averted.
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It is well documented that current-mode controlled converters can exhibit subharmonic oscillations when operated at
duty cycles greater than 50% (References 4, 5 and 6).

284

PAINTED IN U SA.

APPLICATION NOTE

U-100

Fortunately, a simple technique (usually requiring only a
single resistor to implement) exists which corrects this
problem and at the same time improves converter performance in other respects. This "slope compensation" technique is described in detail in Reference 6. It should be
noted that "duty cycle" here refers to output pulse width
divided by oscillator period, even in push-pull designs
where the transformer period is twice that of the oscillator.
Therefore, push-pull circuits will almost always require
slope compensation to prevent subharmonic oscillation.

......
'INDUCTOR
CURRENT
--

CURRENT)

Figure 19 illustrates the slope compensation technique. In
Figure 19a the uncompensated control voltage and current
sense waveforms are shown as a reference. Current is
often sensed in series with the switching transistor for
buck-derived topologies. In this case, the current sense
signal does not track the decaying inductor current when
the transistor is off, so dashed lines indicate this inductor
current. The negative inductor current slope is fixed by the
values of output voltage (Vo) and inductance (L)·

~
dt

-VF -Vo
L

'::!.!___
L

CURRENT SENSE
(TRANSISTOR
CURRENT)

-(VF +Vo)
L

where: VF= forward voltage drop across the freewheeling
diode. The actual slope (m2) of the dashed lines in Figure
19a is given by·

I

_..,;i

-Rs(VF +Vo)
NL

dil
dt

In Figure 19b, a sawtooth voltage with slope m has been
added to the control signal. The sawtooth is synchronized
with the PWM clock, and in practice is most easily derived
from the control chip oscillator as shown in Figure 20a. The
sawtooth slope in Figure 19b is m = m2/ 2. This particular
slope value is significant in that it yields "perfect" currentmode control; i.e. with m2/2 the average inductor current
follows the control signal so that, in the small-signal analysis, the inductor acts as a controlled current source. All
current-mode controlled converters having continuous
inductor current therefore benefit from this amount of slope
compensation, whether or not they operate above 50%
duty.

<-

CURRENT
SENSE

!

L. ______ J

1

TRANSISTOR

~CURRENT

Slope compensation can also improve the noise immunity
of a current-mode controlled supply. When the inductor
ripple current is small compared to the average current (as
in Figure 19a), a small amount of noise on the current
sense or control signals can cause a large pulse-width
jitter. The magnitude of this jitter varies inversely with the
difference in slope of the two signals. By adding slope as in
Figure 19b, the jitter is reduced. In noisy environments it is
sometimes necessary to add slope m > m2 in order to
correct this problem. However, as m increases beyond
m = m£/2, the circuit becomes less perfectly current controlled. A complex trade-off is then required; for very noisy
circuits the optimum amount of slope compensation is best
found empirically.

More slope is needed to prevent subharmonic oscillations
at high duty cycles. With slope m = m2, such oscillations will
not occur if the error amplifier gain (Av IE/Al) at half the
switching frequency (f./2) is kept below a threshold value
(Reference 6):

I m = m2

-'1'

FIGURE 19 SLOPE COMPENSATION WAVEFORMS
(a) NO COMP
(b) COMP ADDED TO CONTROL VOLTAGE
(c) COMP ADDED TO CURRENT SENSE

where: Rs and N are defined as in the "Current Sensing"
section of this paper.

Av1e;A1

frUR~~Es~M,~NSE

7T2Co

4- r

f = fs/2
where: Co =sum of filter and load capacitances.
T

= 1 Ifs.
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Once the required slope is determined, the value of RsLoPE
in Figure 20a can be calculated:

3m

A

=

•

3mr
1.4

RsLoPE

0.7V ( RsLOPE )
~
Z~1.

VIE/Al=

(Z~1.)= 2.1 • m ·

1.4 { RsLoPE \
T \ Z~1.

J

=

r · z~ ••

••

where: z~ is the E/A feedback impedance at the switching frequency.
Form= mL:

~TRAMP

RSLoPE = 1.7 T

(

Rs(V~: Vo)

) z~

••.

S

VREF

RT

Rr/Cr

ICT
RsLoPe

Your

Z1N

Ve
E/A

/
2R

2 50V

I

COMP

UC3842

,--------!

VREF

RT

, - - - - - - - - 1 - - - - - - - I Rr/Cr

FROM E/A

RseNSE

I

CT

COMP

UC3842

Rs

FIGURE 20. SLOPE COMPENSATION ADDED (a.) TO CONTROL SIGNAL OR (b) TO CURRENT-SENSE WAVEFORM
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Note that in order for the error amplifier to accurately replicate the ramp, b must be constant over the frequency
range fs to at least 3f•.

As mentioned earlier, noise on the current sense or control
signals can cause significant pulse-width jitter, particularly
with continuous-inductor-current designs. While slope
compensation helps alleviate this problem, a better solution
is to minimize the amount of noise. In general, noise immunity improves as impedances decrease at critical points in
a circuit.

In order to eliminate this last constraint, an alternative
method of slope compensation is shown in Figures 19c
and 20b. Here the artificial slope is added to the current
sense waveform rather than subtracted from the control
signal. The magnitude of the added slope still relates to the
downslope of inductor current as described above. The
requirement for RaoPE is now:
m=

t::..VRAMP (
Rt
!:.. tRAMP
Rt + RsLoPE

RaoPE

=

RsLoPE

~
mT

- Rt= Rt

One such point for a switching supply is the ground line.
Small wiring inductances between various ground points
on a PC board can support common-mode noise with
sufficient amplitude to interfere with correct operation of the
modulating IC. A copper ground plane and separate return
lines for high-current paths greatly reduce common-mode
noise. Note that the UC3842 has a single ground pin High
sink currents in the output therefore cannot be returned
separately. If this causes erratic operation, then use the
output to drive the high impedance input of a UC3706.

Rt
)
Rt+ RsLoPE

(~
mT

-1)

Ceramic bypass capacitors (.1µF) from Vee and VREF to
ground will provide low-impedance paths for high frequency transients at those points. The input to the error
amplifier, however, is a high-impedance point which cannot
be bypassed without affecting the dynamic response of the
power supply. Therefore, care should be taken to lay out
the board in such a way that the feedback path is far
removed from noise generating components such as the
power transistor(s).

1.4NL
)
( - - - - - -1
Rs(VF +Vo) T

= Rt

RsLoPE loads the UC3842 RT/CT terminal so as to cause a
decrease in oscillator frequency. If RsLoPE >>RT then the
frequency can be corrected by decreasing RT slightly.
However, with RaoPE ::; 5RT the linearity of the ramp
degrades noticeably, causing over-compensation of the
supply at low duty cycles. This can be avoided by driving
RsLoPE with an emitter-follower as shown in Figure 21.

Figure 22a illustrates another common noise-induced
problem. When the power transistor turns off, a noise spike
is coupled to the oscillator RT/CT terminal. At high duty
cycles the voltage at RTICT is approaching its threshold
level (~2.7V, established by the internal oscillator circuit)
when this spike occurs. A spike of sufficient amplitude will
prematurely trip the oscillator as shown by the dashed
lines. In order to minimize the noise spike, choose CT as
large as possible, remembering that deadtime increases
with CT. It is recommended that CT never be less than
~1 OOOpF. Often the noise which causes this problem is
caused by the output (pin 6) being pulled below ground at
turn-off by external parasitics. This is particularly true when
driving MOSFETs. A diode clamp from ground to pin 6 will
prevent such output noise from feeding to the oscillator. If
these measures fail to correct the problem, the oscillator
frequency can always be stabilized with an external clock.
Using the circuit of Figure 8 results in an RT/CT waveform
like that of Figure 22b. Here the oscillator is much more
immune to noise because the ramp voltage never closely
approaches the internal threshold.

~-----.-----! VREF

2N2222

RsLOPE

2 or 3
UC3842

FIGURE 21

EMITTER-FOLLOWER MINIMIZES
LOAD AT Rr/Cr TERMINAL
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\

Vp1N 4------+.

\

'v/
'

NOISE INDUCED
OSCILLATOR PRUIRING

J

I

I

FIGURE 22 (a) NOISE ON PIN 4 CAN CAUSE OSCILLATOR TO PRE-TRIGGER
(b) WITH EXTERNAL SYNC, NOISE DOES NOT APPROACH THRESHOLD LEVEL

Maximum Operating Frequency

maximum current sense delay of 400ns represents 10% of
the sw1tch1ng period at 250kHz and 20% at 500kHz. Magnetic components must not saturate as the current continues to rise during this delay period, and power
semiconductors must be chosen to handle the resulting
peak currents. In short, above ~250kHz, many of the advantages of higher-frequency operation are lost.

Since output deadtime vanes directly with CT, the restraint
on minimum CT (1 OOOpF) mentioned above results in a
minimum deadt1me capability for the UC3842. This minimum deadtime varies with RT and therefore with frequency, as shown in Figure 23. Above 1OOkHz, the
deadtime significantly reduces the maximum duty cycle
obtainable at the UC3842 output (also shown in Figure 23)
Circuits not requiring large duty cycles, such as the forward
converter and flyback topologies, could operate as high as
500kHz. Operation at higher frequencies is not recommended because the deadtime becomes less predictable.

Half-Bridge Topology
Figure 24 shows a typical half-bridge converter operable
from either 11 OVAC or 220VAC. While okay at 11 OV with a
fixed capacitor center-tap voltage, when operated from
220VAC, the input rectifiers act as a full-wave bridge and
charge C1 and C2 in series. In this configuration, the circuit
will always be unstable 1f current-mode controlled. While
the input capacitors charge at the same rate, they will
discharge at different rates because the modulator will
imbalance the pulse widths 1n order to provide symmetry
correction for the transformer. This is a runaway condition
which will quickly cause all of the input voltage to appear
across one capacitor only While a resistive voltage divider
connected in parallel with C1 and C2 would correct the
problem, power dissipation in the resistors would be prohibitively large. A capacitor in series with the transformer
primary provides no correction for this particular problem.

The speed of the UC3842 current sense section poses an
additional constraint on maximum operating frequency. A

650

100
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95

550

90

~ 500

85

g
w

"'

~ 450
;']

80

0

400

75

350

70

CIRCUIT EXAMPLES
1. Off-Line Flyback

FREQUENCY (kHz)

FIGURE 23 DEADTIME AND OBTAINABLE DUTY CYCLE VS FREQUENCY
WITH MINIMUM RECOMMENDED CT
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Figure 25 shows a 25W multiple-output off-line flyback
regulator controlled with the UC3842. This regulator is low
1n cost because it uses only two magnetic elements,
a primary-side voltage sensing technique, and an inexpensive control circuit. Specifications are listed below.
For a more detailed description of this circuit, consult
Reference 7.
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C1
220V

FROM
CONTROL
CIRCUIT
l!OV
110 or 220 VAC

C2

FIGURE 24 HALF-BRIDGE CIRCUIT IS NOT STABLE WHEN C1 AND C2 CHARGE IN SERIES AND TRANSISTORS ARE CURRENT-MODE CONTROLLED

R1

5Q
1W
117 VAC

D1

D6
USD945

L,

VARO
VM 68

R2
56K

2W

C12
R4

R3

4 7K

20K

2200µF

16V

±12V COM

C13
2200µF

16V

IC1
UC1842
CB
680pF
600V

R10
055Q

C5
01µF

1W

05
1N3613

R11
2 7K

2W

FIGURE 25 25W OFF-LINE FLYBACK REGULATOR
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Off-Line Flyback (continued)

SPECIFICATIONS:
Input Voltage:
Output Voltage-

REFERENCES

95VAC to 130VAC
(50Hz/60Hz)
A

+5V, 5%: 1A to 4A load
Ripple voltage- 50mV P-P Max

B.

+12V, 3%: 0.1 A to 0.3A load
Ripple voltage: 1OOmV P-P Max
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C. -12V, 3% 0.1 A to 0.3A load
Ripple voltage: 1OOmV P-P Max
Line Isolation:
Switching Frequency:
Efficiency @ lull load

2.

3750 Volts
40kHz
70%

DC-To-DC Push-Pull Converter

Figure 26 1s a 500W push-pull DC-to-DC converter utilizing
the UC3842, UC3706 and UC3901 ICs. It operates from a
standard telecommunications bus to produce 5V at up to
1ODA Operation of this circuit is detailed in Reference 8.
SPECIFICATIONS:
Input VoltageOutput Voltage:
Output Current:
Oscillator Frequency:
Line Regulation·
Load Regulation:
Efficiency @ V1N = 48V
lo= 25A:
lo= 50A:
Output Ripple Voltage-

-48V ± 8V
+5V
25A to 100A
200kHz
01%
1%
75%
80%
200mV P-P
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APPLICAT;QN NOTE
200KHz CURRENT-MODE
CONVERTER PROVIDES SOOW

OVERVIEW< 1,

This Application Note describes a push-pull converter
which develops up to 1OOA at 5V from a standard 48V input.
It provides equations used to specify all critical components, so that a designer can adapt the circuit to meet a
different set of requirements Spec1ficat1ons, performance
data, and waveform photographs are included. The schematic appears in Figure 1

Current-mode control was chosen for this application for
several reasons. Power transformer flux balancing 1s
achieved without the cost of added sensing circuits. The
filter inductor behaves like a current source, which allows a
closed-loop frequency response of greater bandwidth than
would otherwise be possible for stable operation More
importantly, the error amplifier compensation becomes
simpler and better behaved under conditions of largesignal load changes. 141 Finally, current-mode control provides instantaneous (single-cycle) correction for input
voltage variations.

SPECIFICATIONS
Input Voltage ........................... -48V ± 8V
Output Voltage ............................... +5V
Output Current ........................ 25A to 1OOA
Short-Circuit Current ......................... 120A
Oscillator Frequency ....................... 200KHz
Line Regulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0 12%
Load Regulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.25%

The UC2842 pulse width modulator provides all these
advantages at an extremely low cost. Since this IC has only
a single output, a UC2706 Dual Output Driver is used to
perform a single-ended to push-pull conversion. The
UC2706 provides the added advantages of rapid (180ns)
current limiting and high peak current MOSFET drive
needed to operate at high frequencies. Since input-tooutput isolation is required, a UC2901 Isolated Feedback
Generator is employed to return a feedback signal from the
output to the primary-side PWM controller.

Efficiency ................................... 75%
Output Ripple Voltage ....................... 300mV
Large-Signal Output Slew Rate .............. 30A/ ms

PERFORMANCE DATA
Test
Conditions

Performance
l1N

Efficiency

Ripple

(V)

(A)

(%)

(mV p-p)

5002

3.9

80

50

4.996

3.0

75

75

40

5.000

7.8

80

100

56

4.995

5.8

77

150

75

40

5.000

11.8

79

200

75

56

4.996

8.6

78

220

100

40

4.990

16.7

75

250

100

56

4.990

11.8

76

300

lo

V1N

(A)

(V)

25

40

25

56

50
50

Vo
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2 ' 3' 4 l

This design utilizes a center-tap push-pull topology operating with continuous inductor current and current-mode
control. This push-pull configuration optimizes transformer
utilization while allowing common-source operation of the
power MOSFETs.

Block diagrams of these three ICs appear in Figures 2-4.
Waveforms at critical circuit points are shown in Figures
5-8.
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Vee
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!R5~F t--.---<0--.----------...,_--_,
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50V
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INTERNAL
BIAS

2R
1V
CURRENT
SENSE
COMPARATOR
CURRENT
SENSE

FIGURE 2 UC2842 BLOCK DIAGRAM

FLIP FLOP
ACTIVATE

INVERTING
INPUT
NON-INVERT
INPUT

GROUND
ANALOG
STOP(-)

4, 5, 12, 13
FIGURE 3 UC2706 BLOCK DIAGRAM

FIGURE 4 UC2901 BLOCK DIAGRAM
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FIGURE s TOP MOSFET Vos@ SOV/d1v
BOTTOM· MOSFET lo @ SA/div
2µs/d1v

FIGURE 6 A MOSFET Vos@ 20V/d1v
B MOSFET lo @ SA/div
SOOns/dlV

FIGURE 7 LARGE-SIGNAL OUTPUT SLEW RATE
TOP OUTPUT VOLTAGE@ 1V/d1v
BOTTOM OUTPUT CURRENT@ SA/div
200µs/d1v
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FIGURE 8 A MOSFET lo @ 2A/d1v
B CURRENT SENSE (UC2842 SOOns/div
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DESIGN EQUATIONS

Power Transformer 151
Several design iterations resulted in the choice of a Ferroxcube EC52-3C8 ferrite core for the power transformer. This
is the smallest EC core with a wire window area Aw large
enough for the required high-current windings.
For this buck-derived converter, duty cycle D is given by:

Next, the minimum number of primary turns required to
prevent core saturation is determined from the following
equation: 151
Np

D = (Vo+ VF)N
V1N - Vos10N1

>

V1N1M1N1 toNIMAXl . 10a
t.B A.

where: t.B = maximum flux swing (Gauss).
A.= effective magnetic area (cm 2 ).

where: Vo, VF, V1N and Vos10N1 are defined as in Figure 9.

A safe peak operating flux density for 3C8 ferrite is - 2500
Gauss (saturation occurs at - 3000 Gauss). Therefore,
B = 2 x 2500 = 5000 Gauss for push-pull operation.

N = primary-to-secondary turns ratio (Np/Ns).
This equation is used for selecting N to give an optimum
range of D as V1N varies from 40V to 56V. D should be as
large as possible in order to minimize peak currents, but not
so large that circuit delays and losses limit D when
V1N = 40V.
For this design, N = 5 was chosen so that:

N
P

=

40V · 5µs
. 10a = 22
5DOOG · 1.83 cm 2

This design uses Np = 5, Ns = 1.
Wire size requirements are determined by the worst-case
RMS current in each winding. Refer to Figure 9.

DMAX = (5V + .eV)S = .72
40V - 1V
DMIN = (5V + .eV) 5
56V - 1V

>

.51

1:--j

FIGURE 9 BASIC PUSH-PULL POWER CIRCUIT AND FILTER.
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OUTPUT FILTER

PrimaryIPtAVGHMAXl =

%P1NtMAXl
V1NIMINI - Vos10N>

--~~~-

The filter capacitor (Co) and inductor (L) are chosen to
minimize output ripple voltage (VA) while allowing fast
response to a changing load. This design uses a polypropylene capacitor with extremely low ESR (7m0), allowing
relatively high ripple currents, a small L, and therefore good
large-signal dynamic response.
Maximum ripple current iR1MAx> occurs at minimum duty
cycle and relates to VR<MAx> as follows:

Po1MAXJ
217(V1N1M1N> - Vos10N>)

_ _5-'-0-'-0W
_ _ _ = S.5A
2(.75)(40V - 1V)
8.5A
= 24A
%(.72)

IPIRMSHMAX) = lp1PKHMAX)

~

= 24A

.
IRIMAX> =

~

VRIMAXl

D
~+ESR
2Co

200mV
= 2 .SA
5µs(.51) + 7 0
2(20µF)
m

=14A
The inducta:ice requirement:

Secondary·

V1NIMAXI
LMIN -- ( - - - v F- v 0) -TOMIN
.-N
IRIMAX>

lslRMSHMAXl =

v ( 56
5V

2

(1 OOA) 2 (1/2 )(.72) + ( 100A)
- 2(1 - .72)
66A

o6V .

5v) 5µs( 51 ) = 51 H.
2.8A
µ

An Arnold A325360-2 ferrite toroid was chosen. It has an
inductance index AL of 360mH/1000 turns; the required
number of turns T is:

For a core with an "area product" AP=(AeAw), an
RMS current density of:

T2:

J = 450 (APr 125 A/cm 2
gives a core temperature rise of-30°C above ambient for
natural convection cooling. 151 For an EC-52, AP= 5.7cm4 ,
and:

10 6 ( 0051)
360

=

3.8.

Four turns gives L = 5.8µH. Wire size is given by·
JL = 450(8.64f 125 A/cm2 = 344 A/cm 2

J = 450 (57) - 125 A/cm 2 = 362 A/cm 2.
AxL =
The required wire cross-sectional areas Ax are:

1OOA 2 = .29 cm 2; used 12 parallel AWG14
344 A/ cm
for AxL = .25 cm 2.

Primary:

CURRENT SENSING AND LIMITING

14A
Axp = 362 A/ cm2 =.039 cm 2; used 4 parallel AWG18
for AxP = 033 cm2

A current sense transformer is used to lower power dissipation in the sense resistor and to provide level shifting. A
100·1 turns ratio allows use of a 1I4 - Watt resistor. Large
spikes occur at the leading edge of each current sense
pulse as the junction capacitances of the secondary-side
rectifiers are charged. If unattenuated, these spikes would
falsely activate the current limit section of the control circuit. Therefore, the circuit of Figure 10 1s used to blank the
current sense signal during the first 200nS of each power
pulse.

Secondary·
66A
Axs = 362A/ cm2 = .18

cm 2; used 3 parallel
copper straps, each
20 x 400 mil, giving
Axs = .16 cm 2.
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IL

--}sv

VsLOPE

VREF

RTICT

4

RsLoPE

UC2842

;:=

100 1

15K

UC2706

cs

cs
1N914

220pF

2N2222
GND

GND

FIGURE 10 CURRENT SENSE WITH SPIKE SUPPRESSION AND SLOPE COMPENSATION

Current limiting is performed by the UC2706 in order to
achieve the fastest possible response. The UC2706 current limit threshold VTH is programmed to be less than the 1
volt threshold of the UC2842.
Vrn =

lolMAXl
NN'

· Rs + VsLoPEI 0

=~· 4 .3 O +
5(100)

=

The control-to-output-voltage gain is:
Vo = _!!:,__ • Ro · H!(s)
Ve
Ve
= NN' Ro
3 Rs

.n

(1 + s(27T · ESR ·Co))
1 + s(27T • Ro · Co)

Note that this response is load dependant'

1.8V(4700) = .g1V
15KO + 4700

a. At maximum load (minimum Ro)·
VP1N

10

= Vrn - .13V = .78V

I

Vo
= 5(100).050 = 1 .9
Ve f - 0
3(4.30)

CONTROL LOOP COMPENSATION(4 >

= 5.7d8

1. Relevant Data:
fs = 200KHz, T = 5µs
40V ::::; V1N ::::; 56V
Vo= 5V, 25A::::; lo::::; 100A
0.2 0 2: Ro 2: 0.050
lsc = 120A

fp = 1 /(27T(.050) 20µF)
= 160KHz

= 1.1 MHz

Ve

(filter zero frequency)

b. At minimum load (maximum Ro)·

I

Vo
= 5(100)0.20 = 7 .8 =1BdB
Ve f - 0
3(4.30)

2. Control-to-Output Response:
For the UC2842, the small signal
control-to-inductor-current gain is given by: 111

fp = 1 /(27T(0.20) 20µF) = 40KHz
fz = 1.1MHz

NN'
3 Rs

UNITRODE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 • TEL (617) 861-6540
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(filter pole frequency)

fz = 1 /(27T(7m0) 20µF)

iRIMAXI = 2.8A
0.51 ::::; D ::::; 0.72
Co= 20µF
ESR = 7m0
N = 5, N' = 100 (transformer turns ratios)

i_

(low frequency gain)

These responses are plotted in Figure 11 .
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FIGURE 11 SMALL SIGNAL FREQUENCY RESPONSE

3. Desired Closed-Loop Response:

4. Error Amplifier Compensation for UC2901 and
UC2842:

While high gain-bandwidth is desired for fast response to
dynamic loads, two stability criteria limit the achievable
response characteristic. The Nyquist criterion dictates that
phase margin above -360° be maintained atthefrequency
(fc) at which gain crosses OdB. Furthermore, it has been
shown 161 that fc must satisfy the following relation:

Figure 11 shows a combined UC2901-UC2842 response
curve which, when added to the control-to-output curves,
yields a loop response which meets the above-mentioned
stability criteria. One way of achieving this combined
response is also indicated. Design equations and compensation components are shown in Figure 12.

f<~
C - 27TD
Using D = 0.9 to provide some margin for component
tolerances,
200KHz
fc = 2 7T(O.g) = 35KHz.

I

_ ( 412Kn)
lKO

Av 1f '>100Hz - 4

fz =

_

- 10 2

= 20d8

27T(l2K~)( 133µF) -· lOOHz

(a)

