



































































































































































































































































































































































































































































































































































































































192 Chapter 5

Therefore, if a negative resistance of value |'L/Cry | is con-
nected across an input filter comprising L. and C as shown in Fig.

5.3, oscillation will occur at approximately the resonant (peaking)
frequency of the LC filter circuit.

5.3 CONVERTER INPUT IMPEDANCE

For open-loop operation, Rjc is always positive; that is, for an
increase in input voltage Vj, the system will accept an increased
I; for a constant load R.

In closed-loop operation, the action of the system tends to com-
pensate the line change to maintain a constant power output level
(for a constant load R). Under this condition, an increase in in-
put voltage results in a decrease in input current for constant
power transfer, assuming no loss in the power conversion process.
It is evident, therefore, that with closed-loop operation, the quan-
tity Ry, could become negative.

To assure that the output impedance of the input filter would
dominate over the combined effect of Rj,//Zy;, the value of Z
must be kept well below | Ryl .

For a 100% efficient system with a constant load,

P =P =V.I,
o i ii
dvi d Po Po Vi
R ar ar(iY) 2T (°-10
i ivii I, i

1

For a converter with a general conversion ratio, u = VilVg = Io/Ii,
or Vy = uV,, and I = I5/u. Therefore,

Vo 2Vo 2
='Uf—=-UT="UR (5.12)

1 (o]

Wl W

ic

This expression relates load R with R, via the general conver-
sion ratio u. Table 5.1 tabulates the value of u for the three dif-
ferent converter configurations [146, 147].
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TABLE 5.1 Relationship Between u and Ry,

Converter
Conversion
ratio Buck Boost Buck-Boost
1 1-D
¥ D Lo D
2 R 2 -(1-D)’R
-u°R ) -(1-D)'R 2
D D

5.4 DESIGN CRITERIA

Equation (5.12) is the low-frequency value of the converter in-
put resistance. Since in most applications the resonant frequency
of the input filter is chosen well below that of the output filter to
avoid interaction, this expression, though not sufficiently gen-
eral, is adequate for the establishment of a design criterion; name-
ly, the following relations apply:

fi < f0 (5.13)

where f; is the input filter resonant frequency and f, is the out-
put filter resonant frequency;

. < IR, | (5.14)
oi max ic
TABLE 5.2
He(s)
elements Buck Boost Buck-boost
r_ + sL r_ + sL
Ze rL + sL L TR

(1- D)2 (1 - D)2




194 Chapter 5

A more general exposition of input filter theory can be found
in Ref. 146.

In general, if Z,; is made very much smaller than Rj,, the
stability of the overall system is assured.

If Zy; is made very much smaller than 2z e then the presence
of the input filter will not affect the terminal properties of the
output filter, where Zg is tabulated in Table 5.2.

5.5 INPUT FILTER DESIGN CONSIDERATIONS

Without going into the jargons of the orthodox network synthesis,
suffice to say that the usual filter requirements for power conver-
ters are low-pass filters.

For a given attenuation at a given frequency, it is possible to
graphically construct the required filter response first and then
calculate or estimate the required element values. For example,

a filter is required to produce -18 dB attenuation at a frequency
of 100 Hz. The rate of attenuation is not critical.

A single-stage LC filter of this kind has 0 dB of gain/atten-
uation at zero frequency (dec). The slope of this filter will be
-12 dB/octave (or -40 dB/decade).

To construct the asymptotic approximation response of this
filter, using logarithmic/linear graph paper.

1. Draw a horizontal line at the 0-dB level.

Mark off the point at -18 dB at 100 Hz.

3. Project a line with a slope of -12 dB/octave from the -18 dB
point toward the 0-dB level.

4. The line of step 3 cuts the 0-dB level at approximately 340 Hz.

5. The LC product is determined by the formula

[V

-1
2m/LC

6. Refer to appendix B for the optimum decision of the L/C ratio.
7. Calculate L and C.

In general, the resonant frequency of the input filter f; should
be kept at least one decade away from the resonant frequency of
the output filter f; to avoid interaction. In this case, if f, is 1 kHz,
the input filter could be constructed and evaluated as intended. On
the other hand, if the output filter f, is at, say, 200 Hz, then the



(dB)
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1 1 dctafve
L

-10

-20 \

1 10 100 1000
Frequency (Hz)

FIG. 5.4 Graphical construction of filter.

input filter frequency f; should be moved down to around 20 Hz, even
though the attenuation characteristic is somewhat overdesigned.
After L and C are determined, damping of the input filter
should be considered. If the calculated value of C is already very
large, damping may be attempted by using Figs. B.28 to B.30 in
Appendix B.
The graphical construction of the sample filter is shown in
Fig. 5.4.
More detailed design considerations have been given in Refs.
148-151.
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Performance Measurement
and Evaluation

6.1 INTRODUCTION

For established power supply manufacturers, it is reasonable to
assume that they have most of the necessary test equipment to
evaluate their products. With the proper equipment, the matter
of measuring any particular parameter or component is then re-
duced to reading the relevant operation manual and following the
instruction given for that particular piece of equipment.