Avk

100Hz

=

~~~~

= 4 55

= 13dB

22K
FROM
UC3901

2 50V
UC2842

(b)

FIGURE 12 ERROR AMPLIFIER COMPENSATION FOR (a) UC2901 AND (b) UC2842
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SLOPE COMPENSATION
R
_ R ( (1.4V) NN'L 1~
SLOPE - 1 Rs(Vo + VF) T 'J

Current-mode converters operated with D 2'. 0.5 require
"slope compensation" to prevent subharmonic oscillations.(7, 8 ' 91 In particular, if an art1f1c1al ramp 1s added to the
current sense waveform, and if the slope magnitude of that
ramp equals the deadband downslope of the inductor current (as projected to the current sense point), then any
perturbations in inductor current will die out within a single
cycle 171 A resistor RsLOPE connected from the timing capacitor to the current sense input can provide this ramp. Referring to Figure 10, the required value of RsLoPE for the
UC2842 is given by: (1)

=47oo(1.4V(5)100(5.8µH) _1\ =15KO
1
4.30 (5.6V)5µS
/
•
The emitter follower in Figure 10 prevents RsLoPE from
increasing the oscillator frequency.
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UC1637/2637/3637
SWITCHED MODE CONTROLLER
FOR DC MOTOR DRIVE
INTRODUCTION
There is an increasing demand today for motor control
circuits, as a result of the incredible proliferation of automated position control equipment, which is itself made
possible by recent developments in the field of digital
computation.

power H-bridge using MOSFET transistors, and a modern
DC motor tachometer. Using the tach output and
UC1 637's error amplifier, we will close the velocity control
loop after a brief analysis of the factors that affect the
feedback loop stability.
To achieve high efficiency power amplification, the
UC1 637 uses pulse width modulation, or PWM. This technique is employed today in many different circuits where
power losses must be minimized, and is most suitable in
applications involving inductive loads such as motors,
voice coils, etc.

The UC1637 Switched Mode Controller for DC motors is
one of several integrated circuits offered by Unitrode for
motor controls. This Application Note presents the general
principles of its operation and the circuit details that optimize its use. As an illustration we will carry out an actual
design, which will involve not only the UC1637, but also a

Q 1---t-------,

SRB

200mV

E/Aour 17

1------~

21s
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FIGURE 1 BLOCK DIAGRAM OF UC1637
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PULSE WIDTH MODULATION (PWM)
The function of a power amplifier is to regulate the flow of
energy from a power supply to a load, under the control of an
input signal A linear amplifier does this by interposing a
controlled voltage drop 1n series with the load, while carrying
the full load current The product of this voltage and current
represents the amount of power that must be dissipated by
the amplifier itself, and it is easy to see that the method is not
very efficient In fact, its usefulness diminishes rapidly as the
amount of power to be controlled increases and, at some
point, a more efficient method becomes imperative.

The two output lines, AouT and BouT, are meant to drive the
two legs of an H-bridge power amplifier, with the load driven
1n bipolar fashion. The AouT and BouT outputs themselves are
rated at 500mA peak and 1OOmA continuous, which makes
it easy to interface the device with most amplifiers.
In order to generate two PWM output signals, we first produce a triangular waveform, or linear ramp. This is done by
charging a capacitor CT (pin 2) with constant current Is until
the comparator CP, with a fixed threshold voltage of +VTH,
delivers a pulse to "set" the SR1 latch circuit. This forces Q
high, which closes the switch S1 and adds a negative current, 2xts, to the node of pin 2. As a result, a net current equal
to ls now flows out of CT, discharging it linearly until the
comparator CN resets SR1, and the cycle restarts Thus, the
voltage at pin 2 ramps continuously between -VTH and +VTH
at a frequency that depends on these two threshold voltages,
on CT, and on ls.

PWM is a switching technique in which the supply voltage is
fully applied (switched) to the load and then removed, the
"on" and "off" times being precisely controlled. The effect on
the load is the same as if some lower voltage were continuously applied whose value depended on the duty-cycle, that
is, the ratio of "on" time to the full switching period. Since
supply current only flows during the "on" times, it is apparent
that the efficiency should be much higher than in the linear
amplifier, as in fact it is. Still, switching transistors have small
but finite "on" voltages and trans1t1on times, all of which
introduce losses, which limit practical PWM efficiencies to
something between 75% and 90%.

The current ls is programmed by means of a resistor connected to pin 18. The voltage at this pin is equal to +VTH and
an internal current mirror forces the charging current Is to be
equal to the current flowing out of pin 18. If a resistor Rs is
connected from pin 18 to -Vs (pin 5) instead of to ground, the
ramp frequency becomes independent of power supply voltage variations, since Is will then change together with Vrn

THE UC1637
The diagram of Figure 1 shows in block form the internal
organization of the device. The main functions are
A)
B)
C)
D)
E)
F)
G)

As Figure 2 shows, a triangular waveform can be compared
with a reference voltage to generate a PWM signal. The
UC1637 uses two separate comparators to generate the two
output signals AouT and Bour. The way the signals are
handled, and the results, are shown in Figure 3 where it can
be seen that the difference between VA and Vs is the cause
of the time intervals dunng which both outputs are low.

Triangular wave generator; CP, CN, S1, SR1
PWM comparators; CA, CB
Output control gates; NA, NB
Current limit; CL, SRA, SRB
Error amplifier, EA
Shutdown comparator, CS
Undervoltage lockout; UVL

COMPARATOR

HI---

I
LO

PWM SIGNAL

FIGURE 2 HOW A PWM SIGNAL IS GENERATED

I

HI
+VTH - - - -

I
I
1

I
I

- - - -

I
I

Hlnn
I

LO

CA
+

LO I I
I

I
I

I I I

1

I

- - - I I
I

I

I

I

I I

I

I

I

I

FIGURE 3 TWO PWM SIGNALS ARE GENERATED IN THE UC1637
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The two nand gates, NA and NB, will be enabled if the
following two conditions are met:
A) supply voltage +Vs is greater than +4.15 volts (typ)
B) the shut-down input line (pin 14) is at least 2.5
volts (typ) negative with respect to +Vs.
If these are satisfied, the AouT output line will be high ifthe CA
output and Q of SRA are both high. Since SRA is set at each
positive peak of the oscillator ramp, the output AouT can be
controlled by CA singly - as long as a current-limit pulse
from CL does not occur. The operation of the NB gate is
similar.
The timing diagrams of Fig. 4 show the sequence of events
before and after a current limit pulse occurs. Before time t1
the PWM action is smoothly controlled by the ramp comparisons with VA and Va. The pulse from CL at timet1 resets both
SRA and SRB; the output lines are now disabled until SRA is
set (at time b) and SRB is set (at time b).

RAMP

+V::

.12'.S~CT

The current limit comparator CL provides a means to protect
both driver and motor from the consequences of very high
currents. If the current delivered by the driver to the motor is
made to flow through a low value resistor (for example, see
Rs in Figure 7) the voltage drop across this resistor will be a
measure of motor current. This voltage is applied between
pins 12 and 13 of the UC1637, with pin 12 positive. A 200mV
threshold is provided internally (see Figure 1) so that when
the Rs voltage is equal to 200mV, the output of CA goes high,
resetting both SRA and SRB and, consequently, terminating
any active output pulse. This pulse-by-pulse method of current limiting is very fast and provides effective protection, not
only for the driver components, but also for the motor, where
the possibiltty of demagnetization due to excessive current is
a matter of serious concern.
Finally, the UC1637 contains also an operational amplifier,
EA, that can be used to provide gain and phase compensation, as will be seen later.

L.16~

L~~---

t----t---

WAVEFORM
VA-t-~t--~~~~~-7~~~-t--+~~~....,_~-.,----,,.._..~~~-t-~~~--i"<,---r-~-

-VTH

-+---+------T---l'\/~---i---t--~-L-.--------------r-------,~______,~-

H-+-~t--~~-r--~~---.~~~-t--t-~~~~~---.

Q OF
SRA
-

-------------

- t- - - - - - _

_l,_______,_ ---I

I
I

r---

H-+-~+--~~-t-~~----1~~~-+---+~~~~~--..

----- - __________l~

Q OF
SRB

--t------T---1

I
I
I
I

----------------J.-CL
OUTPUT

~l-

- ----- -- ---

1

I
I

Ao UT

1--i

1--1

BouT

I
I
I
I
I
I
I
I
I
I

deadt1me

deadt1me

I
I
I
I
\,

t2

t,

FIGURE 4 TIMING DIAGRAM SHOWING THE GENERATION OF PWM PULSES AT AouT AND BouT
BEFORE TIME t,, THE Q OUTPUTS OF SRA AND SRB ARE BOTH HIGH AND THE OUTPUT PULSES ARE CONTROLLED BY THE RAMP
INTERSECTIONS WITH VA AND Ve AT TIME t,, THE CURRENT LIMIT COMPARATOR HAS SENSED EXCESS CURRENT AND THE CL
OUTPUT HAS GONE HIGH, RESETTING BOTH SRA AND SRB THIS TERMINATES THE AouT PULSE THAT WAS ACTIVE AT THE TIME.
AouT CAN RESUME ONLY AFTER SRA IS SET AT t,; BouT CAN RESUME ONLY AFTER SRB IS SET AT t,
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Figure 5 shows the connections needed to get the ramp
generator and the two comparators ready to go. There is no
great difficulty in calculating values for the various resistors,
which are no more than two simple voltage dividers Still,
certain things should be considered before proceeding.

Vo

The input impedance R1N, seen by the control voltage Vc will
be
(1)

and this value may be specified or determined in advance.
Also, tt would be economical to have a minimum number of
different values of resistors. If we make
(2)

NOTE: Max Vo ts less than Vs due to
device saturation voltages, VsAT

----------------

-Vs

we will have four resistors of equal value in the final c1rcu1t.
There is also the question of deciding on the separation VG
between the reference voltages +VR and -VR The voltage
gain of the PWM amplifier will have one of the four characteristics depicted in Figure 6, depending on your choice
of reference voltage separation. You can get a linear
response by making VG = 0, as in Curve #1, or by making Vs - VA= 2VTH, as in Curve #3. In Curve #2, there is a
change in slope due to the contribution, near zero, of both
VA and Vs to the output changes, which in some systems
may be undesirable, but which may be of interest due to the
fact that it results in zero losses at null.

FIGURE 6 PWM VOLTAGE GAIN CHARACTERISTICS OBTAINABLE WITH
VARIOUS VALUES OF REFERENCE VOLTAGE SEPARATION,
OR GAP VOLTAGE 2 VR
LINEAR GAIN WITH VR = 0 (a= 0)
NON-LINEAR GAIN WITH VR GREATER THAN ZERO BUT LESS
THAN VTH (0 < a < 1)
LINEAR GAIN WITH VR = VTH (a= 1)
NON-LINEAR GAIN WITH VR GREATER THAN VTH (a> 1)
NOTE THE SLOPE OF LINE 1 IS TWICE THAT OF LINE 3

At this point, this choice of PWM gain characteristic
amounts only to the choice of the ratio between VR and VTH:

+Vs

(3)
+Vs
+VrH

The values of VTH and VR, as well as R3 and R4, depend on
the following·
±Vs: power supply voltages
R1N: desired control input resistance
Vcmax: peak value or input voltage Ve. This is the
input voltage at which the output reaches
100% duty cycle
a: ratio of VR to VTH

-VrH

18

ISET

UC1637

-B1N

+81N

These values being known, the designer can proceed to
calculate the following circuit values·

Ve
(Control Voltage)
-A1N

(4)

+A1N

-Vs

-Vs

FIGURE

5

SETTING UP THE A AND B COMPARATOR INPUTS

R4

= 2

R1N - R3

(5)
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to bypass the +Vrn and -VTH inputs to ground, and for this,
ceramic capacitors of 0.1µ1 should be adequate.
Remember also that terminal 14, the shut-down line, must
be held "low" (at least 2.5V below the positive rail) in order
to enable the drive. With an external switch to ground, or to
-Vs, and a pull-up resistor to +Vs, this line can be used to
enable (low), and disable (high), the output. Both AouT and
BouT will be low when the shut-down line is high.
The next step is to connect the UC1637 to a suitable power
amplifier, and the amplifier to the motor. The UC1637 has
provisions for current limiting, as discussed earlier, and you
must make arrangements to develop a voltage proportional
to motor current at the driver side. This can be done by
adding to an H-bridge a low value resistor in series with rail
connections. The current limit comparator has a common
mode range that reaches all the way down to the negative
rail (on the positive side the limit is 3V below the positive
rail). A resistor Rs is then added at the bottom of the bridge,
and its value is selected so as to give a voltage drop to
200mV when the desired limit current flows.

(6)

(7)

Vrn
R2= 2 R3 - - - Vs - Vrn

(8)

and, from Eq. (2), R1 = R3.
Having chosen a frequency h for the PWM timing circuit,
you can now calculate CT and RT A suitable starting value
for the charging current Is is 0 5mA which gives

(9)

(11)

Rs = -1._ (ohms)
IMAX
(10)

where IMAX is the maximum desired motor current in
amperes. In a breadboard, a twisted pair of wires should be
used to make the connection from this resistor to pins 12
and 13, and an RC filter should be added, as shown in
Figure 7.
On a PC board, it is a good idea to keep Rs close to the
UC1637 to minimize the length of the connecting traces.
The RC filter should still be used.

You will probably need to make an adjustment here, so as
to get a standard value for capacitor CT, and it is best to
keep Is in the range from 0.3mA to 0.5mA when you do this.
It may be desirable, or even necessary in some conditions,

~---.--------<r-------------+15V

15K

+Vrn

Vs

!OK
-VTH

POWER
AMPLIFIER

!SK
15K

INPUT
± lOV,
R1N

-81N

SK

UC1637

= lOK

J_

lK

--

11

+C/L
+A1N

Rs= O 025 ohm, 3W

18

SD
15K

c___

_ . __

lK

14

_ . __ _ _ __.____.,_ _ _ _ _ _ _ _ _

~-----

-lSV

FIGURE 7 CIRCUIT DIAGRAM OF PWM VOLTAGE AMPLIFIER WITH GAIN OF 3
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Incidentally, the voltage gain of the amplifier can be determined from the fact that a 1OV change at the input results in
a 30V change at the output; therefore, thegain from input to
motor terminals is 3. The above circuit is shown in Figure 7.

AN EXAMPLE
We are ready now to design a current limited, PWM voltage
amplifier to drive a small DC servomotor. Here are the
requirements·

THE POWER AMPLIFIER

Supply voltages: ±15V
Input: ±1 OV max.; 1OK input res.
PWM frequency: 30KHz
Motor current limited at SA
Minimum power losses at idle

Where space is tight and motor current is less than five
amperes, the Unitrode PIC900 offers a perfect solution to
your power bridge design. This device comes 1n a DI L-1 S
package, requires only 5mA of input drive current, and is
rated at 5A absolute maximum output current. It contains
all you need for the output H-bridge - including the circulating diodes - and with only a few added parts, you are
ready to go A circuit diagram showing a velocity feedback
loop using one UC1637 and one PIC900 appears in the
UC1637 data sheet.

We have:
Vs= 15V
Ve max= 1 OV
R1N = 10 4 ohm
h=3x10 4 Hz
and IMAX= SA

For higher currents, you will have to design your own
amplifier, and for the purposes of this application note, a
sample design is shown in Figure S. Referring to that circuit,
note that with +Vs and -Vs applied, 1f the inputs are left
open, the power MOSFETs are all "off". If Drive A, for
example, is driven to within 3.6V of either power rail, then
the corresponding output is switched to that rail Note that
since the PNP and NPN junction transistors are by nature
faster switching "on" than "off", while the MOSFETs are
much faster than the junction transistors driving them, this
connection provides a simple guarantee against crossconduction. Also working toward this goal is the fact that
the junction transistor can discharge the MOSFET's input
capacitance faster than the 1 K, 1W resistor can charge it.
The arrangement shown in Figure S results in a transition
time of about 1.5µS during which both MOSFETs in a given
leg are off. This amount of time is a very small portion of the
33µS period toward which we are designing our example

and also, from the last requirement, a = 1 .

FROM EQUATIONS
(4)
R3 =

2 x 104 x 15 x 2
1 0 + 15 x 2

15 x 10 3 = 5K

(5)

R. = 2 x 104

(6)

vR =

(7)

VTH = 3.75V

(S)

R2 = (2 x 15 x 103) x

(9)

-

= 15K

15x5x103
= 3.75V
2 x 1

o•

3 ·75
15 - 3.75

= 1 OK

The power MOSFET transistors, in T0-220 package, are
rated at 60V and 12A. The channel "on" resistance is quite
low, 0.25 ohms at SA, for the UFN533, resulting in low
thermal losses. You can easily find other devices with even
lower Ros values, if needed, but as always, the price you
pay is that you must pay the price.

R = 15 + 3.75 = 37 5K
T
0005
.

and of course, R1 = R3 = 15K.
(1 O)

cT -- 4

X

·0005
30 1 03
X

X

3.75

Finally, a word about circulating diodes - conspicuous in
Figure S by their absence. All power MOSFETs have an
intrinsic rectifier, or body diode, a junction rectifier whose
current rating is the same as that of the transistor. With the
drive format provided by the UC1637, the two bottom
MOSFETs (N-channel) are "on" during the time when
motor current circulates, and as a result, the reversed
diode carries only a small portion of the current; most of it
flows from source to drain through the channel. In fact, the
diode fully conducts only during the 1.5µS when both devices in one bridge leg are off. You can add fast recovery
diodes in shunt with the MOSFETs if you find that they are
essential. The intrinsic MOSFET diode is not particularly
fast, and as your output current requirements increase, the
need for fast external diodes will become more and more
apparent.

1.11 x 10- 9 fd

If we settle for RT = 39K, Is becomes slightly less than
O 5mA and if we then pick CT = 1 OOOpf, the nominal frequency becomes 32KHz.
To limit the motor current at SA, we need, from Eq. 11,

Rs =

82

= 0.025 ohm

The peak power in the resistor will be
Ps = S2 x .025 = 1.6 watts.
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+Vs

lK

IRF9531

5 lK

W

5 lK

CHANNEL)
A1N

DRIVE A

J)

DRIVES--

B1N

UFN533
5 lK

5 !K

(N-CHANNEL)

lK

Ql. Q2 - 2N2905A
Q3, Q4 - 2N2219A
12Vz -

1N4742

FIGURE 8 THIS SA POWER AMPLIFIER IS SUITABLE FOR 30KHz OPERATION

THE SERVOMOTOR
slant in volt-sec/rad, and the torque constant in Nm/ A, as
one and the same number.

It is convenient to represent the DC servomotor by a simple
equivalent circuit, and one such circuit is shown in Figure 9.
Note that by expressing the moment of inertia J and the
motor constant K in metric units (Nm sec 2 and Nm/A
respectively), we avoid the need to include a multiplying
constant in the expressions for CM and eo. Also, the motor
constant K, in metric units, defines both the voltage con-

ea::;

The ratio J/K 2 has the dimensions of capacitance, with a
value runnng to several thousand microfarads. The voltage
across this capacitor is equal to Kw where w is the angular
velocity of the rotor in rad/sec. Consequently, this voltage
is the analog of shaft velocity.
Our equivalent circuit, then, is a simple series connection of
RA, the armature resistance; LA, the armature inductance;
and CM, the equivalent capacitance, equal to J/K 2 . It
should come as no surprise that such a circuit will have a
natural resonant frequency WN, and a resonant Q as well.
This is indeed the case, and we have for its transfer
function,

Kw

FIGURE 9 EQUIVALENT CIRCUIT OF MOTOR, WHERE J IS THE
TOTAL MOMENT OF INERTIA OF ROTOR PLUS LOAD
RA= armature resistance, ohms

(12)

LA= armature inductance, henrys

(s/wN) 2 + s/QwN + 1

CM= equivalent capacitance; farads

J =total moment of inertia; Nm sec 2

where

K =motor constant, volt sec/rad, or Nm/A
w = rotor angular velocity, rad/sec

TO CONVERT FROM

TO

MULTIPLY BY

oz 1n sec 2
volts/KR PM

Nm sec 2

7 06 x 10- 3
9 55 x 10- 3

volt sec/rad
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0=

WN =

-

v

K

(13)

LA J

K~A
J

(14)

RA

PRINTED IN US A

APPLICATION NOTE

U-102

We can now use these sample results in our sample
design. Here are some of the data given by a motor
manufacturer:

RA =

om

J______._e'--T·

EG & G TORQUE SYSTEMS
MODEL NO. MT-2605-102CE
(motor - tach assembly)

=rcM

= 0 857

= 18,000µ1

i

T= __!ach voltage con st
motor voltage const

FIGURE 10 THE TACH VOLTAGE

MOTOR. KT= 4.7 oz in/amp
Kv = 3.5V /KRPM
RA= 0.7 ohms
JM = 0.0018 oz in sec 2
TM= 8.6 ms (mech. time canst.)
Te= 1.6 ms (el. time canst.)
TACH JT = 0.001 oz in sec 2
Kv = 3V/KRPM
The several motors in this series and size have the same
electrical time constant TE, and since we know RA,
LA= TE RA= 0.016 x 0.7
LA= 1.12 mH

e, IS PROPORTIONAL TO

w

If the motor has a tachometer attached, we can include 111n
the equivalent circuit by deriving an equivalent tach voltage
proµort1onal to eo This is illustrated in Figure 10, where

The total moment of inertia is
J =JM+ JT = 0.0018 + 0.001
J = 0.0028 oz in sec2

T =

Tach. voltage constant
Motor voltage constant

T =

3V/KRPM
35V/KRPM

= .857

From Eq. 13,

WN

From Eq. 14,

Q = 0.356

(Note Since [ =

= 222.7 rad/sec

2~, the damping factor here is 1 4)

In metric units,
J=

From Eq. 12 and the above data, we can write the ratio
of tach voltage to input as

0.0028 (Nm sec2)
141.612

Putting KT in metric units,
( 2:2

iJ

857

(15)

+ -7-:-3-+1

THE VELOCITY LOOP
Our objective is to put together a feedback loop using our
UC1637, H-bridge, and motor: the controlled variable 1s w,
the motor shaft's angular velocity For high accuracy, we
need a high loop gain, so that small velocity errors are
magnified and corrected. The UC1637 internal ERROR
amplifier is appropriate for this purpose, and will be used as a
summing amplifier. But before proceeding, let us take a look
at Figure 11, where a plot of the motor-tach transfer function
(Eq 17) is shown. The plot shows that as the frequency
increases, the tach cutput decreases and the phase lag
increases towards a maximum of 180°. This means that
although we can introduce plenty of gain at very low frequencies, where the phase lag is low, the added gain must be
reduced at the higher frequencies, where the 180° phase
lag tends to make our loop a regenerative one. If we want the
closed loop response to be "snappy", that is, if we want a
bandwidth of several tens of hertz, then the loop gain must be

The equivalent capacitance is
141.612 x 0.0028
(4.7)2

=18,000µf

For the equivalent circuit, then, the values are
RA= 0.7 ohms
LA= 1.12 mH
CM = 18,000µf
The angular velocity will be proportional to the voltage
eo across CM;

w=

eo
K
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somewhere at midrange, even though the high frequency
asymptote is still at zero degrees (RA and CA introduce both a
zero and a pole). The transfer function of the circurt shown in
Figure 12 is plotted in Figure 13 for the following component
values:
R1 = 9.1K
RA= 1K
CA= .22µf
Rs= 470K
Cs= .0047µf
The break frequencies are:

FREQUENCY - (rad/sec)

Rs Cs

FIGURE 11 PLOT OF MAGNITUDE AND ANGLE OF EQ 15, WHICH
DESCRIBES PERFORMANCE OF OUR TEST MOTOR.

1
R1Cs = 23,400 rad/sec

fairly high at all frequencies in the band; yet, for flat response
and fast step response with no overshoot we must make
certain that the overall phase shift is less than 180° at any
frequency at which the gain is greater than unity.

1
RACA = 4,500 rad/sec
The plot shown in Figure 14 shows the result of cascading
the compensation amplifier, PWM amplifier, and motortach. All gain contributions have been simply added
together, and all phase contributions have also been
added. The result, shown in Figure 14, shows the open loop
frequency response of the complete velocity control
system.

A(s)

.fu:iJ_ _ {l
B(s) -

+ sRsCe) (1 + s(R1 +RA) CA]
sR 1 Ce (1 + sRACA)

70,-·..-"---.--c-------r-.----y-......,

60r-~---..r--r----t---r-------r--i

FIGURE 12 ERROR AMPLIFIER WITH ITS FREQUENCY
COMPENSATION NETWORK
THE MAGNITUDE AND ARGUMENT OF THE TRANSFER
FUNCTION CAN BE EASILY PLOTTED WITH THE AID OF A
PROGRAMMABLE CALCULATOR

The high gain ERROR amplifier of the UC1637, together with
a few external components, is shown in Figure 12. Without
RA and CA, the phase response of the circuit would go from
-90° at low frequencies to 0° at high frequencies. This
amount of phase correction is inadequate if we want a tight
loop with good transient response. With RA and CA shunting
R1, it becomes possible to have a leading phase angle
70

~,-----,-~------r--.----.-

60

f--~~-+-~---+--t-----t--1

ca

50

1----jL:::,,,.,....._,ct~-G-Al-N--+~-,l..v~=---:o;:::.'f"-...~ +30'

8

40"-----+---1--=~-~'"""',,q_

z

~

- -

~

50
40

201--t--

+90°

5K

!OK

FREQUENCY - (rad/sec)

FIGURE 13 MAGNITUDE AND ANGLE OF COMPENSATION
AMPLIFIER OF FIGURE 12
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500

lK

5K

-180
!OK

The inclusion of the ERROR amplifier with its compensation components has had the effect of introducing a large
amount of gain at the lower frequencies, and also of reducing the phase lag at the higher frequencies. The loop gain is
OdB at about 7KHz, and the phase margin is about 40°.
Moreover, since the phase never exceeds 180°, we have
the needed indication of relative stability, and can proceed
to close the loop as shown in Figure 15 and make measurements. Note that a noise filter has neen added at the output
of the tachometer. Such a filter is usually necessary, especially in PWM control loops of relatively wide bandwidth,
because of the inevitable AC coupling between the motor
signal and the tach output. In our filter, the 3dB cut-off point
is at 21 KHz, which is high enough not to affect the loop
behavior.

+60°

_ _ _-J-_.joo

lK

100

FIGURE 14 OVERALL OPEN-LOOP RESPONSE, INCLUDING +8dB DUE
TO PWM AMPLIFIER GAIN AND MOTOR-TACH DC GAIN

o~--~-~--~-~--~~
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~

100
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~ -~b ::
"_[':,,
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50
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PHASE
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__v
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22µ1

lK

0047µ1
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9 lK
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FIGURE 15 THE COMPLETE VELOCITY LOOP

The oscilloscope trace shown in Figure 16 reveals that the
step response of our loop is very well behaved. The motor
shaft reaches full speed in less than 1OmS, and there is no
noticeable overshoot The net velocity change 1n Figure 16
amounts to 133 RPM, and the current trace shows that the
current does not quite reach the chosen limit of SA. With
larger input steps, the motor accelerates at constant SA
current, and the acceleration rate is approximately
1OORPM per millisecond, The 3dB bandwidth of the loop
measured about SOHz.

CONCLUSIONS
We have discussed in some detail the characteristics of
Unitrode's UC1 637 and have presented in detail a design
approach which illustrates those points. The sample design
was built and tested, with the measured results as presented
above. These results show that excellent performance can
be obtained with few components, and that the design technique is quite simple. Our velocity loop would perform well as
an inner loop in a position control system, for example,
although a different response might perhaps be desirable.
However that may be, using the UC1637 a sizable portion to
the job is completed beforehand

UNITRODE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 • TEL (617) 861-6540
T\AIY 171n\ 'l')i:::_i::_i:;na.

TC:1 i=v ai::_1ne::11

Top trace 5A/cm
Bottom trace lOOmV/cm
Horizontal 5 msec/cm

FIGURE 16 STEP RESPONSE OF THE VELOCITY CONTROL LOOP OF
FIGURE 15 THE UPPER TRACE SHOWS THE MOTOR
CURRENT, THE LOWER TRACE SHOWS THE TACH
OUTPUT VOLTAGE, IE, MOTOR VELOCITY

See Figure 17
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USING BIPOLAR SYNCHRONOUS RECTIFIERS
IMPROVES POWER SUPPLY EFFICIENCY
INTRODUCTION
In an off-line, switching regulated, low voltage power supply
for applications such as high density CMOS logic, high
speed ECL logic, etc , the power dissipated in the output
rectifiers accounts for 20-30% of the total input power.
These rectifier losses could be reduced significantly with a
synchronous rectifier technique. The bipolar synchronous
rectifier (BISYN'") provides a cost-effective approach compared to power MOSFET synchronous rectifiers A low
saturation resistance (RcEtsau) on the order of a few milliohms is accomplished by cancelling two forward biased
Junctions while in saturation. The BISYN is designed for low
(< 5 OV) voltage outputs and has the following features·

The BISYN not only provides low forward voltage but also
has a lower temperature co-efficient compared to power
MOSFETs. Thus, it maintains the high efficiency of a
switching regulated power supply. The storage time of a
BISYN is on the order of 300-400 nano seconds. However,
the circuit presented in this paper eliminates even this
storage time limitation of the BISYN. The device characteristics are also briefly described.
The rectifier losses of the Schottky, power MOSFET, and
BISYN are compared when used as output rectifiers The
half-wave and center-tapped full-wave BISYN output circuit for a switching regulated power supply 1s presented.

a) Low saturation voltage with high forced gain.
b) Ultra-fast switching times.
c) First and third quadrant switching capability.

CONVERSION EFFICIENCY
However, when transistor 01 1s off, diode D1 becomes
reverse biased and the output load receives the energy
from the output filter inductor L, through rectifier diode D2.
During this period the transformer core 1s reset with an
equal and opposite volt-second product Note that maximum conduction duty for transistor 01 is 50% and that one
of the rectifiers (D1 or D2) is always conducting From
Figure 1, the fraction of input power lost in the rectifier can
be calculated as follows

The power conversion efficiency for a switching regulated
power supply is a measure of heat generated and lost in the
system. The temperature rise in the system affects the
reliability. Note that the failure rate increases rapidly (log
function) with an increase in operating junction temperature. Lower efficiency not only affects the reliability but also
increases the operating cost of the system. Higher efficiency results in a compact and lighter power supply with
simple thermal management requirements. In a typical
line-operated switch-mode converter, as shown in Figure
1, the power lost in the output rectifiers accounts for 2030% of the total input power. The circuit shown 1s a single
ended forward converter. Energy from the input bulk
capacitor C1N is transferred to output filter inductor L and
the load, through a power transformer T1 and rectifier diode
D1, when transistor 01 is on.

1~7

VAC.

(1)

Transistor 01 DC losses= [VCEtsau I x

10

.

Turns ratio

]

30A
Prdc = (1.0V)(-1-5 -

[Out c cle]
y y

(2)

) (0.5) = 1.0W

Assuming transistor switching losses are equal to DC
losses.
[

151
JT1

I
C1N

I

Output Power Po= V0 x lo= (2.5)(30) = 75W

I

DRIVE

L

'l]~OA
I~
Di

=

V0 =25V

Total transistor losses

UMT13009

Therefore the fraction of input power lost in the output
rectifiers:

FIGURE 1. SINGLE ENDED FORWARD CONVERTER.
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(3)

Since one of the rectifiers always conducts: the total
rectifier losses
Po= lo VF= (30A)(1V) = 30W
(4)

N

IQ, -

Pr= 2 x Prdc = 2W

Po
PFR=-----=--Po +Po+ Pr

312

30
= 0.28
75 + 30 + 2

(5)
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The above calculation shows that rectifier losses are a
significant portion of total power lost in a low voltage output
supply. The reduction in efficiency due to these rectifier
losses can be represented in terms of forward voltage drop
by a simple equation·

increased by utiiizing a power MOSFET with a low onresistance. Unfortunately, the power MOSFET synchronous rectifier is not a cost-efficient approach because:

1) Twice the silicon chip area is required when compared
with a BISYN for the same forward voltage drop at
room temperature.

Loss of efficiency due to rectifier, %
__V_cF__
Vo+ VF
2.5

1 ~\

0

X

2) Ros1an1 of a power MOSFET increases three times
faster with temperature than RcE of a BISYN.

1000/o
(6)

As such the power MOSFET requires three to four times as
large a silicon chip for the same output current and performance as the BISYN.

x 100% = 28.6%

Note that the temperature dependent forward offset voltage VF and and output voltage influences the efficiency of
a switching power supply. The rectifier losses are minimized with the low forward voltage of a Schottky rectifier;
but it still represents 20% of the total input power lost in
these rectifiers when used in 2.5V supply. From the above
equation, it is obvious that there is a nearly fixed fraction of
input power lost 1n the output rectifiers regardless of load
current. To improve the efficiency of the swrtching power
supply, one must select an alternative such as synchronous rectification using either a power MOSFET or a
BISYN.

BIPOLAR SYNCHRONOUS RECTIFIER
Unlike a bipolar transistor, BISYNs offer features such as
low saturation resistance (8 milliohms for 4.5mm sq. chip)
with light base drive (forced gain 2': 25) and symmetrical
voltage blocking capability for both positive and negative
input voltages The device is specifically designed for synchronous rectifier applications with low output voltages
such as required for high density CMOS logic and high
speed ECL.
Like a power MOSFET, the saturation resistance of the
BISYN has a positive temperature co-efficient; however, rt
is three times smaller in magnitude. Thus rt maintains high
efficiency even at elevated temperatures. The switching
times are optimized through a lightly doped, narrow Dase
region. The storage time and fall time of the device is on the
order of 300 and 80 riano seconds, respectively.

The typical application of a synchronous rectifier using a
power MOSFET is shown in Figure 2.

Unlike a power MOSFET, the BISYN has both positive and
negative input voltage blocking capability. This opens the
door for new applications, such as a synchronous PWM
regulator in which the output voltage is regulated with a
BISYN by controlling the conduction period in synchronization with the primary switching voltage.
The cross-sectioned area of a BISYN and waveforms of its
electrical characteristics are shown in Figures 3 through 6.

FIGURE 2 POWER MOSFET SYNCHRONOUS RECTIFIER

o,,

During the on-time of primary transistor
power
MOSFET 02 is turned on with a voltage generated across
winding N2, this allows secondary current to flow through
the low source-to-drain resistance Ros1an1 When primary
transistor 01 is off, the power M OSFET 02 reverts to its
blocking state The MOSFET 03 turns on and fac1l1tates a
path for inductor current. Some inductor energy through
winding N3 1s used to turn on power MOSFET 03. Since a
power MOSFET is a majority carrier device, the turn-off
delay is negligible. The switching losses are negligible due
to its fast switching times. The fraction of power lost in this
synchronous rectifier·

BASE

BASE

n+

n+
COLLECTOR

_ (1 _ ) _
PFRl'J -

Ros1onl lo
(7)
Va= Ros1onl lo
Unlike conventional rectifiers, the rectifier loss and consequently the efficiency of the power supply is a function of
output current The power supply efficiency can be
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EMITTER

FIGURE 3 CROSS SECTION OF BISYN TRANSISTOR (TWO BIPOLAR
JUNCTIONS TEND TO CANCEL EACH OTHER IN THE ON-STATE).
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A BISYN is a classical low voltage bipolar transistor. When
both 1unctions are forward biased, the forward drops
cancel each other and provide a low drop from collector to
emitter The saturation resistance of a BISYN is less than 2
m1ll1ohms while the rest of the 6 m1ll1ohms is contributed by
metallization, wire bond and package resistances This 1s
the main reason for low composite temperature coeff1c1ent of saturation resistance. Both positive and
negative collector to emitter voltage blocking capability of
the device, with base open, are shown 1n Figure 4 The first
and third quadrant VcE vs le characteristics of the BISYN
are displayed 1n Figure 5. It is obvious that the DC gain 1s as
high as 200 1n the first quadrant and 40 1n thethird quadrant,
and 1s practically independent of collector to emitter
voltage. First quadrant VcE vs le characteristics up to 1OOA
are presented 1n Figure 6 The saturation resistance RcE<satJ,
independent of collector current, 1s less than 8 m1ll1ohms,
and the device has a high gain (30) even at 100 amperes

FIGURE 4 SYMMETRICAL REVERSE CHARACTERISTICS
OF A BISYN RECTIFIER

PERFORMANCE COMPARISON
AMONG SCHOTTKY,
POWER MOSFET & BISVN
The power losses of a Schottky, a power MOSFET and a
BISYN when used as a rectifier are compared in Figure 8

FIGURE 5 FIRST AND THIRD QUADRANT VeE vs le
CHARACTERISTICS OF A BISYN RECTIFER

FIGURE 7 RECTIFIER POWER LOSSES

The devices are normalized to the same size chip and
reverse blocking voltage. For example, the commercially
available power MOSFET IRFZ40 has 28 milliohms Ros<on>
and Bvoss = 40V ratings. The chip size is about the same as
that of a BISYN, however, the normalized MOSFET with
Bvoss = 25V, not commercially available, will have only 18
milliohms Ros<an1 and is used as a comparison with the
BISYN. Similarly, the power Schottky rectifier 1s a 25V
Schottky (not yet commercially available). Again the area
of the silicon chips is normalized against the BISYN area
Let us first define the losses in the BISYN.
FIGURE 6 FIRST QUADRANT VeE vs le CHARACTERISTICS
UNITRODE CORPORATION • 5 FORBES ROAD
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For most low voltage applications the BISYN provides the
most cost-effective and efficient approach for secondary
rectification.

The power losses can be expressed by the equationPLs1 = [RcE<satJ lo2J (DJ

+ [VsE<onl

~oF

J (DJ

BISYN SYNCHRONOUS RECTIFIER
APPLICATIONS

+ [IR VRJ [1-DJ
Where-

Two popular types of synchronous rectifiers are detailed in
this section.

lo: output current
D BISYN on Duty cycle

1) Single Ended Forward Converter;
Half-Wave Synchronous Rectifier

BF: Forced gain to keep BISYN in saturation
IR· Emitter to collector leakage current IEcx

In a single ended forward converter, the output voltage is
developed by half wave rectification in the secondary circuit as previously shown in Figure 1. The rectifier diode D2,
which carries filter inductor current, must recover fast,
when primary switch 01 1s closed to prevent problems due
to shorting the secondary through diode D1 During the
recovery period high peak current will be reflected back to
the primary side Besides EMI generation, the high peak
current will increase the power dissipation in the switch 01
and can damage the power switch. Therefore, diode D2
must have very short reverse recovery time. However, the
BISYN utilized for diode D2 had long recovery time (storage
time), on the order of 300-400 nano seconds This necessitated development of a unique circuit as shown in Figure 9,
which eliminates the storage time limitation.

VR: Emitter to collector voltage
From the above equation, it is obvious that the lower the
saturation resistance and higher the forced beta, the lower
the rectifier losses The individual components of power
loss at 125°C junction for the BISYN are presented in
Figure 7 The worst case BISYN rectifier losses are realized
at elevated temperaturns. Unlike the Schottky rectifier, the
power losses are a square function of the output load
current instead of linear function
The rectifier losses in a secondary output c1rcu1t are compared for a Schottky, a power MOSFET and a BISYN at a
1ypical operating junction temperature (75°C) in a single
ended forward converter, as shown in Figure 8. All the
curves are normalized for devices with equal blocking voltage and silicon chip area.

FIGURE 9 BIPOLAR SYNCHRONOUS RECTIFIER IN A TWO
TRANSISTOR FORWARD CONVERTER

FIGURE 8 COMPARISON LOSSES

The operation of the circuit is as follows. During the on-time
of transistors 01 and 02, BISYN 03 is biased on and
delivers output load current through filter inductor L. The
polarity of voltage developed across winding N2 is such
that BISYN 04 remains in a blocking state. Diode D3 is also
biased off. When transistors 01 and 02 turn off, some of the
energy stored in the magnetizing and leakage inductance
enhances the recovery process of BISYN 03. The recovery time (300-400 nano seconds) of BISYN 03 extends the
reset time of the core. However, 1n a typical design, half of
the switching period is allocated for core reset time. Thus,
the storage time has no s1gn1f1cant etfect on operation. The

TOTAL SECONDARY RECTIFIER

The BISYN rectifier uses a 4.5mm sq. silicon chip. For a
2.5V output supply, and output load current below 4A, the
power MOSFET offers high efficiency because there are
no VsE<on1 losses. At elevated temperatures the output current crossover point favoring the BISYN will be even lower
due to the higher temperature co-efficient of Ros1on1 for the
MOSFET. At high output currents use of a BISYN reduces
the power losses to half of the losses of Schottky rectifiers.
UNITRODE CORPORATION • 5 FORBES ROAD
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o.

BISYN
starts conducting filter inductor current as soon
as the voltage across the secondary collapses BISYN
receives base drive energy from the filter inductor L,
through winding N2. The diode 03 still remains reverse
biased.

o.

When transistors 01 and 02 turn on again, the voltage
across winding N3 1s clamped to approximately zero by
diode 03 and the forward biased collector to base Junction
of BISYN o•. This 1unct1on acts as a voltage source
(=07V) as long as BISYN
1s conducting during the
storage time The turn-on of BISYN 03 1s held off due to
lack of base drive because winding N3 is shorted, through
diode 03 and the collector-base junction of BISYN o•.
Meanwhile, the current through the shorted turns (the rate
of rise of which is limited by leakage inductance) is utilized
to commutate BISYN
off rapidly. Diode 03 is then
reverse biased and BISYN 03 turns on through winding N1.

o.

o.

FIGURE 9b TURN-ON WAVEFORMS VERTICAL SCALE 2V/cm

The effect of the turn-off circuit (consisting of w1nd1ng N3
and diode 03) on secondary current is demonstrated in
Figure 9a. The upper waveform shows secondary current
1dent1cal to the lower waveform except for high peak
current

Is

WITH
03

-0

Is

WITHOUT
03

FIGURE 9c TURN-OFF WAVEFORM VERTICAL SCALE 2V/cm

-0

FIGURE 9a SECONDARY CURRENT EFFECT OF DIODE D3
VERTICAL SCALE 5A/cm

The oscillograms 9b and c demonstrate that there are
practically no switching losses 1n a single ended forward
converter.

2) Push-Pull Converter; Center-Tapped
Full Wave Synchronous Rectifier

D, D3 -

The center-tapped push-pull BISYN synchronous rectifier
circuit is shown in Figure 10
UNITRODE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 • TEL (617) 861-6540
TWX (710) 326-6509 • TELEX 95-1064

USD545
UES1101

FIGURE 10 BIPOLAR SYNCHRONOUS RECTIFIER IN A CENTERTAP OUTPUT CONFIGURATION
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During the on-time of primary transistor 01, BISYN 0 3 is on.
At this time all other devices in the secondary circuit are in
the off state. The energy from the primary side is being
transferred to the secondary through the transformer and
the BISYN 03. When primary transistor 01 turns off, current
flow in the secondary winding ceases and the voltage
across the secondary winding collapses. The catch diode
D1 provides the path tor inductor current. The tilter inductor
energy causes current flow through diode D2 and speeds
up the turn-off process of BISYN 03. When 03 recovers,
diode D2 becomes reverse biased. The induced voltage,
caused by stored magnetizing energy in the core, will turn
on BISYN Q4 and remains on until magnetizing current
drops below diode D3 current. When both transistors 0 1
and 02 are off, 03 remains off. The catch diode D, provides
the current path for the filter inductor. Since BISYN 03 is off
prior to turn-on of primary transistors 02, recovery time of
the BISYN is of no consequence other than limiting maximum dead-band period oi the circuit. The input voltage and
current waveforms of the BISYN are shown in Figure 1Oa.

SYNCHRONOUS PWM REGULATORS
In a typical switching regulated power supply only one of
the outputs is regulated through a closed loop; while other
auxiliary outputs may provide rough regulation. When
these outputs require tighter regulation, usually linear or
switching regulators are utilized.
In a synchronous PWM regulator, the regulated auxiliary
output is derived in one step through rectification and regulation of the secondary winding output voltage. A BISYN is
the only device which can perform this function because of
its unique third quadrant characteristics. Also, its low saturation resistance maintains high efficiency. The output voltage 1s regulated by gating the input pulsating DC voltage
(from secondary winding) to the LC tilter, in synchronism
with the primary switching cycle. The detailed schematic of
the regulator 1s shown in Figure 11

5V/cm
Input collector
voltage BISYN
Q3

5A/cm

BISYN Q3
Base drive

BISYN Q3
collector
current

2A/cm
FIGURE 10a WAVEFORMS CENTER-TAP RECTIFIERS

FIGURE 11 BISYN SYNCHRONOUS PWM VOLTAGE REGULATOR
UNITROOE CORPORATION • 5 FORBES ROAD
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Note that there is no standard commercially available PWM
c1rcu1t which can perlorm these functions without some
additional circuitry. The biasing requirements of the BISYN
03 necessitate the use of a positive and negative supply
voltage for the PWM control chip A commonly required
±12V output voltage can serve as a bias supply for the
PWM circuit. However, in this circuit the PWM supply voltage 1s developed directly from the secondary winding as
shown in the previous figure

A level shifter is required to feed back the output voltage
sample because the control chip ground reference is different from the output voltage. The circuit consists of transistor Oe. diode De and resistors R9 and R,,. A diode De
temperature compensates for the VsE of transistor Os. The
transistor Os in con1unction with resistor R,, converts the
output voltage into an output voltage dependent current
source. The output voltage, referenced to the negative
supply rail. 1s developed across resistor R9 and diode D6.

The BISYN 1s controlled by one of the totem-pole outputs of
the control chip 3525A. The drive current (200mA) is
limited by resistor Rs during on-time. However, during 1nit1al
turn-on. it receives a large peak value of bias drive current
because the emitter of BISYN 03 is maintained at a negative 0.7V potential by catch diode D3 which carries the filter
inductor current The turn-on waveform shown 1n Figure
12a demonstrates that turn-on drive current 1s three times
higher than steady state base drive current

The sync pulses, referenced to the negative supply voltage, are developed with transistors Os, diode Ds and the
associated Re circuit The resistor R2 and capacitor C2
function as a differentiator c1rcu1t, while Ds clamps the
negative voltage excursion to prevent a malfunction of the
control chip The free running frequency is set about two
times higher than the primary transistors sw1tch1ng frequency by capacitor
and resistor R.

c.

SUMMARY
In add1t1on to synchronous rect1f1er, the application of a
BISYN 1s demonstrated for voltage regulation with
improved transient response through a synchronous PWM
regulation technique This is possible due to its unique third
quadrant characteristics, unlike power MOSFETs. Ultra
fast switching times allow the sw1tch1ng regulator to be
operated up to 250kHz

le
COLLECTOR
CURRENT

2A/cm

-o

The BISYN has extremely low (<8 m1lliohm) saturation
resistance with a small size (4.Smm sq ) chip. Thus it provides an efficient and cost-effective approach for synchronous rectifiers and synchronous PWM regulators when
compared to power MOSFETs and Schottky rectifiers The
output current capability can be extended by paralleling
these devices, which is possible because of the positive
temperature co-efficient

BASE
CURRENT

ls1

0 5A/cm

FIGURE 12a RISE TIME
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DETERMINING THE CHANGE IN ZENER VOLTAGE
WHEN THE CURRENT IS CHANGED
A common question concerning zener diodes is "what will be the zener voltage at a current different from the
current now specified?"
The difficulty is that the impedance of a zener is not a constant, and changes with the current, so the zener
voltage is a non-linear function of current.
Here is a useful equation that gives a good approximation to the change in zener voltage when the current is
changed from one value to another value.

where k,

=I, x Z, and I, is chosen approximately midway between 1 and 1
1

2

The equation does not include the effect of pulse or de-heating on the zener voltage. If appreciable junction
heating is involved the thermal model must also be used.
Here is an example of how the equation is used.
Question: If the voltage of a UZ5733 is specified as 33V at 40mA, what will be its voltage when measured
at 5mA?
Using the graph of z, versus I, on the data sheet for this device, and choosing a value of I, at 20mA,

Z,
So k,

= IOQ

=I, x z; =20mA x IOQ =0.20V

' = k' In (\1J±.._)= 0 20

!:. V

1

•

x

In ( SmA \
40mAj

=0.20 x In (0.125) =0.20V (-2.08) =-0.42V

Thus the zener voltage at 5mA will be 33V - 0.42V = 32.6V
UZ5706 Series
Typical Zener Impedance
vs Zener Current

ZENER CURRENT (mA)
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MINIMIZING STORAGE TIME WHEN USING UNITRODE SWITCHING
REGULATOR POWER OUTPUT CIRCUITS (PIC600 SERIES)

In some applications (such as a reversing motor drive, for example: stepper motor) where storage
time is an important consideration in the design, the normal storage time of PIC600 series (approximately
600ns) can be reduced to acceptable level.
At lower output currents, the excess storage time is a result of the driver stage operating well under
saturation, while at higher output currents it is a result of the output transistor operating into quasisaturation region.
The storage time can be reduced to less than lOOns by utilizing a Baker Clamp technique as shown
in the circuit below:
r-------.,4

positive supply

I
I

I
I

31

I 1N9141
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I
I Drive

I
I

I
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I Drove
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I
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!1N914:
_J
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3

I
I
I
I

I
I

I
L ____

-

4

=

__J
negative supply

The Baker Clamp will increase the VCE(sat) losses but this disadvantage will be more than offset by
the improved switching speed.
The Baker Clamp circuit varies the drive current of the PIC600 series for optimum switching speed at
any given load current. The drive current required to the Baker Clamp can be unregulated, as long as it is
greater than 30mA.
The small value of the inductor L 1 and L 2 (5 to 10 µH) stops cross conduction during the switching
of PIC600 series.
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AVOIDING SPURIOUS OSCILLATION WHEN USING UNITRODE SWITCHING
REGULATOR POWER OUTPUT CIRCUITS (PIC600 SERIES)
Avoid spurious oscillation due to ground loops and RFI when using a Unitrode Switching Regulator
Power Output Circuit (PIC600 Series) in a switching regulator.
The Unitrode switching regulator power output stage (PIC600 Series) is a high frequency fast switching device. Its control circuitry must also operate at high frequency and high gain. Therefore, it is necessary to avoid any ground loops and RFI for stable circuit operation.
The high frequency roll-off of the control circuit should be adjusted properly with a compensation
network. The typical layout of the power circuit is shown in the figure below.

COPPER PATTERN

EIN
TO CURRENT SENSE
E1N

4' -

-

-

-

-

-

- -, 1

~----<>---'YY"""---<kAA-+--....----

I
I
j

3

1---+----

2

EIN

TO INVERTER {

GROUND

INPUT

----~

CONTROL CIRCUIT

I

PC BOARD LAYOUT OF POWER CIRCUIT

CIRCUIT DIAGRAM

Capacitor C 1 (0. 2 µf) reduces the RFI generated due to the reverse recovery current spike of the catch
diode, and should be physically located near pin 4 and pin 2 of the PIC625. The capacitor should be a high
frequency by-pass capacitor, such as Polystyrene.
The current sense resistor R3 should be a non-inductive (carbon) type. The current sense signal should
be picked up right across this resistor.
If the switching regulator is operated at the higher end of the input voltage, the inductor should be
shielded with an electrostatic shield, grounded to Point A. The case of PIC625 should also be connected to
Point A.
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OPERATING THE SWITCHING REGULATOR OUTPUT CIRCUIT
{PIC600 SERIES) AT LOW FREQUENCIES

The Unitrode switching regulator power output circuit consists basically of
a power transistor switch and a catch diode.

The appropriate data sheets in the

Unitrode Semiconductor Databook provide the necessary information for determining
junction temperature and power dissipation at frequencies above 10 kHz.
This Design Note provides a method for determining the junction temperature
and maximum allowable power dissipation for the transistor switch and catch diode
when the switching regulator is operated at frequencies under 10 kHz, where the
switching losses are negligible and can be safely ignored.
The method of determining safe power dissipation requires a detailed transient thermal analysis, since the junctions of the transistor and diode are subjected to temperature excursions due to the applied pulse power.
When the device is subjected to a train of periodical power pulses, the
maximum power dissipation and junction temperature can be calculated from the
effective pulse thermal resistance (O ) as follows:
p

op

~

x D + (1-D) r(t + 7) - r(7) + r(t)
where:

t

pulse width

7

period

Duty cycle D

=

f

Peak Power, Ppk is peak of an
equivalent square power pulse
r (t + 7) = transient resistance
at time t + 7

1-t-l
,...··---7---11•...il
Figure 1.

r(t) = transient thermal resistance
at time t

Power Pulses
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Calculating the Junction Temperatures (Pulse Train)
A.

Power Transistor Switch

The peak junction temperature of the transistor switch under repetitive
peak power pulse conditions is calculated as follows:

Tj (peak)

Tj (peak)

TCASE + VCE

xIC~ [R.r ;t

+ (1

- tTT

)x r(tT + r)

- r(r) + r(tT)]
The transient thermal impedances r(tT + r), r(r), r(tT) are obtained from
the transient thermal impedance plot for the transistor (see Figure 2),
tT

B.

= transistor

on-time

Catch Diode

The peak junction temperature of the catch diode under repetitive peak
power pulse condition is calculated as follows:

Tj (peak)

TCASE + IF x VF [ R.r x

t~

+ (

1 -

t~ )

r ( tD +

T)

- r(r) + r(tD)J
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where:
diode on-time

The Transient thermal impedances r(tD + T), r(T), r(tD), are obtained from
the transient thermal impedance plot for the catch diode (see Figure 2).
C.

Power Dissipation

The maximum allowable power dissipation in either the transistor or the
diode is determined by the maximum junction temperature of 150°C:

p

2.

lSOoC - TCASE
pk(max)

8
p

Calculating the Junction Temperature (Single Shot Power Pulse)
For a non-repetitive power pulse, the rise of junction temperature can be

calculated as follows:

For a pulse with less than 100 millisec, the case temperature is assumed
to remain at ambient temperature.
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Figure 2.

Transient Thermal Resistance - Power Transistor or Catch Diode
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A 350 WAIT SWITCHING REGULATED OUTPUT POWER SUPPLY
FOR MULTIPLE OUTPUTS UTILIZING
UNITRODE SEMICONDUCTOR COMPONENTS
There are many ways a switching power supply can be designed to obtain regulated
output voltages. When multiple outputs are desired, such as ±5 volts and ±12 volts, the
circuit described below provides the basis for an efficient, economical, and reliable power
supply. It consists of a pulse width modulated buck regulator and a synchronized "H"
(full bridge) inverter, each leg of which operates at 50% duty cycle. The block diagram of
the power supply is shown in Figure 1.

AC
INPUT

RECTIFIER AND
FILTER

"H" INVERTER

BUCK REGULATOR
CONTROL
CIRCUIT

Figure 1. Block Diagram

The advantages of this design approach are as follows:
I.

Numerous inductors (normally needed when pulse-width modulating an inverter)
are not required. No filter inductor is required in the output which lowers costs.
Minimum load bleeder resistors are not needed, thus improving efficiency and
excessive heat generation. These features result from the "H" inverter operating
at I 00% duty cycle.

2.

A high voltage, low ESR capacitor in series with the power transformer is not
required. The problem of excessive collector current in an "H'' inverter stage due
to "walking of core flux" on a saturated B-H curve is eliminated.

3.

There is no possibility of high current or forward-biased second breakdown in the
inverter bridge transistors when they are simultaneously on during switching
periods. The "cross-current" is limited by the inductor, Lj, (the buck regulator
acts as a constant current source) which increases reliability. Furthermore, the
transistors are in saturation during cross conduction again improving efficiency.
and reducing heat generation.
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4.
5.
6.

Only one high voltage switching transistor is required for either 110 or 220V
input.
There is no possibility of forward-biased second breakdown in the bridge transistor during initial turn-on ("start-up").
No expensive high voltage filter capacitor is needed. Filtering is achieved with a
low voltage output capacitor.

Description of the Circuit:
The buck regulator, "H" inverter and control circuit is described in brief in this section.
The detailed schematic of the circuit is shown in Figure 2.
A.

Buck Regulator:
The output stage of a buck regulator consists of a Unitrode UMTI009 and a fast recovery
(50 nanoseconds) high voltage catch diode, the Unitrode UES1306. The buck regulator is
operated at 50 kHz, twice the operating frequency of the "H" inverter, with very low switching
losses. Operating the buck regulator at higher frequency reduces the cost of the filtering
inductor, L 1 .

The output voltage is regulated in this stage by employing a pulse-width modulation
technique using a UCl524. The output of the filter inductor is clamped below the BVcEO of
transistors used in an "H" bridge with a Unitrode zener diode UZ4212. This diode absorbs the
energy stored in inductor LI during the period when energy is not coupled into the secondary
due to the leakage inductance of power transformer TJ., Notice that there is no output filter
capacitor in the buck regulator. This design feature limits excessive cross conduction collector
current in the transistors of the "H" inverter.
The base drive current to the pass transistor is provided with a unique transformer
coupled drive circuit. It provides base drive current up to I 00% duty cycle if required. Furthermore, a small amount of energy stored in a ferrite bead in the base drive circuit provides
assistance in turning off the high voltage pass transistor.
B.

"H" Inverter:
The "H" inverter operates at 25 kHz, with a 50% duty cycle in each leg, synchronized
with the buck regulator. It utilizes four low vol age 2N6354 transistors. Low voltage transistors offer low VCE( SAT)• high gain and fast switching times. Due to high gain, the base
drive current required is low.
The switching losses are kept to a minimum by switching the transistors when inductor,
L1, current is at a minimum. The storage time of the transistor is kept to a minimum by
reducing the base drive just prior to transistor turn-off. (The base drive current is highe~t
when transistor is turned on and reducing linearly.)
The diodes D1 - D4 provide the path for magnetizing current at lower output current
as well as the path for energy stored in the leakage inductance of the power output
transformer.
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Current limiting is obtained with a current transformer. The level of the current limit is
maintained constant regardless of temperature by effectively using two diodes in series with
an 8.2 volt zener (Z2) UZ708. Only one driver transformer is used for all four transistors.
The transistor turn-on and turn-off is enhanced with a ferrite bead in the drive circuit.
The output is rectified with Unitrode USD545 Schottky Rectifiers which provide the
advantages of low VF at high current and minimum change in leakage current with temperature. The snubber network across the Schottky diodes prevent reverse bias breakdown from
the large voltage spikes due to leakage inductance in the power transformer, and reduces
RFI.
C.

Control and Drive Circuits:

The regulation function is achieved with a UC1524A P.W.M. monolithic integrated circuit.
The synchronizing pulses from the integrated circuit drive the D-Flip Flop, SN7474. The output
of this D-Flip Flop drives the logic circuit 75450P which provides drive current to low cost
UMTI3004 NPN transistors. Line isolation is maintained with a driver transformer.
The control circuit (UC1524A) is inhibited in a slow start mode to prevent large current and
voltage transients.
The circuit described herein provides conversion efficiency up to 85%. This design
approach achieves an efficient and economical switching-regulated power supply when multiple outputs are desired. The output filter capacitor is smaller in size because each leg of
the "H" inverter operates at 50% duty cycle.
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1--20 µSEC--j-20 µSEC--j-

VOLTS1~ 0
VOLT.:_j_ _ _ _ _

J~----~~o

CT - CLAMP VOLTAGE
UC1524A

OSCILLATOR OUTPUT
UC1524A

V CE - PASS TRANSISTOR
UMT1009

Vee
U L i l o

le

IB

lz

Vo

I1J1J.
~~.

LLt.
r--11

le - PASS TRANSISTOR
UMT1009

18 - BASE DRIVE TO
UMT1009
lz - ZENER CURRENT
UZ4212
SUPPLY VOLTAGE
TO "H" INVERTER

INDUCTOR CURRENT OR
INPUT CURRENT
TO "H" INVERTER

18 - BASE DRIVES
TO "H" INVERTER

-a,.04

Ip - PRIMARY CURRENT
TRANSFORMER T3

0

10 - DIODE CURRENT
SCHOTTKY RECTI Fl ER
USD545

Figure 3. Basic Waveforms
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TRANSFORMER AND INDUCTOR DETAILS
L1. Filter Inductor;
core:

Ferroxcube IF-19

)1

Air gap = 0.2 inches

N = 198 turns, wire size AWG #16

L2. Ferrite Bead;
core:

Stackpole #57-1552 Ferrite Bead
NI = 2 turns, wire size #32
N2 = 2 turns, wire size #32

TI. "H" Inverter Driver Transformer;
core:

J c:
Np

ll~~NS
Cs

Ferroxcube 376U250-3C8, 376UB250-3C8
Np= 90 turns, wire size AWG #32
Ns = 15 turns, wire size AWG #32

GROUND

T2. Buck Regulator Driver Transformer;
core:

~lip·

B~

Ferroxcube 78E272-3C8, 782B272-3C8
Np = 90 turns, wire size AWG #34
Ns = I 5 turns, wrie size AWG #28
Two transformers wound on same core, over outside legs of
E-1 core.

GROUND
SHIELD

T 3 . Power Output Transformer;
core:

Ferroxcube EC-52
Np = 32 turns, wire size #16
Ns = 4 turns, wire size #26, 36 wires twisted together
NOTE: Secondary is designed for +12 volts output. For
multiple output total copper area of secondary
should be 0.30 x Total Window Area.

SHIELD

T4. Current Transformer;
Ferroxcube 376U250-3C8, 376B250-3C8
core:
Np= 2 turns, wire size AWG #16
Ns = 60 turns, wire size AWG #32
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SQUIB-FIRING CIRCUIT PROVIDES FOR RELIABLE FIRING,
FROM LOW LEVEL INPUTS

The design of reliable squib-firing circuitry often presents particular problems. Squib functions are typically
quite critical, and the initial triggering source for these systems is, by nature, usually minute.
Conventional transistor squib-firing circuits usually require several gain stages, together with a power transistor to handle the squib-firing current. Mechanical squib switches, on the other hand, cannot be operated
repetitively to allow for complete testing of the device and associated circuitry during check-out.
The high sensitivity planar Silicon Controlled Rectifier (SCR) can be triggered directly from low-level input
circuitry, with significant reduction in circuit complexity and size. Reliability is thus considerably enhanced.
The unique characteristics of the planar SCR have resulted in wide usage of this semiconductor component
in squib-firing circuits for rocket engine ignition, detonation, and explosive bolt applications. Compared with conventional transistor techniques or mechanical squib switches, this proven approach has significant reliability advantages, with circuit simplicity, size reduction, mechanical ruggedness and elimination of electrical contacts.
An SCR, with surge current ratings at 100°C of 5 amperes-50 milliseconds or 20 amperes-I millisecond can
easily handle the current required for firing most squibs. Input circuits can be designed to trigger reliably at levels
below 100 microamperes and 1.0 Volt, making the SCR particularly well-suited for direct drive from low level
control logic circuits and simple RC time delay networks. In addition, the bistable properties of the SCR enable it
to be triggered on by a pulse input-remaining in the "ON" state until reset. This inherent "memory" is frequently used to advantage in arming circuits.
Two circuits typical of squib firing applications are shown in Figures l and 2. Both will operate from
-65°C to over 125°C.
In Figure l, Capacitor C1 is charged to +28 Volts through R1 and stores energy for firing the squib. A
positive pulse of l mA applied to the gate of SCR1 will cause it to conduct, discharging C1 into the squib load X1.
With the load in the cathode circuit, the cathode rises immediately to + 28 Volts as soon as the SCR is triggered
on. Diode D1 decouples the gate from the gate trigger source, allowing the gate to rise in potential along with the
cathode so that the negative gate-to-cathode voltage rating is not exceeded. This circuit will reset itself after test
firing, since the available current through R1 is less than the holding current of the SCR. After C1 has been
discharged, the SCR automatically turns off-allowing C1 to recharge.
R,
JAN 2N3028

...A..

C,

INPUT

200µ!

FIGURE 1
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In Figure 2, energy for firing the squib is supplied directly from the +28 Volt supply. Caution must be exercised when arming this type of circuit. If anode voltage is applied too rapidly, the SCR may fire. This dv/dt effect acts through the SCR anode-gate capacitance (15 pf), which couples current to the SCR gate (in proportion to
anode dv/dt). The effect is negligible if dv/dt is under 1 Volt/µs-as in Figure 1, where it is limited by the
charging of C,. Faster rates of rise can be safely handled by increasing the SCR gate bias.
L,

+28V

10µh
R,
1on

c,

c,

R,
5.6K

0.1µ1

FIGURE 2

In Figure 2, the LRC input network limits the anode dv/dt to a safe value-below 30 Volts/µs. R, provides
critical damping to prevent voltage overshoot. While a simple RC filter section could be used, the high current required by the squib would dictate a small value of resistance and a much larger capacitor. Resistor R, provides
DC bias stabilization, while C, provides stiff gate bias during the transient interval when anode voltage is applied.
In this circuit the SCR is fired one second after arming by means of the simple R, C, Z, time delay network.
R, provides a load for the SCR for testing the circuit with the squib disconnected-limiting the current to a level
well within the continuous rating of the SCR. The circuit can be reset by opening the + 28 Volt supply and then
re-arming.
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NANOSECOND SCR SWITCH FOR RELIABLE HIGH CURRENT PULSE
GENERATORS AND MODULATORS

The design of reliable modulator and pulse generator circuitry often presents the design engineer with seemingly conflicting requirements. In order to obtain fast rise times, "hard tubes" or hydrogen thyratrons are often
used. This results in a large system which consumes considerable power and has relatively low conversion efficiency. Reliability, jitter, and stability are also common problems in these systems.
To improve reliability, as well as decrease standby power consumption and improve conversion efficiency,
semiconductor devices are a natural choice. However, at the voltage and current levels most often encountered in
these applications, conventional semiconductors are usually too slow.
The nanosecond SCR switch developed by Unitrode allows the designer to upgrade high current, high
voltage modulator and pulse generator circuitry. A single device (GA201 or GA301 *)is capable of operating in
circuits with supply voltages up to 100 Volts DC and pulsed load currents in excess of 50 Amperes. It can be triggered directly from logic level signals (1 Volt, 200 microamps) and exhibits a rise time of less than
10 nanoseconds to 1 Ampere with only 10 milliamps of drive signal. Single switches operated in this mode can be
used as high current replacements for avalanche transistors, modulators, and harmonic wave form generators.
Special circuity has been developed to apply these nanosecond switches in applications where supply voltages
exceed the forward blocking capability of a single device. The simplest of these is shown in Figure 1.
The 1 meg-ohm resistors act as a voltage-sharing network to insure that no single device is overvoltaged
because of unequal leakage currents. Turn-on is accomplished by applying a trigger signal to the primary of the
pulse transformer, Tl. The capacitor, which has been charged to the supply voltage through Re, discharges
through RL, and the string of SCRs. This circuit is useful until the number of stages used requires a pulse
transformer that becomes objectionably bulky. Beyond that point the circuit of Figure 2 or 3 is used.
Figure 2 illustrates an approach that uses a pulse transformer to trigger only part of the string, while the rest
of the devices in the string are supplied with gate drive through the zener diodes. With a supply voltage of 360
Volts DC, a 95 Volt ± 50Jo zener diode across each SCR in the string prevents unequal voltage distribution. When
SCR, and SCR, are triggered, 360 Volts appear across SCR, and SCR, causing zener diodes Z, and z, to conduct.
Since D, and D, are back-biased, the current must flow through the gate-to-cathode junctions of SCR, and SCR,,
thus driving them on. Up to eight stages can be stacked in this manner using a pulse transformer to drive only the
bottom two SCRs in the string. Driving three SCRs with a pulse transformer allows stacking sixteen stages, which
can switch a 1440 Volt load using a pulse transformer that needs to have a dielectric isolation rating of less than
300 Volts.
Figure 3 uses no pulse transformer and can be extended to virtually any number of stages. When SCR, is
triggered, the cathode of SCR, drops from + 100 to essentially 0 Volts. Capacitor C, discharges into the gate of
SCR, causing it to conduct, and this process is repeated for SCR, and SCR,. This circuit has the added feature of
providing negative bias to the SCRs during recharge of the load in order to minimize the effect of dv/dt. As the
voltage rises on the anode of SCR,, current flows through the path consisting of C,, R,, C,, R,, C,, R,, etc. This
provides negative bias for the gate-to-cathode junctions of the SCR in the string, making them less sensitive to
dv I dt triggering. This allows the use of rapid recharge circuits which permits operation at higher repetition rates.
Either resonant recharge or active (SCR) rapid recharge techniques may be used with these circuits.
*GA201 recommended for military, GA301 for commercial applications.
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FIGURE 1

FIGURE 2

FIGURE 3

If the energy storage element(s) and load consist only of Rand C components, the charging resistor must be
large enough to limit the DC current to a value less than the minimum holding current of the SCRs in the string.
When the load contains an inductive component, as is usually the case in modulator circuits, the network can be
designed to "ring" in order to reverse-bias the SCR string momentarily, permitting the SCRs to regain their forward blocking capability even though Re allows more than the minimum holding current to flow. Diode DR may
be used in all circuits so that the recharge current will not flow through the output element. In Figures 2 and 3,
DR shunts the reverse "ringing" current around the output element. Diode De must be used in circuits that contain inductive elements to protect the string from being excessively back-biased due to circuit ringing.
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NANOSECOND SCR FOR LASER DIODE PULSE DRIVER

The use of pulsed gallium-arsenide lasers req~ires a reliable high speed, high current switch to drive these
devices. In the past the only solid state devices that could be used in this application were avalanche transistors
and fast medium power transistors. Avalanche transistors presented reliability problems, while the standard
medium power transistors available were too slow. The GA200 series "Nanosecond SCR" with a rise time
capability of 10 nsec to 1 Amp or 20 nsec to 30 Amps provides a solution to both the reliability and the speed
problems and appears to be ideal for this type of application.
The circuit shown in Figure 1 utilizes a GA201 device along with a lumped constant delay line to generate
the desired square current pulse. For simplicity, a single capacitor could be used instead of the delay line. The
delay line, however, has the advantage of producing a square pulse that provides sharp turn-off, which limits the
excess power dissipation that would occur in the laser diode if the pulse fell exponentially. The impedance of the
delay line ( =
is chosen to produce a slight mismatch, which produces overshoot on the trailing edge of the
pulse. This overshoot acts as a reverse bias on the anode of the SCR, assisting in turning it off. A typical value
for the delay line impedance would be 1 to 2 ohms, which approximates the impedance of the load formed by the
SCR and laser diode in series. The time duration of the pulse ( =
per section) can be made as short as desired
with a value of 50 to 100 nsec being typical.

Fc)

vc;;,

With the SCR in the off state, the delay line will charge to the supply voltage (100 Volts with GA201). A
gate current at the input of as little as 200 µA will trigger the SCR. The delay line will then discharge, producing a
square current pulse through the gallium-arsenide laser diode. R, and RoK are chosen so that the current, after the
delay line discharges, will be less than the holding current of the GA201 ( = 3 mA with RoK = 100 ohms.) C,
should be about .OOlµf and is necessary to prevent false triggering through noise or through dv/dt commutation.
D, provides a charging path for the delay line, while R, '=" 50K provides a stable ground reference. Diode D, insures that the reverse breakover voltage of the GA201 will not be exceeded during the turn-off period.
The forward current level will depend upon the total impedance of the GA201 and the laser diode and the
charging voltage used. With a 100 Volt device and a practical minimum circuit impedance of about 1 ohm, it is
possible to develop peak currents of up to 100 Amps. (See Figure 2 for Time vs Current curve for GA200/GB200
Series.) Pulse of 60 Amps with rise times of approximately 30 nsec have actually been achieved. For improved
performance at high current levels, the SCRs may be operated in parallel or in series. Parallel operation is
achieved by providing equal series resistors to the gates of the devices and driving them from the same source. By
overdriving the gates with 50 to 100 mA, simultaneous turn-on is guaranteed. Parallel operation results in lower
forward voltage drop and faster rise time at high current levels. Series stringing techniques can be used in circuits
with a higher total impedance where higher voltages are needed to obtain the desired current levels. For a description of series operation see Design Note 14.
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Q1-GA201/GB201, GA301/GB301
D1 -Gallium-Arsenide Laser Diode
0 2 -JAN 1N5802 or 1N5807* (Alternative: UES1101 or UES1301)
D3 -JAN 1N5804 or 1N5809* (Alternative: UES1102 or UES1302)

Note: Heavy lines indicate braided connections for
reduced inductance and resistance.
Figure 1

SURGE RATING-GA200, GB200-PEAK REPETITIVE PULSE

1000
500

~lGA200 SERIES

GB200 SERIES -

IA (avg)
350mA max, TA
25 °c
IA (avg) = 6A max, Tc= 100°c

~ 100

a:

~

50

~

,........,

<(
_<

1"""

~

10

5

1.0

.lµs

lµs

lOµs
lOOµs
PULSE WIDTH

lms

!Oms

Note: For MIL and high Rel series applications, use GA/GB 200/201 and
JAN Diodes.
For high rep rate (high average current), use GB series with
1N5809 or UES1302 rectifiers.
GA300 and UES series are intended for commercial applications.
Figure 2
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A SIMPLE ISOLATION AMPLIFIER USING THE UC1901
The UC1901 Isolated Feedback Generator has other applications besides providing isolated
feedback in switching power supplies. This IC's amplitude modulation system and error amplifier can be
used to implement a very low cost, high bandwidth, isolation amplifier. Isolation amplifiers of this type
find use in switching power supplies, motor controls, instrumentation, industrial controls and medical
systems.
The UC1901 generates a programmable high frequency carrier signal (up to 5MHz) with an
amplitude that is controlled by a high gain error amplifier. In a typical feedback application, this
amplifier and modulator are used, in conjunction with the UC190l's 1.5V reference and a small signal
coupling transformer, to provide precision regulation for an isolated switching power supply. Capacitively
coupled feedback around the UC1901 error amplifier determines the device's small signal AC response,
but the DC operating point is determined by the requirements of the overall power supply loop. By
adding an additional winding on the coupling transformer and a demodulator circuit for this winding,
local DC feedback can be provided to the UC190l's error amplifier. In this mode very accurate DC, as
well as small signal AC, transfer functions can be established across the isolation boundary.
j

1/

+V1N (5-40V)

14

ISOLATION
BOUNDARY

UC1901
10

11

BUFFER
& FILTER
Eour

R,

=
Eour = R2 + Rt

E;;;

-R-,-

A Low Cost, High Bandwidth, Isolation Amplifier: An additional feedback winding linearizes the transfer
function of the amplifier by matching the coupling characteristics to the isolated output.
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The configuration of an isolation amplifier using the UC1901 is shown in the figure below. The
drivers on the UC1901 couple an amplitude modulated carrier to two matched windings (W2 and W3) on
a small signal transformer. The demodulated signal from winding W2 is used to provide feedback to the
UCl901's error amplifier while the demodulated signal from W3 is the isolated output signal. The use of
the feedback winding linearizes the transfer function of the overall amplifier and allows DC signals to be
accurately transferred. Matching of the two demodulator windings and demodulator circuits is important
to maximize linearity and minimize DC offsets. An optional output buffer and filter will reduce residual
carrier ripple and isolate the output demodulator from its load. The internal gain compensation on the
UCl901 is sufficient for stable operation with overall gains down to 12dB. This circuit requires a supply
voltage to the UC1901 that, if not available in the system already, can be generated using a second
similar circuit operating in the reverse direction.
The primary features of this circuit are:
I. Good Signal Linearity
2. Wide Bandwidth (3dB Bandwidths > 500kHz)
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NEW HIGH EFFICIENCY CIRCUIT DESIGNS UTILIZING
LOW SATURATION DROP TRANSISTOR
The new (part no.) transistor with VcE(sat) drops of .IOV at lOA, .30V at 30A gives the circuit
design engineer the opportunity to develop new circuits with greatly enhanced efficiency. This design note
describes some of these circuits in detail.

High Efficiency Battery Back-up System
The circuit shown in Figure 1 is a high efficiency battery back-up system. Because Qi has low
saturation drop (with a high gain) the power dissipation in the control switch circuit is reduced by 4050% when compared with low forward drop of a Schottky rectifier.
The voltage sense circuit monitors the line voltage and output voltage. When the voltage drops
below a pre-determined value, transistor Q2 turns on and drives the control switch Qi. At an output
current of 20A, the power dissipation in the transistor switch Qi is only 3W while an equivalent Schottky
rectifier will dissipate about 8.6W.

SWITCHING
REGULATOR
OUTPUT

2N2907

BATTERY
BACK-UP

100

VOLTAGE
SENSE
CIRCUIT

LOGIC
LOAD

c,

IK
~--~Q,

BISYN
LINE DROP OUT
SIGNAL

FIGURE 1 HIGH EFFICIENCY BATTERY BACK-UP SYSTEM
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Current-Mode Controlled SOW High Efficiency Switching Regulator

The circuit shown in Figure 2 is a low cost, current-mode controlled SOW, high efficiency
switching regulator. This circuit utilizes the 8 Pin UC3843 current-mode control chip. The totem-pole
output of the UC3843 delivers 250mA of drive current to output switch Q2. Transistor Q2 (BISYN) can
switch JOA with a VCE(sat) of less than 80mV. The fast turn-off times (<400ns) are achieved through a
speed-up capacitor C4. With a 5V output an efficiency of better than 80% can be realized. The UC3843 is
designed for low voltage applications with an under-voltage lockout feature. The use of current-mode
control removes one of the poles from the control loop making loop compensation easier. Current-mode
control also provides small signal voltage feed forward characteristics, which reduces the gain
requirement of the error amplifier.

UC3843

v,
+12V

-=...

v,.
GND

COMP

Rs

FIGURE 2 CURRENT-MODE CONTROLLED SOW HIGH EFFICIENCY SWITCHING REGULATOR
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High Efficiency Emitter Control Switch
The circuit shown in Figure 3 is an emitter controlled switch. Transistor Q2 (BISYN) is
controlled with a totem-pole output switch of control chip UC3843. The power loss in the emitter
control switch is an order of magnitude less than high voltage switch Qi. The turn-off time of high
voltage switch Qi is extremely fast because the negative base drive current is equal to collector current.
The zener diode D2 clamps the voltage across the base and provides a path for negative base drive
current. The initial turn-on current is delivered from capacitors Ci and C2 and then is supplemented by
winding N2 through resistor R2.

V,N - HIGH VOLTAGE

+12V

HIGH
VOLTAGE
SWITCH
CONTROL
CHIP
UC3843

Vo

FIGURE 3 EMITTER CONTROL SWITCH
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250 WATT OFF-LINE FORWARD CONVERTER
DESIGN REVIEW
by
Raoj i Patel

This paper gives a practical example of the design of an off-line
switching power supply with forward converter topology.
Topics
include transformer and filter inductor design, proportional base
drive, component selection, output filter design, and closing the
control loop using the new Unitrode UC1524A control circuit.

POWER SUPPLY SPECIFICATIONS:

TOPOLOGY:

Forward Converter with Proportional Base Drive

LINE INPUT:

117 Volts+/- 15%
230 Vo I ts +/- 15%

OUTPUT:

Voltage:
Current:
Current Limit:
Ripple Voltage:
Line Regulation:
Load Regulation:

OTHER FEATURES:

Efficiency:
75%
Line Isolation:
3750 Volts
Switching Frequency: 40KHz

230V ...,
OR
117V
c.,
AC
~

-.

......
INPUT
AC TO DC
DC_.
CONVERSION

(99-135Vl, 60Hz
( 195-265Vl, 50Hz
5 Volts
5 to 50 Amperes
60 Amperes Short Circuit
100mV p-p maximum
+/- 1%
+/- 1%

SWITCHING t---1
ISOLATION,
AND
STEP DOWN t---1

RECTIFIER
AND
OUTPUT
FILTER

.:.J

+
CONTROL
CIRCUIT

-

Figure 1. Block Diagram of the Switching Power Supply
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Figure 2. Complete 250 Watt Switching Power Supply
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THE COMPLETE POWER SUPPLY CIRCUIT
The complete 250 watt switching power supply schematic is given
in Figure 2.
This supply meets all of the specification
requirements defined on page 1.

LINE INPUT AC TO DC CONVERSION
The input rectifier/ fi I ter sec ti on converts the AC Ii ne voltage
into a crudely fi I tered and unregulated DC voltage, Vin, which
powers the downstream switching regulator.
The input section is
configured as a ful I-wave bridge when operating from the 230 volt
line, and as a voltage doubler when operated from 117 vol ts.
This provides approximately the same Vin range (200-380 volts)
for the switching regulator with either line voltage.
Minimum
input voltage, Vmin• is 200 vol ts at low line.
The design of the input section is covered extensively in Section
!1 of the Design Reference Addenda at the end of this book.
The power input required in this application equals power output
(250WI divided by efficiency (75%), or 333 watts.
Circuit values
for this application can be obtained by multiplying the 100 watt
input values given in Table I of Section !1 by Pin/100 = 3.33,
using the worst case voltage doubler configuration:

C1
lchg

= C2 = 3.33(160) = 533
= 3.33(1.126) = 3.75

µF

(use 600 µF)

(1 )
( 2)

Amps RMS AC

The switching regulator draws 40 KHz rectangular current pulses
which discharge the input capacitors.
Peak discharge current,
idis• occurs at Vmin when the duty cycle, D, is maximum (50%):

Pin/(VminD)

= 333/(200

.5)

= 3.33

A peak

(3)

The RMS AC component of the discharge current, !dis• which flows
through the input capacitors at worst case 50% duty cycle is:

ldis

=

(idfs)/2

= 3.33/2 = 1.67

Amps RMS AC

( 4)

The total RMS AC current rating required for the input capacitors
is calculated from Equation 8 of Section !1:

ICAP = -Jichg" + ldis 1

UNITRODE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 • TEL (617) 861-6540
TWX (710) 326-6509 • TELEX 95-1064

= -J3. 752 + 1.67 1

345

(5)

PRINTED IN US A.

SEMINAR TOPICS

ST-Al

SWITCiING CIRCUIT TOPOLOGY
The two transistor forward converter configuration shown in
Figure 3 was used in this 250 watt switching power supply for the
fol lowing reasons:
1. Transistor voltage ratings are half the voltage required in a
comparable single transistor circuit [400V vs. BOOVl.
Only 1/4
the silicon chip area is required for the same current rating,
and the switching speeds wil I be twice as fast.
2. The snubber networks are for load line shaping only and are
not required to absorb al I the energy stored in the transformer
I eakage reactance.
Instead, cl amp diodes 05 and Ds conserve most
of this energy by returning it to the input, improving the
efficiency.
3. Closed-loop stability is easier to achieve than with
flyback converter because there is no right half plane zero.
4. Filter capacitor requirements are much less
boost or flyback converters because of the
inductor.

a

severe than in
output filter

5. Transformer construction is simplified because there is no
need for a clamp winding !Na is used for the auxiliary supply).
6. Reliability is improved because faster transistors result in
reduced switching losses, and each transistor dissipates only one
half of these reduced I asses.

L

o,

Figure 3. Two Transistor Forward Converter
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Disadvantages of this topology are:
1. Two transistors are required instead of one (but cost may be
I ess).
2. Restricted to less than 50% duty cycle to permit core reset.
This results in poorer transformer utilization.
3. Added cost of filter
the flyback converter.

inductor,

which

is not

required for

SPECIFYING THE SWITCHING TRANSISTORS
Maximum peak primary current flowing through the
IcM, is the same as idis from Equation 3, or 3.33 A.

transi stars,

The transistors should have good VCE(satl and switching speeds at
a collector current of at least 4.0 amperes, which includes an
allowance for unusual conditions such as short circuit current.
(Disregard spec sheet "maximum current ratings" which are
inflated for competitive marketing reasons, and focus on the
specified test con di ti ons. J
The collector voltage rating must be greater than maximum Vin• or
380 volts in this application.
Conservatively, this should be
the BVcEO rating, but with careful load line shaping to make
certain the transistor is completely off before voltage is
applied, a less conservative designer might specify BVcEX greater
than Vin(maxl•
The UMT13007 satisfies the above requirements, with BVcEO of
400V, VCE(satl less than 2.0V at 5A, and worst case fall time of
400ns under the proporti ona I base drive con di ti ans prov1 ded.

SNUBBER NETWORK DESIGN
The turn-off snubber networks shown across each transistor in
Figure 3 provide shaping of the load line to ensure that it
remains below the reverse bias safe operating area (RBSOAJ of the
transistors.
Capacitors C3 and C4 accomplish this by holding the
voltage across each transistor low during current turn-off.
The
snubber capacitors thus absorb the turn-off transition energy
that otherwise would have been dissipated in the transistors (see
Figure 4).

IQI tf

(6)

2 Vin(mu:)

3 .33 x .4 x 10-•
2 x 380
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WITHOUT SNUBBER _ _ ! _
I

I

Figure 4. Effect of Snubber Network on Turn-Off Characteristic
Resistors R2 and R3 are designed to discharge the snubber
capacitors with a discharge time constant of one-half the minimum
on time, tan (min).

t

(
)
on min

R2

= D(max)

R3

f

Vin(min)
Vin(max)

ton(min)
2C3

=

O.S
200
40,000 380

6.S8xlO-•
2xl.Sx10'

(7)

6.58 Jl.S

2.2K

Maximum power dissipation in each resistor:

PR2

=

PR3

1

= 2C2Vin(max) 1

i.s;

( 8)

f

10-' x 38oa x 40,000

4 .3 watts

POWER TRANSFORMER DESIGN
The design of the 40 KHz inverter transformer is detailed
Appendix A.
A primary to secondary turns ratio of 148/9,
15.33, ensures that 5 volts output is provided with minimum
of 200 volts at 50% duty cycle, including voltage drops
rectifiers, transistor.s and windings.

in
or
Vin
in

Transformer winding Na is used to provide an auxiliary supply to
power the control and base drive circuits.
This makes good use
of the energy stored in the transformer primary inductance.

OUTPUT FILTER DESIGN
The output filter and its associated waveforms are shown in
Figure 5.
The filter inductor calculation is based on the
maximum "off" time:

Vin(min)
200
D(min) .. D(max)Vin{max) = O.S JiO
toff(max)
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(9)

1-.263

'" 40,000 m 18 • 4 Jl.S
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911

L

D1

vo,Vo

co
Ro

D2

ESR

o~~~~~~~~~~~~~

Figure 5. Output Power Filter Design
The inductance required to prevent discontinuous mode operation
depends upon the minimum I oad current:

AIL(max)

= 2Io(min)

2 x S

= lOA

[ 11 J

(5 + 0.6)18.35

L = <Vo+ VF) toff(mu)
AIL( mu)

10

The capacitance required to achieve
specification of 0.1 volts is:

the

output

10 µH

ripple

312 µF

[ 1 2)

voltage
[ 13)

The maximum ESR of the capacitor is:

ESR

= vo/AIL(max) = 0.1/10

.01 ()

[ 14)

To obtain the necessary ESR requires a capacitor much Iarger than
the 312 microfarads calculated.
This design will use three 220
microfarad solid tantalum capacitors, Mallory THF227M010P1 G, in
parallel.
A single 14,000 microfarsd aluminum electrolytic
capacitor, Mallory CG0143M10R2C3PL could also be used.
With the tantalum capacitor, the resonant frequency of the filter
is 2KHz. With the aluminum electrolytic, the resonant frequency
is re<iJced to 425Hz, changing the closed-loop design.
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CLOSING THE CONTROL LOOP
The Unitrode UC1524A is used for the control circuit.
It has
additional features such es pulse by pulse current I imiting and
high current and voltage output capability (200mA, 60Vl compared
with the SG1524.
The UC1524A reference is trimmed to +/- 1 %
which makes it possible to avoid using a voltage-setting
potentiometer in many instances.
The control to output transfer function, dV 0 /dVc, shown in Figure
6, incudes the cascaded gain of the sawtooth modulator within the
UC1524A control IC, the power switching circuit, end the output
filter characteristic, H 8 (s).
In the control IC, e control vol tege Vc is compared with sawtooth
ramp voltage Vs (2.5 volts) to establish the drive pulse width to
the power switches.
For the forward converter, only one of the
two alternating outputs of the UC1524A is used so es to limit the
duty cycle to 50% maximum end el low for transformer core reset:

D = O.SVc/Vs

= 0,SVc/2.S = Vc/S

(15)

The forward converter ie. e member of the buck regul etor family.
Transformer turns retie n - 16 ,44:

Vin Ve
n 2Vs

Vo - Vino
n

+20 V00

=

(16 I

375V _ _- - ; - - - - - + - - - - - + - - - - - <

13.2 - - - - - . :

GAIN (db)

-201-----t------11-T-25--t----+-----i

I

-2s.s

I -- WITH ESR
I \
WITHOUT ESR

--40L-----L..----''-'"-=-'""'-----'----'
2
20

PHASE

.:1 IITT I I
.1

10

100

1000

FREQUENCY (KHz)

Figure 6. Control to Output Transfer Function
LC Filter and Modulator
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The low frequency control to output transfer characteristic is
obtained by differentiating with respect to Ve:

:~~

= !i;Vs =

15 ~:~ x 5

= 4.95 = 13.2 db

[17)

Note that gain is greatest at maximum Vin·
The overal I control
to output transfer characteristic including the filter is:
[ 18)

BVo = Y.iJl__ He(s)
BVc
n 2Vs

The filter introduces a two-pole characteristic at its resonant
frequency ( 2 KHzl.
Above resonance, the gain drops 40db per
decade, and the phase shift becomes -1 80 degrees.
Cambi ned with
the -1 80 degree phase shift of the feedback network, this will
cause instability and oscillations unless compensated.
Closing the loop involves feeding back the error voltage from the
output terminal of the supply (v 0 J to the IC control voltage port
(Ocl through the UC1524A error amplifier. The approach taken is
to make the gain of the feedback network such that the overall
loop gain crosses zero db (with adequate phase margin) at one
half the switching frequency.
As shown in Figure 6, control to output gain is 13.2db at low
frequencies, rolling off above 2K Hz at -40db per decade, so that
at 20 KHz the control to output gain is 13.2 - 40, or -26.8db.
For overall loop gain of zero,the feedback network gain must be
made +26 .8 db at 20 KHz.
From 20KHz down to 2Kz, there is a net single zero in the
feedback network which cancels one of the two filter pol es and
reduces the phase shift in this region to -270 degrees.
Bel ow the filter resonant frequency the two filter pol es are
gone. However, the resonant frequency may be less than 2KHz
because of pl us tolerances on the filter capacitor. The feedback
network is therefore designed to transition from a net single
zero to a single pole at 1 KHz, half the resonant frequency.
Figure 7 shows the gain and phase plot of the error amplifier and
the overall feedback loop.
Figure 8 shows the specific feedback
network used to achieve this result.
The high frequency error amplifier gain is set by R2 and R3.
R3 value of 33 K is chosen to minimize amplifier loading:
Av1
R2

E

= 21.9
= 33000/21.9 = 1500

[19)

R3/R2 • 26.8db

= R3/Avl

An

0

The required error amplifier gain at 1KHz is:
AV2 • Avl x 1Kllz/20Dz = 21.9x1/20 = 1.095 (0.8db) [20)
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GAIN (db)

PHASE

360L-~~..J...._~~....L~~-L~~-=i::~~--'

.01

10

.1

1000

100

FREQUENCY (KHz)

Figure 7. Open Loop Gain and Phase Plot

c,
ZEROS:
R1C1 - 1 KHz
R3C 2 -1 KHz
POLES:
R2C1 - 20KHz
ERROR
AMPL. -10 Hz
33K
Figure 8. Error Amplifier with Compensation

The gain at 1KHz is determined by R1, R2 amd R3:
AV2

=

R3/(Rt+12)

Rt • 28.6K
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1.095
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The two zeros at 1 KHz which changes the feedback network from a
net single zero to single pole are equal to:
(22)

C1 -= .0053 µF,
C1 and R1 in para I I el with R2 result in an additional pole et
20KHz.
This flattens the error amplifier gain above 20 KHz.. The
overal I phase shift wil I gradually increase toward 360 degrees,
but it doesn't matter because the overall gain is less than one.
An additional pole occurs below 10 Hz.
This is the inherent
single-pole characteristic of the error amplifier's 5 megohm
output impedance I oaded by feedback capacitor C2.
PROPORTIONAL BASE DRIVE
In Figure 2, transistors 02 and 03 and base drive transformer T1
provide proportional drive to the bases of power switching
transistors 04 and 05. The proportional base drive technique
provides excellent performance from high voltage bipolar
transistors.
It provides large base current pulses for fast
turn-on and turn-off, but with modest drive power requirements.
Sustaining base drive is provided regeneratively from a collector
current winding on the drive transformer.
The transistors are
never overdriven, even under light load conditions, since the
sustaining base drive is proportional to the collector current.
Design considerations for the proportional base drive technique
are given in Section 01 in the design section at the back of this
book.
Referring to the circuit of Figure 2, when 03 is on, R4
establishes 75 mA magnetizing current in drive winding Nd of T1.
When 03 turns off, the energy stored in T1 drives 150 mA into the
base of each transistor.
Collector current starting to flow in
Ne provides sustaining base drive.
With Ic of 3.33 A under ful I
I oad conditions, an additional 667 mA of drive is provided to
each base.
While 03 is off,
Then,
microsecond.
base drive pulse
off in less than 1

capacitor C5 charges through 02 in I ess than 1
when 0.3 turns back on, C5 provides a negative
of -1 .5 A to each transistor, achieving turnmicrosecond.

Drive transformer T1 has a drive winding inductance of 0.7 mH and
is designed to saturate at 75 mA.
High voltage insulation is not
required because all windings are on the line side of the supply.
Core:
Nct:

Nb:
Ne:
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AUXILIARY POWER SUPPLY
A 15 volt auxiliary supply powers the control and driver
circuits, obtaining its energy from capacitor C3. Flyback energy
is normally provided by T2 through winding Na and 05 to maintain
the charge on C3 every switching cycle.
However, at initial
power-up it is neccessary to provide separate means to activate
the Vdd supply.
Otherwise, the control and driver circuits could
not become functional and the supply could not start to switch.
The unique under-voltage lockout feature of the UC1524A
facilitates this technique.
All of its internal circuits are
disabled (except the reference) until the Vdd voltage reaches 8
volts.
This holds the standby current to less than 4mA until the
8 volt threshold is reached, and permits C3 to be initially
charged through R1 from the unregulated input.
Enough energy is
stored in C3 to operate the control/drive circuits for several
switching cycles, until flyback energy from winding Na can take
over and maintain the voltage on C3.
It is also necessary to eliminate base drive to 0.3 during initial
power-up, otherwise 0.3 will draw current through R4 which will
prevent C3 from initially charging.
This is accomplished by
transi star 0.1 which disconnects base drive source capacitor C4.
When the UC1524A becomes active, its second output turns 0.1 on
periodically to charge C4.
The amount of energy stored in the power transformer is twice the
drive/control circuit requirements.
Excess energy is dumped into
15 volt zener diode 07 which establishes the Vdd supply voltage
at that I eve I.
This al so provides a constant cl amp voltage
across the switching transi stars,
regard! ess of I ine voltage.
With good coupling between tJ 8 and primary winding Np, it may be
possible to eliminate clamp diodes D1~ and 013.
OUTPUT VOLTAGE SENSE AND OVERCURRENT SENSE
A smal I, inexpensive transformer, Ts, coup! es the output voltage
to the line side control circuit with high voltage isolation.
The transformer is wound on a Ferroxcube 204-T250-3E2A ferrite
toriodal core.
Primary and secondary windings are both 14 turns
AWG32.
During the time the power switching transistors are on, 0.5 is on,
applying V0 to the primary of Ts. Through D2, this provides a
real-time feedback voltage to the control circuit across C5.
When Q.5 is off, 05 cl amps the flyback voltage to 15 vol ts. Core
reset is accomplished wel I before the end of the "off" time,
since the "off" time of the forward converter is always more than
50%.
All transformer windings then go to zero volts,
establishing a DC coupling level.
D1 in series with the ground
return compensates for the forward voltage drop and temperature
coefficient of D2.
UNITRODE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 • TEL (617) 861-6540
TWX (710) 326-6509 • TELEX 95-1064

354

PRINTED IN US A.

SEMINAR TOPICS

ST-Al

Pulse by pulse current limiting is set by sense resistor R10•
Primary current is limited to 4A, corresponding to 6 2A load
current.
Transient response of the switching supply is shown in Figure 9
with changes in· load from 20A to BOA and back to 20A.
This
behavior is a large signal phenomenon.
It doesn't matter how
fast the control loop is, it is temporarily driven into the
bounds because the load change is much larger than the output
filter inductor current can accomodate in one cycle,
Nevertheless, recovery is smooth and there is no evidence of
ringing or oscillations, demonstrating the stability of the
control I cop.
Step changes in I cad current that are smal I enough
for the control loop to remain functional are barely noticable at
the output.
Transient response can be improved by reducing the filter
inductor and increasing the filter capacitor size, but this will
increase the minimum load current required to keep the inductor
cur rent f rem becoming discontinuous.

OUTPUT
VOLTAGE +5V
1V/cm
OUTPUT
LOAD
20A
CURRENT
20A/cm

OUTPUT
VOLTAGE t5V
1V/cm
OUTPUT 60A
LOAD
CURRENT
20A/cm

Figure 9. Step Change in Output Load
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APPENDIX A
DESIGN OF THE POWER TRANSFORMER
AND FILTER INDUCTOR

The design procedure used herein is defined in Design Reference
Section MS. Symbols, definitions and various core and wire data
are given in Reference Sections Ml,
M2,
and M3.
Equation
references are to Section MS.

Flux Density E!curaion
In this forward converter application,
the flux excursion is
entirely within the first quadrant of the B-H characteristic,
from zero flux density toward saturation.
With simple duty cycle
control, using the UC 1S2 4 A control IC, it is possible to have
nearly twice the normal volt-seconds, Vin(max)ton(max), during
startup or after a large step increase in load current.
This
means that the flux density cannot be permitted to go more than
half way toward saturation under normal conditions or the core
will saturate under transient conditions.
Saturation flux density for 3C8 power ferrite material is greater
than 0.3 Tesla (3000 Gauss), allowing a AB of O.lS T (0 to O.lS
T) in this application.
(With volt-second control, available in
the U Cl 840 control IC, a AB of 0 .3 T would be permissible,
significantly reducing the transformer size,)
Core Selection
The core area product, AP, requirements in this application are
calculated using Equation 1 and Table I of Section MS with power
input of 333 watts and frequency of 40 KHz.

_

_/11.1 Pin\1.143 _/

AP - AwAe - , , AB f

J

11.1 333

\1.143

-,0.141 0,15 40,000}

=

5 • 4 c•

4

This equation is based on the assumptions that the windings
occupy 40% of the window area, the primary and secondary windings
are of equal area, and the windings are operated at a current
density that will result in a temperature rise of 3 o0 c with
natural convection cooling.
From Table I, Section Ml,
the obvious choice.

the ECS 2 core with an AP of 5. 71 cm 4 is

D1si1ping the Jipdinga
The minimum number of primary turns required to support the voltse conds required for normal operation is calculated from Equation
2 of Section MS:
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N ( i )
Pmn

> 5000

From Equation 3,
n = ~
Na

Vip(aip)

AB Ae f

= 0.9

>

5000 200
0.15 1.83 40.000

> 91

turns

the primary to secondary turns ratio is:

D [Vip(mip) -VCEC11t>J

0.45(200-2) - 15.36
5 + 0.8

Vo+VF

Secondary turns from Equation 4:
Ns • lnteger(Np/n) = Integer(91/15.36)

=6

turns

Recalculate the primary turns:
Np = 6 x 15.36 = 92 turns
RMS primary current from Equation 6:
1

p

= Ii (

n max

)/Kt =

333
200 0.71 = 2 • 34 A

Pin(max)
Vin(min) Kt

From Equation 7, the maximum current density for this size core
is:
I max

= 450 AP-. us

= 450(5. 71)-.us

= 362

0/cma

The minimum primary wire area, Axp. is:
Axp = Ip(max)/1max

= 2.34/362

= .0065 cma

From the Wire Table in Section M2 under 'AREA, Copper', AW G 19 is
appropriate.
The maximum RMS secondary current, Is, occurs at 50% duty cycle:
la(max) • lo(max)/1.414 = 50/1.414 = 35.3 A
Minimum secondary wire area, Axs. is:
Axa • la(max)/1max = 35.3/362 • .0975 caa
From the lf ire Table, this calls for Alf G 7 to 8.

Ten AW G 18 wires

in parallel will carry the required secondary current and provide

a smooth winding with less leakage inductance and acceptable eddy
curent losses. Copper strip 2.5x.04 cm could also be used.
Th number of turns required for the auxiliary winding is:
Na •

V44 Np •
Vin(ain)

!!..!!
=7
200

turns

This will provide enough volt-seconds during flyback to reset the
core (back to zero flux density) at SO'Jlt maximum duty cycle.
Alf G 3 2 wire is adqua te to carry the Vdd supply current.
This
winding should be tightly coupled to the primary.
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Double-check the wire fit in the window (neglect Na>.
The total
copper area of all windings should be less than 40'!11 of the total
window area of the core (0.40x3.12 = 1.25 cm" max).

A.,,'

> NpAxp + N1 Au

= 92( .0065) + 6d0( .00823)

1.09 cm 1

Calculate Losses and Temperature Rise
The total losses in the windings is calculated from Equation 12.
The mean length per turn, lt, for the EC52 core is 7 .3 cm, and
AWG 19 wire is ,000353 D/cm from the Wire Table at 100°C.
Pw

= 21p"NpltCOlcm) = 2(2.34) 1 x92x7.3x.000353 = 2.59

watts

The total core losses for 3C8 ferrite are obtained from
Figure 1 in Section M3.
The flux density axis of this graph
assumes the transformer is operating with a symmetrical flux
swing about the or1g1n.
The forward converter operates
asymmetrically,
so enter the graph with AB/2, or .075 T.
The
resulting 0.1 W/cm 3 must be multiplied by the core volume to
obtain the total core loss, Pc·
Pc

=

.Olx18.7

=

\

.187 watts

Total transformer losses are:
2.59 + .187
The temperature rise of the
calulated from Equation 14:
Ae = 850 Pt
As

2.78 watts

core

850(2.78)
91

for

natural

convection

cooling

is

25.90C

Summarizing the transformer design:
Core:
Np:
Na:
Ns:

Ferroxcube EC52, 3C8 Ferrite E-E core
92 turns AWG19
7 turns AWG32
6 turns 10xAWG18 (10 wires paralleled)

The primary and auxiliary windings are tightly coupled.
The secondary is
insulated with 2mil mylar tape to provide 37 50 volt line isolation
capability.
Filter Inductor Design
The design of the filter inductor is covered extensively in
Unitrode Application Note U68A, in the Unitrode Databook.
Using
this approach, the inductor design is summarized as follows:
Core:
Winding:
Losses:
Temperature Rise:
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HIGH FREQUENCY SERIES RESONANT
POWER SUPPLY - DESIGN REVIEW

By Raoji Patel and Roger Adair

I. INTRODUCTION

In the past decade, power conversion technology has advanced from linear to switching due
to the inherent high efficiency, smaller size, and lower cost of the latter technology. Recently,
designers involved with conversion technology have started to consider resonant sine wave
power supplies because they offer even smaller size, improved reliability, and reduced EMI.
It is possible to operate these power supplies at high frequency for two reasons. First,
low-<:ost power MOSFETs, which, unlike bipolar transistors, have no storage time, are now
available. Second, series resonant topologies are tolerant of some undesirable features of
power semiconductor devices, (e.g., switching transition time and reverse recovery times.)

This paper explains the basic operation of the power output stage of a series resonant
converter and examines its advantages and disadvantages compared to a conventional
switching-regulated power supply. To provide a practical example, the paper details the
design of an off-line series resonant power supply. The Unitrode low-<:ost UC3524A PWM
Control Circuit is utilized to provide control for the series resonant power supply.
The 200kHz resonant power supply developed herein, as shown in Figure 1, operates from a
117V(±15%), 60Hz line and meets the following requirements:

1. Output Voltage
A. +5V ±5% 2.5A - 5.0A
Ripple Voltage: lOOmV P-P maximum
B. +12V ±3%

lA - 2A
Ripple voltage: lOOmV P-P maximum

C. +24V ±5% lA - 2A
Ripple Voltage: 200mV P-P maximum
2. Efficiency 80% minimum.
3. Short-circuit protected.
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Figure 1. Schematic of Resonant Converter
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Basic Principle and Operation
The power output stage and its associated waveforms at typical input voltage are shown in
Figures 2 and 3. During the on-time of power switch QI, the energy is delivered from the
input supply to the output load and series resonant capacitor CR. During the on-time of
transistor Q2, the energy is transferred from capacitor CR to the output load. Note that the
rectifier diodes, CRI and CR2, clamp the voltage across capacitor CR by providing a current
path through the V;n supply or ground. The AC current in the secondary winding of the
transformer is rectified by rectifier diodes CR3 and CR4 and filtered with output filter
capacitor Co.
Under steady state condition, the output voltage V0 is reflected back to the primary side by
NV 0, where N is the transformer turns ratio. The polarity of the reflected voltage depends
upon the state of transistors QI and Q2. When transistor QI turns on, the input voltage V;nis
applied across the series resonant network LRCR and the primary of the power transformer.
Since voltage across the primary is fixed by its turns ratio and the output voltage, the current
iR in the primary increases in a sinusoidal manner (starting at zero) because it is controlled by
the series resonant network. The voltage across capacitor CR increases in a sinusoidal manner
starting at zero, while the voltage across the inductor decreases toward zero. When the
voltage across the inductor reaches zero, the current in the resonant network ceases to
increase. At this instant, the peak current IRP can be expressed by the equation:
Where Zo is the characteristic impedance
of the series resonant network
VCi is the initial voltage across the
capacitor; VCi = 0 for input
voltage above Vin(min)

CR2
CR3

V,n-

•

INPUT DRIVE
±NVo
I -IT1onlr-

:

t=O

CR

n~--

T2

CR4

=

Figure 2. Power Output Stage
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Figure 30.
Current in
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Figure 3E.
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Figure 3. Voltage and Current Waveforms of the Power
Output Stage of a Series Resonant Converter
(with Input Volt Vin greater than Vin(mini)
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The polarity of the voltage across series resonant inductor LR reverses and the current starts
to decrease from its peak value. The voltage across the resonant capacitor CR continues to
increase until it is clamped by diode CR2. The voltage across the series resonant inductor LR
ceases to increase when the voltage across capacitor CR is equal to one diode drop above the
input voltage Vin· The voltage across the inductor LR is equal to the reflected output voltage
NV0. The current in the primary decreases in a linear manner. The slope of the current can be
expressed by the equation:
di
NVo
slope: - - = - - dt
LR
For proper operation, transistor QI must remain on until the current in the resonant
network reaches zero. When the current in the resonant network reaches zero, the transistor
Q2 is turned on and the current in the primary increases from zero, but this time in the reverse
direction. The cycle repeats itself as described previously.
For maximum power transfer in a given design the selected turns ratio of the transformer
should be such that the reflected output voltage across the primary is equal to half the value
of the minimum input supply voltage. This can be expressed by the equation:
<. l
NVo = V·mmm
2

The output voltage is regulated by controlling the duty cycle, using a single cycle sine wave.
Note that the required on-time of the power switches varies somewhat depending upon the
input voltage variation. To maintain zero current switching, high efficiency and prevent
cross conduction, the on-time should be determined at the maximum input voltage.
The maximum on-time of the power switch, referring to Figure 4A, can be calculated as
follows:
Maximum on-time: Ton= ti+ tz

Where t 1 = time period for sinusoidal part of
the current waveform.
Where t 2 = time period for linear part of the
current waveform.

The time ti can be expressed by the equation:
ti= 2rrylC [ 90° +SIN -1
360°

J

(Vin(min)/2)
Yin(max) - ( V;n~min))

The peak current in diode CR2, to calculate the linear portion of the current waveform:
Yin(max)-NVo SIN-1 [
Id(pk)

=

I Zo I

(Vin(min)/2)
Vin(max) - (Vin(min) /2)

J

Characteristic
impedance of series
resonant network.
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Thus, the time needed for the linear portion of the current waveform:

IRP
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III. ADVANTAGES AND DISADVANTAGES
OF SERIES RESONANT CONVERTERS
Advantages

The resonant sine-wave converter, when compared to buck-derived switching regulator
topologies, has the following advantages.
(A) Higher overall efficiency:
(1) There are no power losses due to the switching of the power switch or

rectifier reverse recovery. Therefore, the conversion efficiency is higher.
(B) Smaller weight and volume:
( 1) Because the voltage is switched when the drain current is zero, operation at a

higher frequency is possible. This results in smaller magnetic elements and
filter components.
(2) Due to the absense of switching losses, the required heat sink is smaller.
(3) Simpler drive circuit when power MOSFETs are used.
(4) The output filter inductor is smaller.
(C) Reduction in EMI:

(1) No high frequency rectifier reverse recovery current spikes are reflected
back to the transformer primary.
(2) The transistor voltage is switched when current in the switch is zero.
Therefore, there is no high di/ dt other than at the fundamental frequency.
Thus, a smaller amount of high frequency energy is radiated from the
circuit.
(3) Undesirable effects ofleakage inductance (Lp ) in the transformer primary
are minimized in a resonance converter because L f is utilized as part of the
series resonance circuit. Thus, high frequency current and voltage spikes due
to leakage inductance are eliminated.
(4) Current drawn from the input filter capacitor has only the odd harmonics of
the resonance frequency and their amplitude is lower.
(D) Increased reliability (high MTBF):
(I) The resonant inductor LR provides inherent short-circuit protection.

(2) The inductor LR also minimizes large current spikes in the power switch
during start-up.
(3) Zero current switching eliminates high peak power stress on the power
semiconductor and localized peak junction temperature.

UNITRODE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 • TEL (617) 861-6540
TWX (710) 326-6509 • TELEX 95-1064

365

PRINTED IN US A.

ST-A2

SEMINAR TOPICS
(4) When using a MOSFET as a power switch, there is no danger of forward
bias (lss) or RBSOA.
(5) Voltage and current overshoot are minimized.
(6) Resonant converters are stable under no-load operation.

Disadvantages
(A) This topology requires the additional resonant circuit (inductor and capacitor),
when compared to a buck type converter. The inductor and capacitor must carry
high current, but are small in value.
(B) The required current or voltage rating of the power switch is

.J2 times higher

compared to a switching regulator topology.
(C) Output filter capacitors must have low ESR and high ripple current ratings.

IV. HIGH FREQUENCY CONSIDERATIONS

A. Circuit Layout Guidelines
The following circuit layout guidelines should be used to optimize performance and prevent
spurious oscillation or ringing, reduce radiated RFI, improve efficiency and regulation, and
allow proper circuit operation.
(1) Use a short, wide ground plane and minimize the component lead inductance to that
ground plane.
(2) Use separate ground returns for the power stage and the low-level cont!'©! circuit.
(3) Minimize circuit lead inductance:
(a) Keep leads short.
(b) Minimize the loop area enclosed by wire carrying high frequency current.
(c) When necessary, use copper straps/foils for high current.
(4) Use shielded wire in the-feedback path to minimize pick-up and spurious oscillation.
(5) Be aware of package inductances, junction capacitances, heat sink capacitances, and
other undesirable circuit parasitics.
(6) Use high frequency, low ESR capacitors and ferrite beads for EMI filtering.
(7) Use resistive damping when applicable. For example, a resistor or ferrite bead in the
gate circuit can help to prevent spurious oscillation.
(8) Place the gap in the magnetic structure of the inductor directly under the coil winding.
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B. Component Selection Guidelines

The following considerations are required when selecting or designing the components.
(1) Transformer and Inductor

Core losses are an important consideration in the design of a high-frequency converter.
The core losses depend not only upon the peak flux density and the frequency, but also
on the core geometry. These losses increase linearly with operating frequency, in ferrite
with negligible eddy losses. Also, core losses increase as the peak operating flux density
to the power of 2.5, approximately. Therefore, when the operating frequency is
doubled for a given transformer (without changing the number of turns) the voltseconds delivered to the primary and the peak operating flux density each decrease by a
factor of two. The overall result is that core losses are reduced by approximately a
factor of three at the higher frequency. If the transformer is redesigned to obtain 'the
same core losses, the core will be smaller by a factor of 1/ 2'5$. = 0.65.
Use many parallel wires of small AWG size for the windings to minimize the proximity
and skin effects. The proximity effect is a function of skin depth, conductor diameter,
turns/layer, number of conductors per turn, and number of layers in the coil. The
proximity effect produces eddy currents which distort the current distribution in the
wire. Thus it increases the effective series resistance of the coil.
For low-voltage, high-current windings, copper strip or foil may be more practical than
Litz wire because few turns are required. The gap in the inductor should be directly
underneath the coil to minimize the radiated flux.
(2) Capacitors
Capacitors for high frequency circuits should be selected on the basis of ESR, ESL,
ripple current rating (iRMs) and self-resonant frequency (fR), as well as cost and size. The
resonant capacitor in the primary needs a good ESR and iRMS rating. The output filter
capacitors need low ESR and ESL, and high iRMS and fR. Bypass capacitors need low
ESR and high fR.
(3) Rectifiers
In this circuit, the parasitic diode of the power MOSFET should have fast forward
recovery with low voltage overshoot, otherwise the other power device can be driven
into breakdown during the deadband period.
In a series resonant converter, the reverse recovery of the output rectifier need not be
extremely fast because of the low di/ dt during diode turn-off.
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V. DISCUSSION: PRACTICAL CIRCUIT
A. Power Output Stage

The output stage functions as follows. Assume both MOSFETs are off and the voltage on CR
is zero. When QI is turned on, the supply voltage is applied to the series resonant circuit
comprised of LR, the primary of T2, and CR. The current starts to increase from zero in a
sinusoidal manner, charging CR and delivering energy through T2 to the load. Shortly after
the peak of the sinewave current waveform is past, the voltage on CR reaches the positive
supply rail and CR2 conducts. The energy left in LR continues to be released through T2 to
the load, and the current ramps down toward zero. Note that the MOSFET voltage is
switched when the current is close to zero, resulting in negligible switching loss. Also note
that because of the intervening impedance of LR, negligible reverse recovery spikes are drawn
from the output rectifiers when QI or Q2 turn on.
The second of the two adjiwent pulses produced by the drive circuit turns QI off and Q2 on.
The above half cycle is repeated, except that the current flows in the opposite direction, thus
producing the negative half-sine. Note that energy is drawn from the previously charged
capacitor. CR should be chosen for low ESR and good high frequency ripple current rating.
The output of the centertapped transformer secondary is rectified and is fed to capacitor Co.
Since the peak current in Co is high, Co must have low ESR and high ripple current rating.
Polypropylene type capacitors can be used. If lower cost is desired, a low ESR electrolytic of
much larger capacitance (and size) may be suitable. A small low-pass filter comprised of LI
and CS reduces the ripple appearing at the output to the desired value.
Note that the leakage inductance of the power transformer is in series with the inductance of
LR. Thus the total series resonant inductance is equal to the sum of the two. Also note the
absence of snubbers across the Schottky rectifiers, permissible because of the low di/ dt
sinusoidal waveforms at the secondaries of the transformer.
B. Regulation and Drive Circuit

The drive circuit regulates the output voltage by varying the repetition rate of the waveform
that drives the gates of the power MOSFETs. The two gates are driven by adjacent pulses of
fixed pulse width. (This is not pulse width modulation.) Two of the standard PWM chips,
the UC3524A, are used for the regulation circuit because they contain the necessary functions for this type of regulation.
The error amplifier and reference voltage of the first UC3524A are used in the normal
manner. The output of the error amplifier, however, is used to control the amount of current
at the RT terminal of the oscillator, thus controlling the oscillator frequency. Q3, with a
resistor RI from emitter to ground, amplifies the error amplifier output. The collector of Q3
then sinks a variable amount of current out of the RT terminal. The external CT and RT
values set the minimum frequency. If the output power can vary by a factor of 2, then the
frequency must be adjustable over a 2 to I range. The maximum frequency is set by the series
resonant frequency of the output stage. If that is chosen at 200kHz, the minimum frequency
for a 2 to I load change will be IOOkHz.
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The second IC chip is used as a one-shot. This is achieved by duty cycle limiting at the output
of the error amplifier with diode CR3 and potentiometer R2. The pulse width is set equal to
the width of a half sine of the output stage resonant circuit. By connecting their osc /sync pins
together, the second IC is driven at the same frequency as the first IC. One of the output
transistors drives the gate of Q4. Q4 drives the primary of Tl to produce a positive gate pulse
for power switch Q 1. When Q4 turns off, energy stored in the transformer core is returned to
the 30V drive supply through "tertiary" winding WT and CR4. Q2 is driven on at this time.
The primary and tertiary windings of Tl have an equal number of turns and are clamped to
the same voltage (30V) when conducting. Therefore, the time for the current to decay to zero
in the tertiary winding will be the same as the time Q4 drove the primary. In this way Q2 and
QI are operated at identical pulse widths. (Core saturation in Tl is prevented by using only
one of the output transistors of the UC3524A, so the duty cycle is limited to 50%) The
snubber across Q4 (Cl3 and R3) damps out ringing to prevent QI or Q2 being turned on
again after the desired double pulse is produced.
The rise and fall time of the MOSFET gate drive waveforms do not have to be ultra-fast in
order to reduce switching losses, because those losses are already low due to zero current.
Reasonably fast waveforms are desirable, however, to reduce deadtime between half-sine
waveforms at maximum output. This minimizes the peak current in the MOSFETs, in the
resonant circuit inductor and capacitor, and in the transformer and output rectifier and filter
capacitors.
The circuit provides an efficiency of 81 % and line and load regulation of ±5%
VI. STABILITY CONSIDERATIONS

A simplified functional diagram of the regulator is shown in Figure 5. The small signal
response of this converter is similar to that of a discontinuous-mode flyback regulator. The
response of each of these topologies has only a single pole roll-off, the break frequency of
which is determined by the output load RL and the output filter capacitor Co.
In the simplified functional diagram, the control chip ICI converts the output of the error
amplifier into regularly spaced sync pulses for control chip IC2. For each sync pulse, the
control chip IC2 and the interfacing circuit provide two identical drive pulses in sequence.
The total period of these pulses is equal to 1/ fR. The duty cycle D can be related to the error
output voltage V by the equation:
D

=

_f_
fR

= (l.15)27T~ = (l.15)Vc(27r) y1i:&
RTCT

VREFRTECT

The approximate DC transfer function of the power output stage, in terms of input supply
voltage V;n and output RL, is:
Vo=
l +

The small signal gain varies with the input supply voltage and with output load. No special
considerations are required, however, because the transfer function has only a single pole
roll-off. It will provide 90" phase margin, which results in stable operation.
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Figure 5. Simplified Functional Diagram
VII. SUMMARY

The availability of power MOSFETs, which have negligible storage times, has made
practical the use of high frequency resonant sinewave converters. Switching losses are
minimized by switching at approximately zero current crossings. Considerable
improvements are realized in efficiency and reliability when compared to switched-mode
designs.
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APPENDIX I.
Power Switch Selection and Design for a Series Resonant Circuit.

In this section, the maximum ratings of the power switch and the values of LR and CR in the
series resonant circuit are determined.
A. Transistor Selection

At minimum input voltage Vin(min), the converter will operate in an approximately
continuous mode. Also, the voltage across the transformer primary at low line with a full
load is half the input supply voltage for maximum power transfer. Note that for ease in
calculation, the waveforms are approximated by a sinusoidal waveform.
The average primary current:
2Pin
2(125)
Ipri = - - - = - - - = 2.0A
Vin(min)
120

(I. I)

Therefore, the peak current at low line:
1T'

-

1T'

lpk(L) = - · lpri =-(2.0) = 3.14A

2

2

(1.2)

The worse case peak current in a series resonant circuit will be at high line. Note that the same
current also flows through the power switch. The maximum peak current in the transistors
QI and Q2 can be expressed by the equation:
lpk(H) =

Yin(max) - Vin(min)
2
- - - - - - - - Ipk(L)
Vin(min)
2

l~O)

190 -(
- - - - - · 3.14A = 6.8A

c~o)

(1.3)

Therefore, the selected transistor must have peak current ratings of 6.8A and blocking
voltage greater than the maximum input supply voltage Vin(max)-
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B. Calculation of the Component Values for the Series Resonant Network

The component values for the resonant network LR and CR can be calculated as follows.
First, the characteristic impedance:

where 71 is the efficiency

Zo=

27TPo
0.8(120) 2
27T( 100)

-~~=

18.3!1

(I.4)

The capacitor:

= .05µF

-27T(200 · 103 )18.3

(1.5)

The inductor:
LR -- ~-- - -18.3
- - - = 14.5µH
27TfR
27T(200 ' 10 3 )

(1.6)

Note that the total value of the resonant inductor must include the leakage inductance of the
transformer as well as any lead inductance.
C. Inductor Design

The maximum energy storage in the core occurs at high line; the maximum circuit energy
storage required is:

WM=

21

LR l

2
pk(H)

=

21

(14.5 · 10

-&,

J

2

.

.

(6.8) = 335 micro Joules

(1.7)

The energy storage capability of the core must be equal to or greater than circuit energy
storage WM; therefore:

(1.8)
Use a Ferroxcube 1F30 U-core at 1500 guass; from the previous equation,
2WM
2(335)10- 6 108
8
Hie= ---10 =
= 52 amperes/tum
BA 0
1500(.864)
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Since for an inductor, all the energy is stored in the gap,
Hfg

= Nipk(HJ = 52 A-T

(LIO)

The number of turns required, from above equation, is:

N

HJ' e
= --= -52
Ipk(HJ

6.8

= 8 turns
(I. I I)

The gap required to store the energy is:

NI

NI

52

J' = - - = - - =
g

H

( B _\ (

7J

= .435 mm.
.15
)
(4rr)I0- 7

(I.12)

The windings must cover this gap to reduce fringing of the flux. The core and copper losses
are maximum at high line. For this design, the total losses are equal to 1.4 watts and result in
an increase in core temperature above ambient of 31°.
D. Transformer Design
The reflected output voltage across the transformer primary should be equal to half the value
of the minimum input supply voltage. This will determine the primary to secondary turns
ratio. For the +5V output, the turns ratio is:

N=

Vin(min)

2(Vo + Vp)

120

----=II
2(5 + 0.6)

(I.13)

The rest of the transformer design procedure is straightforward.
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PROPORTIONAL BASE DRIVE OF BIPOLAR POWER TRANSISTORS
IN SWITCHING POWER SUPPLIES
Proportional base drive is a simple and effective method of
achieving improved performance with high voltage bipolar power
switching transistors in off-Line applications.
As shown in
Figure 1, a current transformer provides regenerative base drive
current whose amplitude is proportional to the collector current
being switched. The drive current ratio is established by the
turns ratio of the collector end base windings.
The proportional drive method may be employed with any power
switching circuit topo Logy.
Advantages over conventional fixed
base current drive methods include:
1. Fixed base drive current must be Large enough to handle the
full Load (or short-circuit load) collector current. Under
lightly loaded conditions,
the switching transistors are
severely overdriven, resulting in long storage and fell
times and more difficult turn-off.
Proportional drive
provides optimal performance under varying load current
conditions.
2. Proportional base drive requires less drive power from the
control circuit.
During the "on" time of the switching
transistor, base drive is provided regeneratively from the
collector circuit through the current transformer.
The
control drive circuit is not required to provide sustaining
base drive current. It must only provide short pulses of
drive current to initiate turn-on and turn-off.
The
amplitude of these drive current pulses can easily be made
Large enough to obtain good switching performance from high
voltage bipolar devices in off-Line applications.

d

• •
c

Figure 1.
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Referring to Figures 1 and 2, when driver transistor Q1 is on,
power switch a.2 is off.
Magnetizing current Id1 in the control
drive winding Nd approaches a steady-state value equal to the
drive circuit supply voltage Vdd divided by R1. Capacitor C1 is
discharged and there is zero voltage across all windings of T1.
When the output of the control circuit turns on, driver Q1 turns
off and primary current Id1 must cease.
Energy stored in T1
causes the voltage at the dotted ends of all windings to flyback
in the positive direction. Id1 multiplied by turns ratio Nd/Nb
becomes Ib1, the turn-on base drive current pulse to Q2·
Collector current Ic starting to flow in winding N c causes a
regenerative increase in base drive to a.2 until it is switched
fully on.
The final value of Ic induces a proportional base
drive current, Ib, according to the turns ratio Nb/Ne.
During the time that a.2
is on and a.1 is off,
capacitor C1 charges
through R1 to supply
voltage V dd· At the end
of this "on" period,
driver transistor a.1 is
turned
on
again,
applying the voltage on
capacitor C1 to the
drive
transformer
primary.
This drives
the voltage on the base
of a.2 sharply negative.
The turn-off base
current pulse, Ib2• can
be made Larger than a.2
collector current,
resulting in very rapid
turn-off of 02.

le

lb

--------lb
- I b1

After a.2 is off and Ib2
ceases, any remaining
voltage on C1 across the
drive
transformer
primary helps to rebuild
the magnetizing current.
Diode D1 prevents the
possibility of any
underdamped ringing from
driving the upper end of
Nd negative. At the end
of the "off" period,
magnetizing current Id1
has been re-estabUshed
and the cycle repeats.
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It is quite feasible to operate high voltage bipolar transistors
at frequencies above 50 KHz with reasonable efficiency because of
the Large amplitude base drive pulses obtainable with this
method.
However, the circuit of Figure 1, as just described, is
not capable of operation at frequencies above a few kilohertz.
This is because capacitor C must charge to V dd during the "on"
period of 02, and the R1 C1 charging time constant is far too Long
for this to be accomplished at 50 KHz.
This problem is solved by the addition of a rapid recharge
circuit as shown in Figure 3.
During the time that 02 is on and
01 is off, current through R1 is multiplied by the current gain
of 03, which significantly reduces the charging time of C1. When
01 turns on, C1 discharges through D2. The base-emitter of 03 is
reverse biased, holding it off during the entire 02 "off" time.

vdd---...----.

Figure 3.

Improved Proportional Base Drive Circuit

DESIGN PROCEDURE:
Application parameter values must be defined, including drive
requirements for the power switching transistors:

le
lb1

le/lb
lb2
vbb2
t2
vdd
f

Maximum collector current
Initial turn-on base drive current
Sustaining proportional base drive ratio
Turn-off base drive current at max. le
Turn-off base drive source voltage at max. le
Maximum transistor turn-off time
Drive circuit supply voltage
Operating frequency

Drive transformer base/collector turns ratio is equal to the
desired proportional base drive ratio:

Nb/Ne
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Drive transformer driver/base turns ratio is established by the
desired turn-off base source voltage and the drive circuit supply
voltage, minus 1 volt diode drop:
( 2)

When 01 turns off, primary magnetizing current, Id1, transferred
to the base windin~ must provide the required turn-on base drive,
Ib1 •

(3]
The R1 value required to obtain this magnetizing current is:
(4]

During initial turn-off, driver primary current Id2 must absorb
the proportional base drive current and transform er magnetizing
current Id1 in addition to the turn-off base drive current:

(5]

Capacitor C1 is designed to supply the worst-case energy required
to turn off 02:

w
Cl

1

-C1(Vdd-lP
2

(Vdd-l)Id2 t2

2 ld2 t2
Vdd-1

(6]

When 02 is operated at very Low duty cycle (such as immediately
after a sudden decrease in Load current], C1 may not have time to
fully charge to V dd during the very short "on" time, in spite of
the assistance provided by 03.
This will probably not be a
problem, because 02 will also not have time to store much charge
and will be much easier to turn off. The time required for 02 to
re a ch e q u iL i b ri u m ch a r g e st o r a g e is co mp a r a b L~ to th e ti me
required to remove this charge during turn-off. The C1 charging
time constant (reduced according to the gain, H fe• of 03] will
generally be adquate if it is Less than 1/2 the 02 turn off time,
t2.

(7]

TCl
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DRIVE TRANSFORMER DESIGN:
Turns ratios for the drive transformer were established in
equations (1) and (2).
Only certain integral number of turns are
permissible for each winding.
For example, if Nd/Ne is 25, the
permissible number of drive winding turns are 25, 50, 75, etc.,
corresponding to 1, 2, and 3 collector turns.
Winding 12R Losses are usually negligible. The drive transformer
design is based on the following two considerations:
1. Magnetizing current lb1 is required for initial turn-on of
the power switching transistor.
During the time Q2 is on, the
magnetizing _current will decrease due to voltage Vbe across the
base winding.
The magnetizing current must not be allowed to
decrease to Less than zero, or it will cause premature turnoff
under Light Load conditions by overcoming the small proportional
drive current Ib·
Referred to the primary, the drive winding
inductance must be Large enough to prevent Id1 [Equation 3) from
reaching zero with voltage Vbe[Nd/Nbl during the Longest possible
"on" time [usually half the switching period, 1/2fl:
2. Under Light load conditions, relatively Little charge is
required to turn off Q2·
C1 will then have substantial voltage
remaining which will be applied to the drive winding during the
remainder of the "off" period.
This will cause the magnetizing
current [and its associated energy storage) to become much Larger
than desired.
The problem is solved by designing the drive
winding to saturate at a current Level slightly greater than the
desired value of magnetizing current, Id1.
This will result in
dumping any excess energy remaining in C1 and establishing a
consistent starting point on the 8-H characteristic at the
beginning of each "on" period.
Figure 4 shows the 8-H
characteristic of the
core as seen from the
drive winding.
For the
vertical axis, 8 times
core area Ae and Nd
equals /Vddt [Faraday's
Law). For the horizontal
axis, H times effective
core Length,
L,
and
divided by Nd equals the
mag n e ti z i n g cu r re n t Id,
(Ampere's Lawl.
The
characteristic slope
equals the drive winding
inductance, Ld, and the
area to the Left equals
the energy stored.
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The operating point shown will satisfy the two requirements above
if it exceeds Id1 on the horizontal axis and if it exceeds
Vbe(Nd/NbJ/2f on the vertical axis under worst case conditions at
high temperature.
Procedurally, use Faraday's Law with B close
to saturation at high temperature and with the area, Ae, of the
core selected. Solve for Nd:
Vbe(Nd/Nb) =BA Nd

2f

0

[BJ

Use the smallest permissible Nd equal to or greater than the
value calculated above.
An Nd value Larger than the calculated
amount simply means that the change in flux density will be less
than the maximum permitted.
Next, use Ampere's Law with a value for H correspo'·•ding to the B
value chosen before, the smallest permissible Nd from above,
and I equal to Id1. Solve for the magnetic path Lerigth, L.
[SJ
Compare the actual Le value for the core selected with the value
calculated above.
If the actual Le of the core is significantly
Larger than the calculated L, it will be necessary to use either
a smaller core, or use a Larger permissible number of turns, Nd.
Otherwise, the operating point will not be close enough to
saturation, and the B and H Levels will both be too Low to
prevent the magnetizing current from becoming negative at the end
of the "off" period.
If the actual core Le is smaller than the calculated L, the core
will be too heavily saturated, and will not store enough energy
to provide the desired Ib1.
Either go to a Larger core, or
introduce a small gap, Lg, according to the relationship:
1 = ( 1 0 + µalg),

where µa = B/H

[10J

Driving Two Transistors.
Two power Slliitching transistors are
often used in series in order to halve their high voltage V ce
rating requirements. It is usually desirable to drive these two
transistors from a single drive circuit.
This can be
accomplished by means of two identical base winclings in the
transformer.
Nb/Ne must be halved and Nd/Nb doubled from thl::l
values calculated in Eq. (1 J and [2J because the total base
current is twice as much as with a single transistor.
As shown in Figure 5, it is also necessary to add a small amount
of resistance in series with each base in order to ensure current
sharing.
A resistor which drops 0.5 volts at maximum sustaining
base drive, Ib, should be adequate.
The added resistance does
not affect the calculation of Nd in Equation [BJ because its
voltage drop is negligible compared to Vbe under Light Load
conditions, when the sustaining base drive is small.
However,
during turn-off, each series base resistor must be shunted by a
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small diode.
Otherwise, a very Large Vbb2 value would be
required in order to pull the desired Ib2 out of each base. The
forward drop of this diode must be added to the Vbb2 requirement
in Equation (2).
vdd_..._-

...........-.--..,

03

Figure 5.

Two-Transistor Driver

Line-side ys Output-side Control Circuit. The base and collector
windings of the drive transformer are normally on the input, or
Line side, of the power supply.
When the control/driver circuits
are Located on the output side of the supply, high voltage
insulation is required between the drive winding and the base and
collector windings.
This high voltage insulation, usually
greater than 3000 volts, will impair the coupling between Lineside and output-side windings.
This results in high Leakage
inductance, causing voltage spikes during turn-on and turn-off
which may necessitate additional snubbing or clamping the drive
transistor collector and the power switching transistor base.
When the control and driver circuits
side, the drive transformer does
insulation. Leakage reactance can
especially if multifilar windings are

are are Located on the Line
not require high voltage
be made almost negligible,
employed.
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PROTECTING CIRCUITS FROM TRANSIENT ENERGY SOURCES

Transient energy pulses are notorious among designers of all kinds of electronic hardware
for their ability to cause failures in circuits of apparently conseivative design. Logic circuits,
for example, are subject to "glitches" and timing problems if even small transient voltages
appear on supply lines. The problem is not limited to sensitive integrated circuits. Transient
energy "spikes", either coupled from AC lines or internally generated in medium and highpower equipment, can generate blown fuses, misfired thyristors and other problems having
various degrees of subtlety. Worse, unsuppressed transients can drive reverse biased
semiconductor junctions into their highly dissipative breakdown regions. The heat generated
at these junctions can then lead to the onset of second breakdown and permanent
degradation or outright failure of semiconductor devices and the equipment of which they
are a part. Even circuit failures of short duration or apparently minor importance can cause
serious damage to the reputations of manufacturers and designers.
Fortunately, various devices exist for protecting circuits from damage due to transient
energy pulses. The method chosen depends on the type of transient expected.

Transient Pulses Characterized
In terms of capability of causing damage, the key characteristics of a transient energy pulse
are its total energy and energy distribution in time. A large amount of energy delivered in a
short period of time is most damaging to semiconductor components. Unfortunately, total
energies of transients from many sources are unpredictable. Figure I shows where transients
produced by various common sources fall on a scale of energy predictability.

lightning

changing load on AC line
due to
heavy
equipment. due to
motors
appliances

entirely
unpredictable
- - energy pred1ctab1l1ty

switching of
well-defined
inductive loads

entirely
predictable
-

Fig. 1 Predlctablllty of Common Transient

Energy Sources

Some common transient energy pulses are quite unpredictable; still, designers want to
protect their circuits from these transients as best as is practical. What, then, can be said to
characterize these transients as much as is possible?
Figures 2a and 2b show generalized models which are widely useful in evaluating the effect
that transient energy sources can have on circuit-protecting devices (transient suppressors).
Some transient sources behave like voltage sources (Figure 2a), and can deliver to a transient
suppressor currents which are limited only by the source-to-suppressor impedance. Other
energy sources behave more like current sources (Figure 2b). One or the other of these
models can help us to understand some of the kinds of transients shown in Figure l.

UNITRODE CORPORATION • 5 FORBES ROAD
LEXINGTON. MA 02173 • TEL (617) 861-6540
TWX (710) 32&6509 • TELEX 95-1064

381

PRINTED IN U SA.

ST-12

SEMINAR TOPICS
,.--1
H---~

..---oN.,._-+--+T4
I

L--1

i-1
I

I
I

··I

I

1

C1rcu1t

Transient Suppressor

Transient Source

l

J
,---1

Needing
Protection

j

TL_...!---~

,...!,
Z,

I
I

I

,_,I

~--~-+--1-L- - - 1 - - - - - '
b

Fig.2

Transient Source Models
a. Voltage Source

b. Current Source

Lightning is a voltage source having virtually unlimited available current. Voltages of 1kV to
IOOkV for lµs to 50µs are typical at the point at which lightning strikes an AC power line.
The source-to-suppressor impedance can be thought of as having two resistive components:

= Rhne + Rmt
where Rhne is the resistance of the AC line between the strike point and the susceptible
equipment, and Rmt is any additional line-to-suppressor resistance internal to the equipment.
Commonly, Rmt = OD.; the transient suppressor is directly across the AC line in the
equipment. Rhne depends very much on where the lightning strikes, and is, therefore,
extremely unpredictable.
Zs

Transients produced on AC power lines due to sudden load changes differ qualitatively from
those produced by lightning, and cannot easily be interpreted as arising from voltage sources.
In fact, no simple model composed of discrete components is particularly useful in describing
these transients, because their nature is determined by the complex distributed impedance of
the AC line. In general, it can only be stated that energy stored in inductive components of
the distributed line impedance-when some load is drawing current from the line-is
released as transient energy when that load is switched off of the line. The transient so
generated can then be thought of as arising from a current source and as having a peak
amplitude that does not exceed the peak current drawn by any single piece of equipment
located near the circuit being protected. Experience shows that these transients are typically
less than lOOms in duration.
Up to this point, we have been discussing transients produced on AC power lines and have
reached rather tentative conclusions. Transients generated internal to the equipment being
protected are another matter and can be much better described and predicted. Designers
simply know much more about the equipment they are designing than they do about AC
power distribution systems or long-range meteorological forecasts. The generalized models
of Figure 2 can be replaced by detailed schematic diagrams showing the transient sources
and their connection to sensitive components. The tools of circuit analysis can be used to
predict with great precision the power dissipation, as a function of time, required of a
transient suppressor.
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For example: bipolar transistors are commonly used to switch inductive loads in switching
power supplies. Often the circuit has the basic form of Figure 3a. In this case, the danger is
that the energy stored in the inductor while the transistor is on cannot safely be dissipated by
the transistor after it turns off. The common method of protecting the transistor is to provide
a voltage clamp which prevents the reverse biased collector-base junction being operated
beyond breakdown. This, too, is shown in Figure 3a. Inductor current iL is forced through
the transient suppressor when the transistor is off. This iL is about the same as just before
tum-off, since the current through an inductor cannot change instantaneously. After that, iL
decreases at a rate determined by the inductor voltage VL and the inductance value L:
diL
dt -

VL
L

If the clamp voltage V c is assumed constant until iL = 0, then iL behaves as in Figure 3b. The
resultant transient suppressor current, voltage and power waveforms are as in Figure 3c.

+v
+
v,

L

b

0

----,

! ,+

25,

1

Vs

I

----' J

a

-

,,

Fig.3 Transient Produced by
Inductive Switching
a. Typical Circuit
b. Inductor Current
c. Suppressor Current,
Voltage and Power

This type of internally generated transient is so common and its effects so precisely definable,
that the current waveform it generates has become a standard waveform for testing transient
suppressors. Figure 4 shows two specific linearly decaying waveforms used by manufacturers
and users of semiconductor transient voltage suppressors. (The finite slopes of the leading
edges of these waveforms reflect the fact that in a real circuit, di/ dt is limited by wiring
inductances and transistor fall times.) These test waveforms have the additional advantage
that they can be closely approximated by an easily generated exponential waveform (see
Figure 5).
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Commonly used Test Waveforms
a. "8x20" µs
b."10 x 1000" µs

lpp
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0

Fig. 5 Similarity of Triangular and
Exponential Pulses

Desired Transient Suppressor Characteristics

In principle, it is possible to limit the transient energy that can be delivered to a sensitive
component by limiting either the voltage or the current that that component can experience.
In practice, however, transient current limiting is difficult to implement, and most designs
employ some type of transient voltage suppressor (TVS) connected in parallel with the
circuit to be protected. What, then, are the qualities required of a practical TVS?
First, a TVS must not interfere with the normal operation of the circuit; i.e., at voltages less
than the maximum non-transient circuit voltage, a TVS must initially draw little current. We
define that voltage at which a TVS can be guaranteed to draw less than some specified
current as the stand-off voltage (YR) for that current. A second requirement of the TVS is
that it quickly clamps the voltage to a safe level when a transient does occur. Clamping
voltage (V c) is defined as the maximum voltage that will appear across the TVS under some
pulsed current condition after the TVS has been fully activated. Clamping time (tc) is the
time it takes the TVS to activate. "Protected" circuits may experience voltages in excess ofV c
during this defined clamping time. A figure of merit commonly used to describe TVSs is the
clamping ratio (CR), defined by:
CR=
An ideal clamp would have CR = I.
A third TVS requirement is that it be capable of safely dissipating expected transient energy
pulses. This capability is usually described in terms of allowable power dissipation as a
function of pulse time.
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Earlier, we discussed the predictability of various types of transients. Predictability greatly
influences the process by which TVS power requirements are determined. For predictable
pulses, the procedure is to minimize cost by specifying power requirements just safely in
excess of the expected power for the known pulse duration. The design process is more
complex for unpredictable transients. In this case, greater TVS power capability translates
into great reliability. Therefore, the designer must make a trade-off between reliability and
cost.
Other qualities desired of a transient voltage suppressor include freedom from the need to be
"reset" after a surge and the ability to allow the protected circuit to function even during the
transient period. With respect to these qualities there are two classes of TVS widely in use.
Passive devices are those with monotonic characteristic curves, as shown in Figure 6a, while
active TVSs are switches, with negative resistance regions on their 1-V curves (Figure 6b). A
passive TVS has CR > 1, does not need to be reset, and allows many circuits to function
during a transient. Metal Oxide Varistors (MOVs) and semiconductor avalanche TVSs* are
passive. An active TVS works by switching to a near-short condition when it senses a
transient pulse, so that CR = 0. Circuits protected by an active TVS do not funciton during
the transient period (since they effectively become shorted out) and, in fact, will continue not
to function after the transient period until the TVS "switch" is somehow turned off. Active
transient suppressors include spark gap, gas tube and thyristor "crowbars". Combinations of
active and passive TVSs, together with isolating elements and special reset circuits may be
designed to keep circuits functional during most transients while utilizing the best features of
both types of TVS.
Is

b Ve

v,

Vs

Fig.6 Comparison of (a) Passive and (b) Active
Transient Suppressor Characteristics

Comparison of Commonly Used Suppressors

Active TVSs, in addition to their need to be reset, have the added disadvantage of being
bulky and costly in comparison to passive devices. Furthermore, they do not protect below
Vc during the clamping time tc. Their advantage, and the reason for their continued use, is
their ability to safely handle very large pulse currents. Passive devices cannot operate at
extreme current levels for two reasons. They clamp at higher voltages and are physically
smaller than the active TVSs, and therefore-at any given current level-the passive devices
dissipate more power and operate at higher current densities. An advantage of
semiconductor TVSs is their freedom from overshoot during the transient.
M 0 Vs have other limitations. They degrade with use, and their rated pulse currents decrease
markedly as the number of lifetime pulses they are to experience increases (Figure 7). MO Vs
have higher clamping ratios than those of equivalent semiconductor TVSs (Figure 8). M OVs
are bidirectional devices, i.e. they clamp at approximately the same voltage in each direction.
*Hereafter referred to as simply "semiconductor TVSs".
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This can be a disadvantage when protecting many unidirectional circuits (particularly logic
circuits), as will later be discussed in greater detail.

IMPULSE DURATION lµs)

Fig. 7 MOV Lifetime Pulse Ratings
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Fig.8 Clamping Voltage Versus Current

Table I summarizes the relative merits of typical transient voltage suppressors.

Clampmg
Ratio
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Active
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Passive
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Available
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---0"
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Active
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---0"
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to
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Table 1 Comparison of Transient Suppressors
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Semiconductor TVS devices are preferred by power supply designers who must guard
against predictable, moderate energy transients. The following section describes these
devices in more detail, and offers selection guidelines and design examples.

Semiconductor TVSs
Unitrode offers several semiconductor TVS lines to commercial, industrial and military
customers. Unitrode TVSs exploit the extremely rapid avalanche breakdown of a p-n
junction in order to function as voltage clamps. TVS power ratings are specified for I ms (for
50% decay) exponentially decaying pulses (ref. Figure 5). Units are available with 150W and
500W power ratings for industrial/ commercial applications, and 500W and I 500W military
types meet MIL-S-19500/551 and /434 respectively. Also, Unitrode markets zener diodes
(I to IOW DC) which have the same avalanche characteristics as the TVS devices, and can be
used as transient suppressors.
To select the appropriate TVS for a given application, begin by determining the required
stand-off voltage. VR should be equal to or greater than the maximum non-transient voltage
that is expected to appear across the TVS. Next, determine the TVS power requirements.
Unitrode publishes room temperature pulsed power curves, in conjunction with junction
temperature derating curves, for each TVS family (Figure 9). The pulse power rating curves
(Figures 9a and 9b) apply to exponential pulses. If the expected pulse is not exponential, or
approximately so, then construct an exponential pulse having the same peak power and total
energy (i.e. area under the power curve) as the expected pulse (see Figure 5). Use the duration
of this pulse when using the peak pulse power curves to determine which device family has
adequate capability. The power and stand-off voltage considerations should point to one
TVS part number.
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As a final step in the selection process, determine if the clamping voltage of the tentatively
selected TVS is low enough at the expected pulse current. Figure IO is a convenient graph
used to quickly determine if the clamping voltage will be adequate. If not, try a TVS with a
higher power rating.

CLAMPING
RATIO
(CR)

:1v:=
10 0
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10
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P, RATED

Fig. 10 Clamping Ratio vs. Peak Power for
for Unltrode TVSs
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Fig. 11 A Typical TVS Application
a. Typical Circuit
b. {Idealized) Resultant Current in the TVS

To illustrate this selection process, let us consider in detail an inductive switching application
of the type earlier mentioned. Figure I Ia shows such an application.
Determining the required stand-off voltage rating is simple. The greatest non-transient
voltage that will appear across the TVS is just the supply voltage Vee= JSV. So a TVS with
VR = ISV will not interfere with the normal operation of the circuit.
As discussed before, the transient current induced in the TVS will show a linearly decaying
time response (see Figure I lb). The peak current ip is equal to the inductor current just prior
to the tum-off of QI. Making the worst-case assumptions that this system is in equilibrium
before QI turns off, and that QI is then well saturated;
ip = k (t = o-) = ISV/10 =ISA
The peak pulse power pp is given by:
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For a first estimate of this power, assume Ve= l.3 VR = 19.5V.
Then:
PP= ISA

x

19.SV = 290W

The time for the current pulse to decay to zero is:
ti =

~ ipL _ ISA x 2mH = l.Sms
dk - Ve 19.SV
dt

The equivalent exponential pulse would have tp= ti/2 = .7Sms. Referring to Figures 9a and
9b, we can see that a Unitrode TVS300 series device would not be adequate for this
application, but that a TVSSIS would operate with a comfortable margin for error.
Finally, we check to see if our estimate that Ve= l.3 V&is reasonable. To use Figure IO, we
first calculate:
PP (ACTUAL)
~~--~=
PP (RATED)

290W
=.S
600W

The clamping ratio curve then gives Vc/VR = l.32. Had our original estimate been less
accurate, we could have re-itterated the calculations, using the clamping voltage obtained in
the final step.
If available TVS devices do not meet all the needs of a particular application, consider using
a Unitrode zener diode. These diodes are not characterized as conveniently as are the TVS
series for use as transient suppressors. However, designers can assume that these zeners will
stand off voltages up to 8S% of their minimum Vz. and that they follow the clamping voltage
curve of Figure 10. Other requirements for improved P and/ or CR can be serviced by series
connected TVSs or zeners.

Designers often ask about the use of bidirectional semiconductor TVSs. Bidirectional
suppressors should only be used when the non-transient wltage is bidirectional; i.e. when
both positive and negative non-zero stand-off voltages are required. This applies regardless
of the expected transient polarities. The reason for this is that the unidirectional TVS has a
lower voltage clamp for negative polarity transients than does the bidirectional. Consider the
protection of a bipolar transistor, as shown in Figure 12. If a bidirectional TVS is used
(Figure 12a), then a negative transient current is will break over the transistor's emitter-base
junction if the TVS has Vs greater than the breakdown voltage of that junction. On the other
hand, a unidirectional TVS (Figure 12b) becomes forward biased and clamps at no more
than a few volts even at very high currents. The low voltage emitter-base junction is safe in
this case. Knowledge of the usefulness of this low voltage negative clamping characteristic
has prompted the military to include reverse clamping voltage specifications for new IN-type
transient suppressors. (See, for instance, MIL-S-19SOO/SSI.)
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b.

a.
Fig. 12

(a) Bldlrectlonal vs. (b) Unidirectional
Protection for a Bipolar Translllor

The predictability of transient energy sources was earlier discussed. Often, it was found, the
designer cannot accurately characterize expected transients.
It is possible, then, that a TVS could experience a pulse with energy in excess of that

predicted by the designer. Faced with this potential situation, the designer should consider
how the TVS behaves if overpowered.
A TVS, operating at a power level it cannot sustain, must react either to decrease the current
that is flowing through it, or to decrease the voltage across which the current flows. Either the
TVS tends toward an open circuit, or it becomes nearly a short circuit.
From a design standpoint, it is most often advantageous for the TVS to become a short
circuit or very low resistance when subjected to a high energy transient. The primary purpose
of the TVS is to protect other components. This is not accomplished if the TVS becomes
highly resistive.
When overpowered by high transient field conditions, Unitrode Transient Voltage
Suppressors and zener diodes fail in the "shorted" mode. The mechanism is the sam~ "second
breakdown" phenomenon observed in power transistors.
Only under very extreme pulse conditions will Unitrode TVSs fail "open". The pulse would
need to have enough energy to initiate the second breakdown of the silicon junction followed
by enough "follow through" energy to cause considerable heating in the now low resistance
silicon.
Unitrode TVSs are of a voidless construction, so that even at very high chip temperatures the
units cannot "explode" by igniting a contained gas. Cracking and chipping of the glass can
occur, but this does not normally result in damage to surrounding components.
Reliability has always been important in electronic equipment; today it is even more so.
Complex military and industrial systems must be built with circuit blocks of unquestioned
reliability, if the overall system reliability is to be acceptable. Consumers now rightly demand
long life for the products they buy. By better understanding the nature of transient energy
sources and of available transient suppressors, the designer is better able to meet toughening
reliability goals.
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LIMITING INRUSH CURRENT TO A SWITCHING POWER SUPPLY
IMPROVES RELIABILITY, EFFICIENCY

Active inrush-current limiters-unlike fuses and circuit breakersprevent dangerous situations instead of only reacting to them.
Apply limiting techniques, and you need not employ extra-hefty
rectifiers just to ensure rectifier survival during turn on.
Roger Adair, Unitrode Corp
.WnH

The input filter capacitor employed in many de
power-supply designs creates a potential problemhigh inrush current. Fortunately, though, adding a few
extra components can prevent inrush current and its
associated circuit damage.
How does the input capacitor cause such problems?
Intentionally chosen for high storage capacity and low
equivalent series resistance (ESR), it behaves like a
nearly perfect short circuit when the supply first turns
on. The resulting short-duration peak inrush current
can reach levels much greater than the tolerable
single-cycle ratings of the supply's semiconductor
rectifiers (thus destroying them) and still not contain
sufficient total energy to open protective fuses or

20 nH

OUTPUT TO
REGULATOR

Fig 1-Based upon thl• generalized model, analysis
indicates the inrush-current problem's magnitude. Chosen
for its low ESR, the input filter capacitor (C,) behaves like a
nearly perfect short c1rcu1t when the supply first tums on.
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Turn on an analysis before
you turn on a power supply
circmt breakers. Additionally, the supply's rapidly
rising voltage and current levels could cause dv/dt- or
diidt-sensitive devices in neighboring hardware to fail
or malfunction.
Computer analysis proves useful

To appreciate the inrush-current problem, consider
an estimate of its magnitude before examining possible
control techniques. Fig 1 depicts a model of the ac-input
and rectifier/filter sections for a typical de power
supply. Although shown in a straight off-the-power3-Measurad Inrush current appears close to that premains configuration, the model should be valid for any Fig
dicted m Fig 2. This larg.e current inrush could cause junction
other design with the same output-power capability.
hot spots and generate troublesome EM/.
An ECAP computer analysis performed for this
circuit assumed worst-case conditions: switch closure at the load. The resistor does perform a surge-current160V (peak voltage). The results (Fig 2) indicate that limiting function, however.
Alternatively, a thermistor-controlled current limitan inrush current greater than 200A can exist for
several milliseconds.
er (Fig 4b) alleviates the resistor's efficiency problems
Now compare this predicted performance with the to some extent, but it aggravates the dropout-recovery
measured characteristics (Fig 3) of a typical design. problem. The same cold-to-hot resistance variation that
The current pulse's high level and short duration could permits turn-on current limiting and high efficiency at
generate severe, localized hot spots in rectifier low operating currents fails in dropout-recovery
junctions or cause false triggering of rate-sensitive situations: The thermistor's long thermal time constant
devices elsewhere in the circuit.
prohibits fast recovery.
A standard approach to current limiting is depicted in
Fig 4a-a resistor. It's simple, reliable and easy to SCA spells efficiency
design in, but efficient it isn't. At any current level, it
In view of resistor and thermistor drawbacks, active
dissipates power that would otherwise be available to soft-start designs offer a best-of-both-worlds
(1)

R

D,

117V AC
LINE
DC OUTPUT

AC LINE

v,

R,

o,
(b)

AC LINE
NOTES
R, 3, 5W
R2 02, 10W
R 2 3k, 5W
R4 1k
R 5 1k, 2W

Fig 4-'!Wo common methods of inrush limiting employ
either a resistor (•) or a thermistor (b). But if the resistor is
large enough to effectively control surge currents, it also
significantly reduces efficiency. The thermistor, while more
efficient, offers little protection during dropout recovery
because of its long thermal time constant.
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C, 1000 "F
C 2 10 "F
C3 2 J,AF
D, UZ4715
D2 1N4245
D2 UT680·4

0 1 L2R06254
0 2 UPT312

Fig 5-SCR soft starting bypasses the current-limiting resistor (R,) only when the peak-detected voltage across Q, drops
below the zener breakdown, ie, when
becomes almost
fully charged through R,.

c,
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solution-€ffective inrush limiting, fast recovery and
high operating efficiency. This type of circuit, shown in
Fig 5, essentially incorporates a current-limiting
resistor (R,) and a bypass switch (Q 1). At turn on, Q1is
OFF, and the surge current Os) develops a voltage
across R,. This voltage is peak detected by D2 and
stored in c~. When the voltage exceeds D1's zener
breakdown-an event that should occur almost
instantaneously-Qz turns on, disabling Q1's gatetriggering network (R3C3). As the power supply's filter
capacitor C, charges up, the inrush peaks diminish until
the detected IsR1 voltage falls below D1's zener
breakdown. Qz then turns off, and the R3C3 network
charges up and fires Qi. bypassing R1.
This circuit recovers rapidly enough to limit inrush
currents that could occur as a result of even short line
dropouts. When the ac input voltage goes to zero, the
voltage across Q, also goes to zero, and Q1 turns off.
When the input voltage reappears, Qz keeps Q,'s gate
circuit OFF until R, has allowed C, to become almost
fully charged.
Fig 6 graphically depicts this design's inrush-limiting
ability. Note how the IsR1 voltage level (upper trace)
tracks the diminishing inrush-current pulses (lower
trace) for the first three cycles. At the 17-msec point
(slightly after the third current pulse), the peak
detected voltage has dropped below the zener breakdown point, and Q, switches on, bypassing R,. Then Rz
limits inrush currents.
After determining your design's maximum continuous de output current (lo) and inrush limit Cls), you can
select an appropriate SCR. (The major SCR considerations are the peak repetitive blocking voltages and the
maximum average plus peak current levels.) Typical
SC Rs exhibit a gate-turn-on voltage (V GT) of about
0.6V; typical power-supply circuits exhibit a rate

Fig 6-lnrush·current pulses of decreasing magnitude (bottom
trace) lower the SCR's hold-off voltage (upper trace). After 17
msec, the SCR fires.

sensitivity (di/dt) of about lA/µsec-two quantities
required for calculating the values of the other critical
components:
R 1=y'2V Ac/Is
Rz=PR 2Io 2
Vz=IsR2
C32:(2'1112 VAC Vz)/(R3 VGTR1(di/dt) ).
In the second equation, specify PR 2 as the maximum
power your requirements allow across R2•
Another effective inrush-current limiter is the
phase-controlled triac design shown in Fig 7, which
operates by controlling the conduction time of the
current surges. Initially, the de voltage (V0) across C1
builds up slowly becaus~ of R,'s current-limiting action.
This de voltage helps establish a reference (via R 11 and
zener diode Di) for the programmable unijunction
transistor (PUT) Q, and charges the phase-control

TRIAC

117V AC
LINE

NOTES
D, UZ4718
0 2 UT680·4
0 3 1N3612
0 1 L7808104
0 2 UPTA510
0 3 U2TA506
0 4 2N6027
T, SPRAGUE 11Z2000

1N914
':"

Fig 7-Phase controlling a triac limits inrush-current pulses' amplitude and duration. Cycle-by-cycle triggering-handled by the
PUT comparator-nsures instant recovery from line dropouts.
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Switch out the limiting resistor
when the inrush is over
timing capacitor C, (via Ri). The PUT fires when its
trigger point is reached, turning the triac on. Thus,
when V0 is initially low, C2 charges slowly, and the triac
triggers on late in the half cycle. As Vo rises, Q, turns
on earher in each cycle until nearly 100% conduction is
achieved.

Fig 8-Triac conduction follows the gradually increasing de output
voltage, decreasing the would-be inrush current. When the output voltage reaches design level, the tr1ac 1s bypassing the current
l1m1ter nearly 100% of the time.

The remaining circuit components (Da, Q2, Qa, etc)
discharge timing capacitor C2 on each half cycle,
thereby assuring cycle-by-cycle current limiting and
fast recovery from dropouts. Fig 8 depicts the
relationship between the ac input voltage, the de output
voltage and the varying conduction angle of the
triac.
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THERMAL CONSIDERATIONS FOR
SEMICONDUCTOR DEVICE RELIABLITY
By Glenn Fritz

This paper is a guide to enhancing reliability and avoiding semiconductor failures in
switching power supplies. Since semiconductor reliability is strongly related to junction
temperature, a brief thermal design review is included. Several semiconductor failure modes
are discussed, with emphasis on power supply circuits susceptible to such failure modes,
methods of identifying failure mechanisms, and techniques for avoiding same.
Many semiconductor failures are the result of overheating the semiconducting silicon. Such
failures can be broadly classified into two groups. First, failure can be due to excessive
"average" heating, characterized by an expected distribution of high temperatures
throughout the active regions, including junctions. For the purpose of this discussion, this
includes repetitive transient heating within temperature ratings. Such heating is
quantitatively predictable and can be controlled by appropriate device selection and heat
sinking. The other failure mechanisms are related to localized overheating, and cannot be
effectively addressed with the thermal models used for the average heating failure modes. A
better approach to these potential problems involves relating identifiable transient circuit
conditions to device ratings and safe operating area curves.

SECTION 1. AVERAGE HEATING CONSIDERATIONS
Degradation of semiconductors results from chemical reactions which change the structure
of such devices on an atomic scale. The rate at which such reactions occur is found to follow
the Arrhenius equation:
R(T)

where:

= Ce-Ea/KT

(Eq. l)

R(T) = temperature dependent reaction rate

C =constant
Ea = activation energy
K =Boltzmann's constant
T = temperature
Figure l is a typical plot of semiconductor failure rate, as a function of junction temperature,
which follows Equation l. Note that failure rate decreases rapidly as the operating junction
temperature is lowered.
Semiconductor manufacturers commonly specify an absolute maximum junction
temperature for any given device. This temperature is chosen to correspond to an
"acceptable" failure rate for that device. However, as shown by Figure l, improved reliability
can be obtained by operating semiconductors at temperatures below their maximum rating.
A tradeoff ultimately must be made between reliability and the cost and size of the
semiconductor device and its associated heat sink.
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Appendix A describes the thermal model usually used by designers to predict semiconductor
junction temperatures and to thereby determine device and heat sink requirements. Readers
unfamiliar with such a model are referred to this material. Following are illustrations of the
application of this model to various power semiconductor devices commonly used in
switching power supplies.
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Figure 1. Approximate Arrhenius Model for
Unitrode Bipolar Transistors
BIPOLAR TRANSISTORS
Power losses due to leakage current in the off state are usually negligible for bipolar
transistors in switched-mode supplies. Therefore, equation A2 reduces to:
ji

== Pconducting

(Eq. 2)

+ Pswitching

Conducting losses for bipolars can be expressed:
ton .
.
Peonducting =7 (le · Yee+ lb· Ybe)
where:

ton
T

(Eq. 3)

= transistor on time per cycle

= switching period

The variables i0 , Yee. ib and Ybe in Equation 3 are mutually dependent. This is illustrated by the
characteristic curves of Figures 2 and 3, which are curves typically supplied by power
semiconductor manufacturers. In order to minimize conduction losses (Eq. 3) for a
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particular bipolar transistor, it is necessary that the designer choose an optimum base current
(ib). If ib is too small, then the transistor will fail to saturate resulting in high power dissipation
due to the Vee term in Equation 3. However, too large an ib will result in higher transistor
dissipation due to the ib term in Equation 3, and overall supply economy and efficiency might
be affected adversely by losses in the high current drive circuitry. Finally, excessive ib will
result in increased minority carrier storage in the bipolar transistor base region. It will be
shown below that such a "hard saturation" condition causes poorer switching performance
due to increased storage and fall times (t., tr).
Unfortunately, while providing general guidance for selecting a transistor and determining
base drive requirements, the curves of Figures 2 and 3 are insufficient for making the choice
of optimum ib. Figure 2 gives current gain (hFE) values only for non-saturation conditions
(Vee= 3 or IOV), while Figure 3 shows saturation voltage at only one gain(ie/ib = 5). A family
of curves such as that shown in Figure 4 is more useful in this connection. From these curves
the designer can determine just how much base current is needed to keep Vee low without
overdriving the transistor.
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Figure 2. D.C. Current Gain for 2N6545

UNITRODE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 • TEL (617) 861-6540
TWX (710) 326-6509 • TELEX 95-1064

397

PRINTED IN US A

ST-Tl

SEMINAR TOPICS

2 l---+--+--1-1-+-+-l+++---+--+--1--1-+-H'-+H

ss·c

-Sf Ct---t--t--t-1--+-1++-+--+----+--+-+-r+-1-+1

.05 ~~~~~~~~~~~-~~~~
0.1
0.2
2
0.5
5
10
le -

Figure 3.

COLLECTOR CURRENT (A)

Saturation Voltages for 2N6545
25°C

5.0
4.0

l

1\

~

!

~3.0

ll

~

_i

l'l

1.0

~

0.0

10

50

20

le= BA

le= 5A_.l
\

I\

m
2.0
>

l

l

le= 2A

~

~

~

~

100

200

500

N--1

l:s::

+-

1000

1--

2000

5000

le-BASE CURRENT (mA)

Figure 4. Typical VcE vs le and 18 for 2N6545
Bipolar Switching Losses
The other element contributing to average heating in bipolar transistors is power dissipation
during switching (see Equation 2). Power pulses-which are large in magnitude compared to
the average power, but short in duration-occur both at turn-on and turn-off of the power
transistor in switched-mode supplies.
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In some topologies, tum-on losses are negligible when compared to turn-off losses. Figure 5
shows a basic flyback converter, with the associated transistor ie and Vee waveforms.
Transformer leakage inductance, Le, is in series with the switching transistor and prevents ie
from rising significantly until vee has fallen at turn-on. Therefore, the peak power dissipation,
which is proportional to the area of the shaded region under the curves of Figure 5, is not
great. During turn-off, LR again restrains ic from changing significantly until Vee has
completed its transition. In this case, however, a large power pulse occurs because both ie and
Vee momentarily have large values. Figure 6 shows an expanded scale of this turn-off period.
In order to calculate the energy dissipated during this transition, a method of triangular
approximation is well suited. The energy under the curves is given by:
1

.

Esw = - ' le(on) ' Vee(orf) ' tr
2
where:

(Eq. 4)

Esw = switching energy dissipated per cycle
ie(on) = on-state transistor current
vee(orf) = off-state transistor voltage
tr= total fall time (sometimes called "crossover" time (te) by manufacturers)

+

CT
Vee

Figure 5. Flyback Topology and
Associated Transistor Waveforms
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The average transistor power due to switching in the flyback converter is therefore:
Esw
I
p SW = =T
2 · ic(on) • Vce(orf)

tr

(Eq. 5)

T

If total fall time tr is not specified, then current fall time tfi can be used to calculate the area of
region II in Figure 6, and the area of region 1 can be estimated. For a more careful study of
switching losses, transition times should be measured under actual circuit conditions. Using
the former method, and assuming tr= 2tr 1 :
Esw

= ic(on) • Vce(orf) ' tfi

Psw

= lc(on)' Vce(orf) 'r

.

(Eq. 6)

tfi

(Eq. 7)
Vceloffl

ic(onJ

I
I

I
I

I

I

I

/,

Vce<onJ

Figure 6. Bipolar Turn-Off
In the case of a buck regulator, turn-on losses are also significant. Figure 7 shows the buck
topology and its associat:d transistor waveforms. In this case, the catch diode forces the
transistor to see the full input voltage, Vm, at any time that diode carries any forward current.
This results in the switching waveforms of Figure 7, with much energy dissipated during both
turn-on and turn-off. Turn-off losses can be calculated by the same method used for the
flyback regulator (Equation 7). Figure 8 shows the turn-on transition in more detail. If the
catch diode recovery time is negligible, then:
Esw(turn-on) =

I

.

2' lc(on)' Vce(orf) 'tr

(Eq. 8)

where tr= current rise time (as defined in Figure 8)
Also:

Psw(turn-on) =

UNITRODE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 • TEL (617) 861-6540
TWX (710) 326-6509 • TELEX 95-1064

1

.

tr

2' lc(on)' Vce(orf) '-:;

400

(Eq. 9)

PRINTED IN U SA

SEMINAR TOPICS

ST-Tl

The effect of diode recovery time on transistor tum-on losses will be considered on
subsequent pages. Total switching losses for the transistor in the buck configuration are
given by (from Equations 5 and 9):
Psw

=

Psw =

Ptum-on + Ptum-off

.
tr
I
2I · lc(on)
• Vce(off) • T + l
f.

2 · ic(on)

where: f.

= I/ r =

• Vce(orf) • (tr

tr
T

ic(on) • Vce(orf) •

+ tr)

(Eq. IO)

switching frequency
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\

I

Figure 7. Buck Topology and
Associated Transistor Waveforms
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Figure 8. Bipolar Turn-On
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Reducing Losses
In order to minimize bipolar transistor switching losses in any given circuit (for which ic(on),
Vce(off) and fs are fixed), the designer has two methods available. First, he can seek to
minimize tr and tr by providing appropriate base drive. Second, designers can alter the
switching waveforms by using snubber circuits.

I. Drive Circuit Optimization
Stored minority carriers in the base region are the cause of bipolar transistor storage and, to a
lesser extent, fall times. Fall time, as seen above, relates directly to switching power
dissipation. Storage time, while typically having little effect on power dissipation, must
nevertheless be controlled in order to avoid problems of flux imbalance and poor dynamic
response with some topologies.
Designers commonly use two techniques to m1mm1ze stored-charge-induced transition
times. First, the amount of stored charge is kept low by driving the transistor with the lowest
possible tum-on base current (ibl). This current is usually chosen to drive the transistor just
into "hard" saturation at maximum i0 in order to keep Vee low and minimize on-state losses.
Higher base currents would cause increased switching losses without significant
improvement in on-state losses. When switching losses are extremely critical, as in high
frequency circuits (see Equation 10), a Baker clamp is sometimes used to keep the transistor
out of hard saturation altogether. Second, designers seek to remove from the base region as
quickly as possible that stored charge which does develop. This is accomplished by reverse
biasing the base-emitter junction during tum-off so that an electrical field is set up in the base
region which acts to drive out the unwanted minority carriers. Storage and fall times are
inversely related to both tum-off curent (ib2) and voltage (Vbe(off)), as shown in Figure 9.
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Function of Reverse Base Current 182
This method must remain within the limitations of allowable on-state dissipation and base
drive circuit complexity. Further improvements can result from innovative practices such as
proportional base drive and "speed-up" capacitors.
2. Snubbers
Figure 10 shows a simple turn-off snubber used to limit switching power dissipation in the
transistor by delaying the collector-to-emitter voltage rise until after the collector current has
fallen. Power previously dissipated in the transistor is now lost in the snubber resistor R •.
This leads to improved transistor reliability, but does not increase overall circuit efficiency.

+

=
Figure 10 A. Turn-Off Snubber
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WITHOUT SNUBBER_,- I

I

Figure 10 B. Effect of Snubber Network on Turn-Off Characteristics
Capacitor Cs holds Vee low during current turn-off. Resistor R. is designed to discharge Cs in
less than the minimum transistor on time, ton(mm)· Hence, time constant RsCs is chosen to be
one half of ton(min):
Cs = ic(max) • tr/ Vce(max)

(Eq. II)

Rs = ton(min)/ 2 Cs

(Eq. 12)

Example - Transistor Losses in a Buck Regulator
To illustrate the relationships among transistor drive conditions, power dissipation, heat
sinking, and reliability, we consider a 2N6545 operated in the buck regulator circuit of Figure
7. We assume that the following worst-case conditions exist:
Yin(max) = 400V
ic(max) = 4A
fs = 50kHz
ton(max) = IOµs
T A(max) = 80° C
From Figure 4, it is apparent that 400mA of base drive is adequate to insure vce(on) :'.S 0.5V at
ic = 4A and TJ = 25°C. Figure 3 indicates that this value could increase to 0.75V at TJ =
150°C, and that 1.2V is a conservative value for Vbe. Therefore, from equation 3:
Pconducting

= 50kHz · lOµs

(4A · 0.75V

+ 0.4A • l.2V) = l.74W

Datasheet curves indicate that tr and tr will both be ~250ns. This assumes a tum-off base
current (iB 2) of 400mA from a -5V source. From equation 10:
Psw

= 50kHz
- 2- • 4A · 400V · (250ns + 250ns) = 20W.

The total average power dissipation, which is clearly dominated by switching losses, is
21.7W.
ReJc for the 2N6545 is specified as less than l.4°C/ W, and Recs is
package mounted with a thermally conductive paste.
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Designing for a worst-case junction temperature of 150° C, we can expect a transistor MTBF
of 7 · 107 hours (from Figure 1). The required heat sink is determined as follows, from
equations Al and A3:
150°C = 80°C

ResA = 1.6

oc
oc
+ 21.7W · (1.4 W+ 0.2
+ ResA)

w

oc
W

Figure Al shows that with natural convection cooling (no fan), a IO in 3 heat sink would be
needed to fulfill this requirement. In order to reduce this volume, we consider using a turn-off
snubber which can reasonably be expected to reduce total switching losses by 40% to 12W.
Calculating as above, we obtain ResA = 3.5 °C/ W, requiring a 5.3 in 3 sink. The addition ofa
turn-off snubber can therefore decrease the required transistor heat sink volume by nearly
one half. Conversely, keeping the same heat sink, the transistor can be operated cooler:
TJ= 80°C

+ 13.7W · (1.4

oc
oc
oc
w + 0.2 -w + 1.6 -w) =

-

124°C

Now a MTBF of ~1.7 · 108 hours can be anticipated, so that the snubber improves transistor
reliability by a factor of ~2.4.

MOSFETS
MOSFET power dissipation in a switching power supply is analogous to that of a
bipolar transistor:
P = Pconducting + Pswitching
P =

(Eq. 13)

ton .
.
T
' ld(on)' Vds(on) + l1 ' (tr
- 7+-tf-) 'ld(on)'
Vds(off)

-

P = fs ' ton ' rds(on)'

·2
I

d(on) +

f.
.
2'
(tr+ tf) ' ld(on) ' Vds(off)

where: rds(on) = drain-to-source resistance in the on state
Values of rds(on) for MOSFETs are of such a magnitude as to produce greater on-state losses
than with the equivalent bipolar transistor operated in saturation. Furthermore, rds(on)
increases markedly with junction temperature, as illustrated in Figure 11. Note that rds(on),
and therefore on-state dissipation, doubles with an increase in junction temperature of
100°C.
Switching times, however, do not increase with temperature, as they do with bipolar devices.
Low switching losses somewhat offset the high on-state MOSFET dissipation, particularly
at high frequencies. Since MOSFETs are majority carrier devices, they are immune from
stored-charge related switching constraints. MOSFET switching times are dependent on the
rate at which the input capacitance, Ciss, can be charged or discharged by the gate drive
circuit. Transition times of 10-20ns are readily achievable with MOSFETs driven from
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simple gate circuits. In practical power supply circuits, however, the designer must plan on
somewhat slower MOSFET switching in order to avoid rectifier recovery problems. This
will be discussed later.
With bipolar transistors, the power supply designer is faced with a complex trade-off among
on-state losses, switching losses, drive circuit dissipation and complexity, and reliability.
MOSFET designs are more straightforward, largely because on-state and switching losses
can be independently optimized.
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RECTIFIERS

Rectifier losses are given by the equation:
-

p =

.
If 'Vf

tfb

'T+

Esw

(Eq. 14)

-T-

where: trb = rectifier forward bias time per cycle
Expected values of vr can easily be found from manufacturers' specifications and design
curves. Calculating Esw, however, requires careful consideration of rectifier reverse recovery
characteristics. Figure 12 shows rectifier current and voltage waveforms during reverse
recovery. Note that the voltage does not begin to fall appreciably until after the end of period
ta. Significant switching dissipation occurs only during tb, so that:
(Eq. 15)
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Figure 12. Rectifier Current and Voltage Waveforms
During Reverse Recovery
As mentioned earlier, rectifier recovery can also cause increased power dissipation in
switching transistors. In the buck regulator circuit of Figure 13 rectifier recovery results in a
collector (or drain) current overshoot at turn-on. Since the collector voltage cannot fall until
the rectifier is beyond transition period ta, large power dissipation occurs in the transistor
throughout that period. In Figure 14 cross-hatched area II corresponds to transistor
switching dissipation in addition to the losses incurred due to tri (area I). Figure 15 shows how
transistor switching losses are affected by the ratio of ta to tri. Note that even when ta is only
0.4 · tri, that switching losses are doubled.

Typical Circuit
iaon-----~
I

I

I

Q

t

Figure 13. Buck Topology - Typical Circuit in Which Diode Recovery
Affects Transistor Dissipation
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Waveforms
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Figure 14. Additional Transistor Losses Due to ta
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Figure 15. Relative Magnitude of Losses as a Function of t3 /tri
Rectifier manufacturers normally publish only a single trr specification, without separate
indication of ta and th. The ratio ta/ th can vary widely, but lacking other information, a value
of 2 is a good approximation. But since transistor losses depend so heavily on ta, designers
may want to obtain more complete characterization as shown in Figures 16 and 17.
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SECTION 2. OTHER FAILURE MODES
The previous section described how to design against unreliable semiconductor performance
due to excessive average power consumption. The assumptions were made that the entire
semiconductor junction or active region was at a safe temperature which varied little through
the switching period. These assumptions allowed the use of the very simple time invariant
thermal model of Appendix A. However, these assumptions can become invalid if a
semiconductor is exposed to transient overheating conditions resulting from excessively high
rates of change of current or voltage, or by extreme energy levels. Generalized time-variant
thermal models can be developed for such situations, but are too complex to serve as useful
design tools. Instead, designers address separately each such potential problem by relating
circuit conditions to device ratings or safe operating area curves.

Voltage Spiking
One such potential problem relates to transient voltage "spiking" which can drive
semiconductors into their highly-dissipative or possibly unreliable breakdown regions. This
problem is particularly important when using Schottky rectifiers because their energyhandling capability when reverse biased can be significantly less than the forward biased
capability. The usual approach to reliable designs when voltage spiking is possible is to limit
the spike voltage, using clamps or snubbers, to a level below the rated breakdown voltage of
the endangered semiconductor device.
Figure 18 shows a buck regulator circuit, in which the catch diode is susceptible to voltage
spiking. During turn-on of power switch QI, parasitic wiring inductance Lw charges to a
peak current (ipk) which exceeds the filter inductor current CiL) by an amount determined by
the ta portion of the catch diode recovery time. After period ta, the catch diode can no longer
support that portion of ipk which exceeds iL, except by operating in the breakdown region.
The solution is to provide an alternative current path through a snubber network as shown in
Figure 18. This snubber also helps to reduce conducted and radiated RFI.

Lw

01
ipk-iL

~

Figure 18. Snubber Prevents Catch Diode Breakdown
Bipolar Es/b
During turn-off of an inductive load with a bipolar transistor, current crowding occurs at the
center of each emitter region as illustrated in Figure 19. With conditions easily obtainable
using typical switching power supply base-drive circuits, high current densities under the
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emitter region can cause severe localized heating. Under such conditions, the transistor can
lose its ability to sustain its rated voltage and lapse into destructive second breakdown. The
result is a collector-to-emitter short.

B

c
Figure 19. Reverse-Biased Current Crowding
The extent to which current flow is restricted depends largely on the turn-off reverse bias
voltage and current across the base-emitter junction. Increased negative bias results in
narrower current constriction. While VBE(off) determines the effective device area for
dissipating inductive energy, the inductance value L determines the total amount of energy
which is converted to heat within that area:
E=

+

Li~

(for unclamped inductive switching)

Therefore, transistor Es/b capability varies qualitatively as shown in Figure 20.

Es;e

Figure 20. E818 vs VBE(OFF)• L, and ReE
A device which has failed due to Es/b can often be identified, after the fact, by observing the
damaged die with a microscope. A localized damage area which has its center near the
middle of an emitter ''finger" is evidence of Es/b failure. Figure 21 shows an example ofthis
kind of damage.
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Figure 21.

Photomicrograph of Damage Due to E 518

Transistor manufacturers supply several pieces of information which can be used as guides to
preventing Es/b failure. First, a minimum "unclamped Es/b" specification is sometimes given.
This figure guarantees that the given amount of inductive energy can be safely dissipated by
the transistor for a specific set of turn-off conditions. Designers must keep in mind, however,
that Es/b capability will vary with base drive parameters as shown in Figure 20.
Often, in switched-mode converters, the unclamped Es/b capability of the power transistor is
inadequate to handle the highly inductive load. In these cases, designers provide a voltage
clamp which diverts inductive energy while keeping the collector-to-emitter voltage below
the level sustainable by the bipolar transistor. Figure 22 illustrates the use of non-dissipative
clamps in a two-transistor forward converter. Diodes D 1 and D2 return inductive energy to
the input supply.
Vin

Figure 22. Two-Transistor Forward Converter
With Non-Dissipative Voltage Clamps
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The second manufacturers' specification relating to Es/b capability is a "sustaining voltage"
figure (Vcex(susJ) for clamped inductive turn-off. This specification puts an upper limit on the
allowable clamp voltage for reliable operation of the transistor. Again, however, this figure
applies to a particular set of turn-off bias conditions.
A more general characterization is provided by the "reverse biased safe operating area"
(RBSOA) curve, shown in Figure 23. This curve essentially defines clamping voltage
requirements at collector currents up to the DC current rating of the device. Using this curve,
designers can design against potential Es/b problems. Although less conservative, the V cex(susl
specification can be used if the turn-off bias condition applies.
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Figure 23. Reverse-Biased Safe Operating Area for 2N6544, 5
Bipolar ls/b and FBSOA

Figure 24 shows "forward biased safe operating area" (FBSOA) curves for a 2N6545
transistor under DC or pulsed operation. These curves are a guide to reliable transistor
operation in the unsaturated "on" state and during a slow turn-on. (As such, they are often
not critical in switching power supply applications.) Three distinct segments of these curves
each correspond to a limit imposed by a specific potential failure mechanism.
Region I (Figure 24) is a device limitation based on the fusing characteristics of the collector
bond wire. With low VcE, this wire can melt due to resistive heating at current levels which
will not cause damage to the semiconductor die. Operation of the transistor below its rated
collector current will prevent this type of failure.
At higher voltages, power dissipation (as discussed in Section I of this paper) becomes the
limiting factor for reliable operation. In region II, the FBSOA curves follow lines of constant
power dissipation. The line for DC operation will vary in position somewhat as a function of
thermal mounting condition.
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Finally, in region III, FBSOA is further reduced by forward biased second breakdown Os/b)
limitations. Under forward biased operation at high collector-to-emitter voltages, current
crowding occurs beneath the periphery of each emitter finger, as shown in Figure 25. High
current densities in these areas can result in "hot spots". As with the reverse biased case (Esfb),
excessive localized temperature extremes can result in destructive second breakdown. The
current ls/bat which this can occur varies inversely with VCE· Manufacturers determine the
position of the FBSOA curve in region III by taking many devices to second breakdown
under a number of VcE and pulse width conditions. A guardband is applied to the results to
ensure reliable operation within FBSOA curves.
COLLECTOR
BASE
DEPLETION

n

J__

p

n+
Figure 25. Forward-Biased Current Crowding
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A transistor which has experienced ls/b failure may be identifiable by a damaged die area
which centers on an emitter finger edge, as shown in Figure 26.

Figure 26. Photomicrograph of Damage Due to ls1e
As noted, transistor operating points in switching supplies usually fall well within the area
defined by the FBSOA curves. In many topologies, transformer leakage inductance delays
turn-on current rise until VcE has fallen, thus preventing operation near the ls/b limit line.
With those topologies for which this is not the case, a small inductor (<IOOµH) can be
purposely connected in series with the collector to serve as a turn-on snubber. Figure 27
illustrates this technique.

L

Figure 27. Turn-On Snubber
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POWER MOSFET dvds
dt

A highly touted advantage of power MOSFETs is that their safe operating area curves are
not limited by second breakdown considerations, as is shown by Figure 28. However, with
the high currents and short pulse widths typical of switching power supplies, a MOSFET
parasitic effect can limit the user's ability to utilize the entire "SOA''. Figure 29 shows a
parasitic npn transistor which can cause problems when a MOSFET is operated at high
turn-off dvds/ dt.
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Figure 28. MOSFET Safe Operating Area
If "collector-base" junction capacitance Ceo cannot be charged through shorting resistance
Rbe at the desired rate of dvds/dt (= dvce/dt), the "base"voltage Vbe will rise. This can cause
turn-on action in the parasitic npn which opposes the desired MOSFET turn-off. The initial
effect is delayed turn-off, but observations show that with repetitive pulses second
breakdown can occur.

This undesirable effect can be minimized by keeping shorting resistance fbe low. Unitrode
power MOSFETs use a hexagonal geometry which is optimal for achieving low rbe, and have
far better dvds/dt capabilities than do devices with other constructions.
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Figure 29. Power MOSFET Construction Showing Parasitic npn
Power MOSFET Gate Voltage
Power MOSFETs are constructed with a very thin (~IOOOA0 ) dielectric oxide between the
gate and source. Because of its thinness, this oxide is unable to withstand large gate-to-source
voltages, and most manufacturers have ±20V ratings for this parameter. MOSFET gates are
highly susceptible to damage caused by transient circuit voltages or electrostatic discharge.
This is particularly true of low-current devices, because their small die have low gate-tosource capacitance. Evidence of this type of failure includes high gate-to-source leakage
current (lass) and degraded transfer characteristics (VGS(th). gfs).
A simple method of protecting against gate oxide breakdown is to clamp the gate-to-soure
voltage with an avalanche breakdown transient suppressor such as the Unitrode TVS315
(see Figure 30). This device will clamp positive gate transients to approximately 18V, without
leading-edge overshoot.

J

r-------r--'

GATE
DRIVE

9

TVS315

Figure 30. MOSFET Gate Protection
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SWITCHING POWER SUPPLY DESIGN REVIEW
60 WATT FLYBACK REGULATOR
By Raoji Patel and Glenn Fritz

This paper gives a practical example of the design of an off-line switching power supply.
Factors governing the choice of a discontinuous flyback topology are discussed. The design
uses a pulsed-width modulation (PWM) control scheme implemented with a Unitrode
UC3840 IC. This chip's voltage-feed-forward feature is used to achieve improved output
regulation. The paper discusses closing the control loop to achieve both stability and
adequate dynamic regulation, and provides guidelines for transformer design and component selection.
The circuit developed herein operates from a 117V (±15%), 60 Hz line and meets the
following objectives:
1. Output voltages:
a. +5V, ±5%: 2.5A-5A
Ripple voltage: 50mV P-P maximum
b. +12V, ±3%: 1A-2.9A
Ripple voltage: IOOmV P-P maximum
2. Efficiency: 70% minimum
3. Line isolation: 3750V
These objectives are met by using a flyback converter topology with a MOSFET power
switch operating at 80kHz. The design features primary side control.

I. SELECTION OF FLYBACK TOPOLOGY
The flyback, when compared to other switching regulator topologies, has several cost and
performance advantages:

Cost Advantages:
1. For output power levels less than ~J50W, the design of the power transformer
(coupled inductor) is relatively simple.
2. Assembly costs for the flyback regulator are low due to a low overall component count.
In particular, only one magnetic element (i.e., the transformer) is employed as no
inductors are used in the output filters.
3. Output rectifier BV requirements are low, since they do not need to block voltages
which in other topologies are developed across the filter inductor.
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Performance Advantages:
l. The flyback topology offers good voltage tracking in multiple output supplies due to
the lack of intervening inductances in the secondary circuits.
2. Since there is no need to charge an output inductor each cycle, good transient response
is achievable.
For these reasons, the flyback topology was chosen for this 60W, dual-output regulator.

Discontinuous Current Mode
Once a converter topology is chosen, the next decision with which the designer is faced is the
choice between continuous and discontinuous current modes. Figure 2 compares primary
and secondary current and transformer energy storage waveforms for these two cases.

ip

is

;j

l\

ip

I

Cl
D

is]

Discontinuous-Mode

c

Primary

0 Current

Secondary

0 Current

Continuous-Mode

Figure 2. Discontinuous vs Continuous Flyback Waveforms
For the present design, a discontinuous current mode was chosen for reasons relating to
component performance requirements dictated by these waveforms.

Advantages of Discontinuous Operation:
l. A small transformer can be used because the average energy storage (WT in Figure 2) is
low. Use of fewer turns also translates into reduced I2R losses.
2. Stability is easier to achieve because at frequencies less than one half the switching
frequency there is no net inductance reflected to the transformer secondary, and hence
no second pole in the input-to-output transfer function. Also, no right half-plane
(RHP) zero appears since energy delivered to the output each cycle is directly
proportional to the power transistor on-time (ton) for the discontinuous case.
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3. Output rectifiers are operating at zero current just prior to becoming reverse biased.
Therefore, reverse recovery requirements are not critical for these rectifiers.
4. Similarly, the power transistor turns on to a current level which is initially zero, so its
turn-on time is not critical.
5. Transistor turn-on to zero current also results in low RFI generation.
Unfortunately, some disadvantages also accrue from the use of a discontinuous current
scheme.

Disadvantages of Discontinuous Operations:
1. Transistor and diode peak current requirements are approximately twice what they
would be in a continuous mode design. Average current requirements remain
unchanged.
2. Transformer dcf>/dt and leakage inductance are- both high under discontinuous
operation, resulting in some loss of cross-regulation.
3. High values of ripple current make output capacitor ESR requirements quite stringent.
In most practical discontinuous flyback circuits, capacitance values must be increased
in order to achieve adequate ESR. Transient response is correspondingly slower.
In the present design, these few disadvantages were not deemed sufficient to warrant a choice
of continuous mode operation. In particular, low output current requirements (5A max.)
reduce the impact of the capacitor ESR problem.
Figure 3 shows a basic flyback circuit and the associated voltage and current waveforms for
discontinuous operation. Regulation is achieved by varying the duty cycle of power switch
T 1. During the period when Qi is on, energy is transferred from input capacitor Cn to the
primary inductance Lp of the transformer. The magnitude of this stored energy is given by:
W=

1
2

T

·2

(1)

--~lpp

where ipp

= peak primary current

No energy is transferred to the secondary circuit during this period. When Qi is off, energy
stored in the transformer is delivered by way of the secondary winding to the output filter
capacitor and load. The average power delivered to the load is given by:

Po=

w =
T

Lpik
2T

(2)

where T
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The peak primary current (ipp) is dependent on the input voltage (Vin), the primary
inductance Lp, and the on-time of Qi (ton):
.
Vin ton
lpp= - - -

Lp

Also, the average power output is related to the output voltage and load resistance:
Po=
Substituting for Po and ipp in equation 2, one obtains:

The DC output voltage is therefore:
(3)
ton

where duty cycle D = T

Note that for a discontinuous flyback, the output voltage varies directly with both Vin and
when a conventional PWM control chip is used.

v'ilr:"

II. SELECTION OF A CONTROL CIRCUIT

A PWM control technique is used in this design rather than a variable frequency scheme.
Reasons for this decision follow, and are again related to cost and performance.
I. The transformer design can be optimized with PWM control because switching occurs
at a fixed frequency.
2. Fixed frequency operation results in a narrow EMI spectrum. EMI is, therefore,
filterable.
3. Output ripple under light load conditions is minimized with a PWM technique.
4. Integrated circuits are available for PWM control, while variable frequency techniques
require discrete implementation. Modern PWM control I Cs, such as the UC3840, also
provide various auxiliary functions which further reduce the overall number of
components required.
5. Implementation with PWM control allows for the use of a voltage-feed-forward
technique to achieve improved output regulation and volumetric efficiency.
6. Power supply switching can be synchronized with external circuits, such as CRT
amplifiers, to reduce the display interferences.
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Figure 3. Voltage and Current Waveforms,
Discontinuous-Mode
Flyback Regulator
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The voltage-feed-forward technique is illustrated in Figure 4. The rate of increase of the
sawtooth waveform (internally generated by the PWM IC) is directly proportional to the
input voltage V;n. As Yin increases, the output pulse width (transistor on-time) decreases in
such a manner as to provide a constant "volt-second" product (constant energy) to the
transformer primary. Therefore, variations in Yin do not affect output regulation. The
operation of this feed-forward scheme is described by two relations:

v. =

Yin
K
where K = constant
Ve = control voltage
Vs = P-P sawtooth voltage

D=

ton
T

Ye

v.

Application of these relations to equation 3 yields the following as the open-loop response of
the voltage-feed-forward discontinuous flyback regulator:
(4)

~1
I

Outpu~
Pulse Width

/'1-at V;n = 200V
I

l_ I 1

!

Width when V;r, = 100V
~ Eulse
Pulse Width when V;n = 200V
L_

Figure 4. Voltage-Feed-Forward Technique
Note that the output voltage is independent of Vin, but varies directly with ~ Figure 5
shows the open-loop dependence of Vo on Vin and RL for both conventional PWM and feedforward controls. The curves show experimental results, and are in good agreement with
equations 3 and 4. Deviations from flat response in the feed-forward case are due to
variations in the MOSFET turn-off delay time, t.l(off)·
Freedom of Yo from Vin dependence minimizes the error amplifier gain requirement while
maintaining adequate output regulation. In addition, the audio susceptibility of the feedforward implementation is good due to the cycle-by-cycle compensation for input voltage
variations.
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(Experimental Results)
The UC3840 IC provides a terminal which can be used to clamp the control signal internally
to any desired level. When used in conjunction with the feed-forward circuitry, this feature
allows the designer to set an upper limit on the transformer "volt-second" product. The
design of the transformer can then be further optimized for size and cost.

III. CLOSING THE LOOP
The 6-0W regulator utilizes a primary side control technique wherein an auxiliary
transformer winding on the primary side is used to develop a control voltage which is fed
back to the PWM error amplifier. External compensation ofthis amplifier gives the designer
control over the closed-loop frequency response of the entire system. The objectives in
designing the error amplifier compensation are to insure circuit stability while achieving
adequate dynamic output regulation. Figure 6 illustrates an optimum practical open-loop
frequency response for a switching regulator.
Good DC and transient regulation requires high closed loop gain at frequencies below f./ 2.
Signals at higher frequencies do not contribute to regulation because they are "sampled" at
too low a rate by the circuit. Unwanted oscillation results if the closed-loop phase reaches
-36-0° at any frequency for which the gain is greater than OdB. Conservative designs should
maintain a 45° phase margin above -36-0° at these frequencies. In practice, this criterion is
most easily met if the OdB gain cross-over point is at as low a frequency as possible. To
compromise between transient response and stability requirements, the OdB cross-over is
usually designed to occur near fs/ 2.
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Figure 6. Desired Closed-Loop Response
In order to determine the error amplifier response required to stabilize the 60W regulator,
while achieving the desired regulation, the small-signal open-loop response of the PWM
modulator and the power output stage is first determined. The DC response, as previously
developed, is:
(5)

For low frequencies, the small signal variation in output voltage is obtained by differentiating equation 5 with respect to Ve:
dVo
-K
-dVc
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The effective output capacitance CE and load resistance RL form a low-pass filter which
causes additional attenuation above the break frequency of the filter. The overall control-tooutput transfer function is:
Vo_K
Ve

f!Kf-

V

1

)

(7)

2Lp \ (s/wo + 1)

2
where Wo= - - RLCE
K= Vm<min>

v.

CE= effective output capacitance
RL = effective output load resistance
In order to evaluate equation 7, it is first neccesary to determine values for the primary
inductance Lp and for the effective filter components CE and RL. This is done in appendices I
and II. The results are:
Lp = 165µH
CE= 4500µF
Rl.(min> = 2.400
Rl.(maxJ = 5.880.
For purposes of graphing the control-to-output transfer function, it is only necessary to
determine the DC gain and the filter cutoff frequency.

DC Gain:

I
Vo
Ve

lOOV

DC, max. load=

~

(12.5µs) (2.400) - 8.6 = 18.7dB
2 (l65µH)

IDC, min. load=

lOOV
3.5V

02 ·5µs) (5.88 0) - 13.4 = 22.5dB
2 (l65µH)

Cutoff Frequency:

The transfer function break frequencies for maximum and minimum load conditions are:
fi (P o(max)) =

fi (Po(minJ) =
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The resulting frequency response is illustrated in Figure 7A.

Error Amp with
Compensation

Error Amp
Pole_ Roll-off

Compensation
Zero

FREQUENCY (Hz)

Figure 7A. Gain and Phase Plots
Figure 7B shows the open-loop error amplifier response for the UC3840. The gain plot can
be thought of as representing an upper limit on the gain response of the error amplifier when
compensated. Note that at frequencies above -15kHz, the closed-loop gain (filter +
modulator+ error amplifier) would be less than OdB even if compensation networks did not
cause further attenuation. Therefore, a 40kHz gain cross-over is not obtainable with this
particular design. We chose 15kHz.as a best case practical OdB point.

UNITRODE CORPORATION • 5 FORBES ROAD
LEXINGTON, MA 02173 • TEL (617) 861-6540
TWX (710) 326-6509 • TELEX 95-1064

429

PRINTED IN US A

SEMINAR TOPICS

ST-PSD-1

Ci)
_J
60 1----+--T--+---+--+---i
w

C!l

0

50

1----+--~+---+--+---i

w
0

40

1:;:::---+----t----'\---+--+--1

z

~

C/)

w
w
a:
180
<!J
w

30 I----_,._--+--~--+---< 225

<!J
~
0

2oi---t------'""1-;;;;;;;;;;;;;;:t:~-t-~ 270

-t

10

I----+---+---+----"+-+-<

315

tt

0

>----+---+----+----+->.----.

360

z

0

wI

C/)

<l'.

I

a.

0
-10 ~-~--+--~--~~
100
1K
10K 100K 1M
FREQUENCY (HERTZ)

Figure 78. Open-Loop Response of
UC3840 Error Amplifier
In order to obtain adequate gain below 15kHz, a zero is needed in the closed-loop response
near 20 Hz in order to compensate for the low frequency filter pole. The desired response of
the compensated error amplifier is shown in Figure 7A. Also shown is the resulting overall
closed-loop response. Figure 8 shows the error amplifier with the compensation elements
required to achieve this response.

C2
Zero: f1 =
R2

C1

CONTROL

Error
Amp.
1~-+---I

Pole: fa=

27TR1C1
1
27TR2C2

R1=12KO

>----------" R2=15KO
C1 = .68µF
C2 = .01µF

+

REF

Figure 8. Error Amplifier with
Compensation
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IV. DESIGN DETAILS AND PERFORMANCE (Refer to Figure 1)
The AC input voltage for this supply is rectified with a full-wave bridge and filtered by input
capacitor Cm. The UC3840 control chip is equipped with under- and over-voltage lockout
features. The under-voltage feature initially disables all internal circuits except the (low
current) reference voltage circuit. The lockout voltage is set by divider network R 4-Rs-R6 in
Figure 1. This feature allows capacitor CA to charge through Rs and to store enough energy
to power the drive circuitry. The UC3840 under-voltage lockout has built-in hysteresis to
prevent hesitant start-up.
After the control IC is enabled, drive energy is provided each cycle from an auxiliary primary
side transformer winding Wi. In conjunction with CA and diode Di, this winding forms a
regulated 12V drive supply. This supply is also used to provide primary-side control for the 5
and 12V outputs. This voltage is fed to the UC3840 control input through Ri. This low-cost
control scheme is not optimum in terms of output coupling, but, with a careful transformer
design, ±2% regulation is still achievable.
The UC3840 operates at a fixed frequency f. = 1/ (RTCT). This frequency is independent of
the ramp slope, which varies directly with input voltage Vin, to provide voltage-feed-forward
compensation. This ramp slope variation is accomplished as follows. Control chip input Vs is
no more than one forward-biased diode drop above ground. Therefore, the current through
Rg is almost directly proportional to Vin. This current is fed internally to a current mirror
which in turn drives ramp-control capacitor CR at a charging rate proportional to Vm. Ramp
linearity is better than 2%
In order to optimize the transformer, it is desirable to limit the maximum duty cycle, as
previously mentioned. This is accomplished with the UC3840 by clamping the control
voltage to a level determined by voltage divider RrR10 and diode Dz.
Transistor Q 2 and diode Da provide a low impedance drive for fast switching of power FET
Qi. An internal transistor always pulls the UC3840 bias output to a level near supply voltage
Ve unless the under-voltage lockout is active. When the open-collector control chip output is
high, then drive to Q2 is provided from the bias output through Rn. In this way the input
capacitance of Qi is quickly charged for fast turn-on. This input capacitance is discharged
through Da at turn-off.
The UC3840 also provides dynamic current limiting to protect costly power components.
Primary current flows through Ri2 to develop a current-limit input signal at point A. This
signal is compared to a reference signal established by R15 and Ra. When the current-limit
signal exceeds this reference by 400m V, an internal error latch forces the PWM output low
but leaves the bias output enabled. Capacitor CA discharges through Rn until the undervoltage feature is activated, turning off the bias transistor.Not until this time does the control
chip attempt a restart.
The snubber network Ri4-Cz-D4 prevents turn-off voltage spikes from exceeding the FET
breakdown voltage. This snubber does not provide load-line shaping.
Power FET Qi and output rectifiers Ds and Ds are all in T0-220 packages to provide high
volumetric efficiency. The rectifiers were chosen for fast forward recovery to minimize
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switching losses. The higher-current 5V output utilizes a Schottky rectifier for low forwardbiased power dissipation. The power FET provides fast switching when driven with the
simple, efficient circuit already described.
Figure 9 shows the output regulation achieved with this design. Note that loading one output
effects the regulation of the other output. This results from changes in the energy stored in the
transformer leakage inductance. Transient response is shown in Figure JO.

d current
\/\6 Max Loa
,
118 Max Load

v output@ @
12

@_1/4 Max Load
@ 1/2 Max Load
@Full Load

4.90

+12V
Output

12

t------~------+-----1-------+.-

4.80 ' - - - - - - - ' - - - - - - ' - - - - - I . . . - - - - - - ' - - - - - - " - - - - - - '
4
5
0
3
5 VOLT OUTPUT CURRENT (AMPS)

Figure 9. Output Load Regulation
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Vos

0

Figure 10A. Drain Voltage and
Current Waveform Showing
the Effect of the
De-Spiking Network
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APPENDIX I
TRANSFORMER DESIGN

In a discontinuous-mode flyback regulator, the first design step is to determine the
maximum on-time of the power transistor. This determines the maximum "volt-second"
product and affects the primary current. For the flyback regulator with constant power
output and frequency, Figures IA and IB show the required component ratings for designs
having different maximum duty cycles. Note that all parameters are normalized to a
maximum duty cycle of 50% When this duty cycle is reduced in a given design:
(A) Current ratings of the switching transistor will be higher. However, the minimum
blocking voltage required will be lower.
(B) Current ratings of the output rectifier will be lower. However, the minimum peak
inverse voltage required will be higher.
(C) An output filter capacitor with higher ESR may be used to achieve the desired ripple
voltage.

(D) I2R losses remain constant even though the peak primary current increases.
(E) The maximum amount of energy stored in the transformer will remain the same.
16
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z
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<>: 1 0
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10 1--~,....--
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z

08

06

Normalized at
50% Duty Cycle
033

05

Normalized at
50% Duty Cycle

0 33

066

05

066

DUTY CYCLE AT MAXIMUM LOAD

DUTY CYCLE

Figure IA. Primary Side

Figure 18. Secondary Side

Figure I. Effect of the Maximum Duty Cycle on the Design of
a Flyback Regulator
In this design, the maximum duty cycle Dmax was chosen at 45% to optimize the operating
condition for the power MOSFET.
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The maximum on-time:
ton(max) =

1
fs
Dmax =

0.45
80 X 103

5.62µs

The peak primary current:
2Po

lpp= - - - - - - T/fs Vm(nun) ton(max)

2 (60)
(0.8) (80

x

103) ( 100) (5.62

x 10-6)

where T/ = efficiency
=3.44A

The required primary inductance is therefore:
Lp = Vin(mi~) ton(max)
!pp

100 (5.62

x 10-6)

3.44

= 165µH

To determine the necessary core parameters, we compute the required energy storage in the
primary inductance per cycle:
Ll W = YiL i~p =

Yi

(165 X 10-s) (3.44)2 = 969 X 10-s Joules

The Ferroxcube EC core provides low leakage flux because its outer legs have a crosssectional area equal to that of the center leg. This design uses the EC35 core, which is the
smallest EC core available. To minimize leakage flux, the linear portion of the B-H curve is
used. The 3C8 material is linear up to 2000 gauss at 100°C. In the flyback transformer the
energy is stored in the air gap. The required length of the air gap:
lg=

LlW
.0312 (BmaxJ 2 Ae
2800)

where Bmax = 2800
A.= .843

969

x

10-6

v

.0312 ( 2000 (.843)
2800)

=.072cm
The air gap lg is divided equally among the two flux paths in the EC core.
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The number of primary turns:
N p -_ Bmax lg

.47T

ipp

=

(2000) (.072)
(.4) (3.14) (3.44)

34 turns

--'--'--'---"---

Figure IC shows details of the transformer construction.
Ferroxcube

EC-35 3C8

For VOE requirements
use 3, 1 Mil Scotch
Mylar Tape

Figure IC. Construction of the
Transformer Windings
The turns-ratio between primary to secondary can be calculated by the equation:
N5= Np

(Vo5 + VF) (4 - DmaJ
Vin(min) Dmax

For +5V output, the turns-ratio;
N5

= 34
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APPENDIX II
Effective RL and C in the Feedback Loop
Effective Load:

The output power range for this regulator is 24.SW to 60.0W. The reflected resistance in the
auxiliary 12V primary-side supply is therefore:

V~

RL<mm>=

Po(max)

= 144V2 = 2.4!1
60W

144V2
RL(max) = - - - = 5.88!1
24.SW
assuming that losses in the transformer and output filters are negligible.
Effective Filter Capacitor:

ESR considerations prevail in the choice of output filter capacitors. For a 50% maximum
duty cycle, peak output ripple currents are calculated as follows:

where isp = peak secondary current

.
210
lsp=--

D

for the 5V output:
isp5= (2) (SA) = 20A
.5
for the 12V output:
isp12 = (2) <2·9A) = 11.6A
.5
The ESR requirements are therefore:

ESR= !:::..Vo= 50mV =2.5m!1
isp5
20A
ESR = lOOm V = 8.6m!1
ll.6A
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Using low-cost aluminum electrolytic capacitors, these ESR requirements can be met with
the following capacitance values:
C5

= 10,000µF

C12 =4700µF
The total effective capacitance in the auxiliary supply is given by:

l~ j

2

I04µF

+

4700µF

+ IOOµF

=4500µF
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T0-220 PACKAGE
MOUNTING AND THERMAL CONSIDERATIONS

The figures show the typical device and hardware recommended.
Several typical conf1gurat1ons of lead forming are illustrated.

The leads of the T0-220 transistors, SC Rs, rectifiers and Schottky
diodes may be formed, but they are not intended to be flexible or
ductile enough for unrestrained lead wrapping.

The advantages of mounting the flange to the printed circuit
board is that improved thermal heat transfer allows operating at
higher levels of power d1ss1pation. The individual spec1f1cat1on
sheets give the safe operating area as a function of a case
temperature.

The T0-220 is generally considered as the economic replacement
for the T0-66 power package_ Unlike the T0-66, the leads of the
T0-220 may be formed 1f the following cons1derat1ons are met.

i-

i-

SCREW 4 40

@---'t::J

SHOULDER
BUSHING

ti8

TRANSISTOR
HEADER
PRINTED

CIRCUIT

BOARD

A WASHER

~-...._......_NOT SUPPLIED

©/

SCREW4.40

@_SHOULDER
BUSHING

/

WITH DEVICE

TRANSISTOR

HEADER

® _.,,-

-:::::::. NOT SUPPLIED

WITH DEVICE

Figure B. Two Alternative Configurations for Axial Strain Relief and Electrical Isolation.

Figure A. Device and Hardware for
Insulated Mounting.

BENDING THE LEADS

Whenever the leads of the T-220 are to be formed, whether by a
special fixture or by the use of long-nosed pliers, several important cons1derat1ons must be followed. Internal damage to the
device or lead damage may result if anyorall of these precautions
are not considered.

7_ Forming fixtures or pliers should not touch the plastic case
because axial strain of= .005" could cause 1rrevers1ble internal damage.
8. The leads must be fully restrained during the lead forming
operation to prevent relative movement between the body
and the leads.

1. Minimum bend distance between the plastic body and the
bend 1s 1/ 8 inch.
2. The minimum radius of the bend 1s

1/, 6

inch.

SOLDERING INTO THE CIRCUIT

3. Avoid repeating bending at the same flexure point.

The leads on the T0-220 are solderable; however, there are a few
precautions that must be observed.

4. Whenever possible, use one of the lead forming configurations which relieve strain induced by mechanical or thermal
loads.

1. Soldering temperature must not exceed 270°C.

5. Leads should not be bent greater than 90 degrees.

2. Maximum soldering temperature must not be applied for
more than 5 seconds

6 Avoid axial pulling or bending that would induce axial strain.
The maximum axial component 1s 4 pounds.

3. Maximum soldering temperature should not be applied
closer than 'le inch from the plastic body of the device_
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MOUNTING THE FLANGE
Flange mounting 1s recommended for maximum power handling
applications A 6-32 machine screw 1s recommended Eyelettmg
(hollow rivet) 1s acceptable 1f care 1s taken notto distort the flange
For insulated mount,·a 4-40 screw and a shoulder bushing 1s
recommended (see figure) Suggested material for bushings are
D1allphthalate, f1ber-glass-f1lled nylon, or f1ber-glass-f1lled polycarbonate Note unfilled nylon should be avoided The flange
should not be directly soldered because the use of lead-tin could
produce temperatures in excess of the maximum storage temperature See the 1nd1v1dual spec1flcat1on for the device

2 Always fasten the flange prior to lead soldering
3 Do not allow the forming tool to come in contact with the
plastic body
4 Maximum mounting torque 1s 8 inch-pounds
5 Avoid modifying the flange by machining and do not use
oversized screws
6 Provide axial and transverse strain relief of the leads
7 Use recommended insulation bushings Avoid materials that
exh1b1t hot-creep problems

Check list and summary for flange mounting
1 Use recommended hardware

Thermal Considerations T0-220 Power Transistors

le A

Thermal Resistance, Case to Ambient,
Free Air, No Heatsmk ............ 60°C/W typical
Thermal Capacitance
of Package ................. 4 8 watt-seconds/°C
Thermal Time Constant .............. 305 seconds

Device Type

Continuous
Peak

Power
Dissipation

w

Thermal
Power
Resistance
Derating
Junction Case
mW°C
°C/W

UMT /MJE 13004
UMT /MJE 13005

4

8

75

600

167

UMT /MJE 13006
UMT /MJE 13007

8

16

80

640

1 56

UMT /MJE 11008
UMT /MJE 13009

12

24

100

800

1 25

UFN732

45

18

75

600

1 67

UFN742

80

32

125

1000

1 00

Note: When using a 2 mil MICA washer for electrical 1solat1on, add O 4°C/W to heats1nk
thermal resistance

Thermal 1rnnt compound should be used at the interface of the
T0-220 flange and the heatsmk to which 1t 1s attached

pated m the circuit The table below shows 1unct1on temperature
resulting from 50W of d1ss1pat1on when mounted on an mf1rnte
heatsmk at 25°C with different methods of interfacing.

Consider a T0-220 power transistor with a thermal resistance
1unct1on to case of l.25°C/W The 1unct1on temperature produced depends upon the mounting cond1t1ons and power d1ss1-

Interface Condition
Between Case and Heatsink
Assumed direct, ideal metallic contact (no interference)
1 mil air gap•

Thermal Resistance
Case-Heatsink
°C/W

Junction
Temperature

00

87 5

oc

12

147.5

Thermal compound; Tab screw torqued at 8 inch-pound

009

92

2 mil mica washer with thermal compound applied to
both surfaces; tab screw torqued at 8 inch pound

0.58

116.5

• A film of air one mil

in

length has the thermal resistance of= 1 2°C/W

When using a small heat sink m free air one must consider the
add1t1onal thermal resistance of the heat sink to ambient and
operate at an appropriate power level For example with an
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w1 II have a JU nct1on temperature of 122°C when operating at 5W m
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THERMAL DESIGN CONSIDERATIONS
FOR LEADED DEVICES

For Lead Mounted Rectifiers
and Zeners, for 5 types
of mounting.

c

TH-2

~w·+

0

'

.060''

Determining The Power Rating for Your Application.
The information given in this section is presented for
straight-forward use by the designer. The value given in
this table is Re.w the "Total" thermal resistance of the
diode and mounting together;. no other graphs or tables
are needed.
P.,., TJ.,.. - TAmex
ReJA
Where: P.,., is the maximum power that can be dissipated
in the device reliably. TJ.,.. is the maximum of the
operating temperature range, usually 175°C, unless
derated for a military or hi rel application.
TA""" is the max temp that the ambient reference Cai r
below the device) will reach during operation.
Alternately,
Junction Temp Rise
PReJA

11/2'

°"'/

8

~1
~

"DIA.

TYPE 1

PC BOARD, LIGHT

TYPE2

PC BOARD, MEDIUM

TYPE 3

PC BOARD, HEAVY

=

=

~.,... ~
.060"

~ponce
\
- - - - and solder

Y2Z2Z2L4Jl.J2ZZ
.060 Epoxy Glass
.060" dia. x l/8" high
Terminals are per MS 17122-7

TYPE 4 PC BOARD WITH CHESSMEN TERMINALS

TYPE 5 TERMINALS AND HOOK-UP WIRES
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ReJA
Total Thermal Resistance in Degrees C/Watt
Mounting Type
Type

1N3611-3614
1N4245-4249
1N4461-4489
1N4736-4764
1N4942-4946
1N4954-4996
1N5063-511 7
1N5186-5189
1N5186-5190
1N5550-5553
1N5614-5622
1N5802-5806
1N5807-5811
TVS 505-528
UESllOl-1106
UES1301-1306
UR105-125
UR205-225
UT236-347
UT249-363
UT251-364
UT261-268
UT2005-2060
UT3005-3060
UT 4005-4060
UTROl-61
UTR02-62
UTRl0-60
UTR2305-2360
UTR3305-3360
UTR4305-4360
UTX105-125
UTX205-225
UTX3105-3120
UTX4105-4120
UZ706-140
UZ4706-4120
UZ5706-5140
UZ7706L-7710L
UZ8706-8120
uzs 306-440
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1

2

3

4

5

105
105
105
140
98
75
94
75

92
92
92
127
85
62
81
62
59
62
80
81
62
62
81
62
129
85
114
97
92
85
84

75
75
75
110
68
45
64
45
42
45
63
64
45
45
64
,45
112
68
97
80
75
68
67
55
50
97
68
146
67
55
50
112
68
55
50
64
45
45
43
110
64

97
97
97
132
90
67
86
67
64
67
85
86
67
67
86
67
134
90
119
102
97
90
89
77
73
119
90
168
89
77

65
65
65
100
58
35
54
35
32
35
53
54
35
35
54
35
102
58
87
70
65
58
57
45
40
87
58
136
57
45
40
102
58
45
40
54
35
35
33
100
54

72
75
93
94
75
75
94
75
142
98
127
110
105
98
97
85
80
127
98
176
97
85
80
142
98
85
80
94
75
75
73
140
94

72
67
114
85
163
84

72
67
129
85

72
67
81
62
62
60
127
81
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72
134
90
77

72
86
67
67
65
132
86
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