This chapter aims to outline the basic approaches required to
perform essential measurements by means of a special test set
which can be easily made by the reader. With this test set, it is
possible to measure the converter input impedance, the output
impedance, and the inductance of dc biased inductors.

The closed-loop method of loop gain measurement is illustrated
using the basic buck converter as an example.

6.2 THE TEST SET

The primary purpose of the test set is to provide a means of adjust-
ing ac and dc levels and injecting ac signals into the power conver-
ter under test at a power level consistent with the maximum output
power to be delivered by the converter. The basic components of
the test set consist of an adjustable reference voltage for setting the
de test condition, an input terminal to accept and permit the in-
jection of an alternating voltage signal for superimposing onto the

196
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+V

. R_,.
= o—+|f:H+—0 ﬁ/ adj
Blocking Electrolytic
Capacitors Arrangement

FIG. 6.1 Conceptual schematic of test set.

preset dc level, and a linear power output stage to accommodate
the converter or component power requirement. See Fig. 6.1,
The voltages +V,, and -Vgp are the usual voltage requirement for
use with operational amplifiers, typically +18 and -18 V, respec-
tively. Resistor Ry sets the dc level of the test set. The block-
ing capacitor Cg should be high in capacitance, typically 100 uF
for low-frequency injection. Electrolytic types may be used back
to back as shown in Fig. 6.1. Resistor Radj should be of the
variable high-wattage type for test current setting. Transistors
Q1 toQ 3 should be able to provide sufficient current gain to drive
the required test current, with Qg carrying the bulk of the test
current. Qg and Qg3 could be made up of more than two transistors
in parallel with a current-sharing arrangement, if required.

If Ry is made equal to Rg, the injected ac signal will have an
inverted gain of unity. The ac input will appear across points
B and C. When an adjustment is made on the ac input level or
when first powered up, sufficient time should be allowed for the
signal to stabilize before any readings are taken. This is due to
the charging time constant of R1Cy.

6.3 MEASUREMENT OF CONVERTER OUTPUT IMPEDANCE

To ensure that the test set is operating in the linear mode, the dc
voltage at point C should be set at approximately half the value of
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+V

v

ac ¢ c
signal

source
= B

POWERINPUT(*‘——J POWER
TO CONVERTER CONVERTER|
UNDER TEST

S -

FIG. 6.2 Measurement of converter output impedance.

that at point A. The voltage at point A is supplied by the power
converter under test as shown in Fig. 6.2. The test set acts as
the load for the power converter.

The output impedance of the power converter under test is cal-
culated by the following relations:

ac voltage at point C _ ac voltage at point A

Radj Zout

Therefore,

_ ac voltage at point A
out ac voltage at point C " adj

(6.1)

With this arrangement, the output impedance of the converter
at any frequency is obtainable by varying the frequency of the ac
signal source. The setting of the ac signal source should be at a
level high enough to provide a few millivolts of ripple at point A at
all times. Since voltage ratios are of interest here, an oscilloscope
could be used to measure the peak-to-peak voltage values for this
exercise.
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FIG. 6.3 Measurement of converter input impedance.
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6.4 MEASUREMENT OF CONVERTER INPUT IMPEDANCE

The setup for input impedance measurement is shown in Fig. 6.3.
The input current to the converter under test is monitored by an
ammeter. vj and vg are ac voltage measurements. If an oscillo-
scope is used, the measurement of vo must be made with the oscillo-
scope isolated from the main power lines.

The converter input impedance is obtained by the following re-
lation:

R_..v
2 = - 21 (6.2)
2" adj 2

Radj is usually made less than 1 @ to avoid excessive power
consumption and a high component wattage rating.

6.5 INDUCTANCE MEASUREMENT OF DC BIASED INDUCTOR

The arrangement of the inductance measurement for a dc biased
inductor is shown in Fig. 6.4. In this procedure the inductor is
measured only at one operating frequency and does not require
measurement over a wide frequency range.

The inductance is calculated using the measured parameters
as follows:

(6.3)

In this setup, the inductor takes the place of the converter input
terminals as shown in Fig. 6.4. The required dc bias is applied

by adjusting Ry until the ammeter reads the required direct current.
The ac signal source is then adjusted to the test frequency at
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cc ?A

INDUCTOR
UNDER TEST

FIG. 6.4 Measurement of de-biased inductor.

which the inductor is designed to operate. The ac level is then
set to obtain a few millivolts of ripple at point A. vj and vq are
then read off an oscilloscope, and the inductance is calculated,
using Eq. (6.3).

6.6 MEASUREMENT OF CONVERTER LOOP GAIN

In Chapter 2, the design of the buck converter operating in the
continuous conduction mode was outlined in an example in Sec-
tion 2.6. The theoretical performance of this converter was pre-
dicted by means of the calculator program for the buck converter
given in Section 2.5. In this section, a method of loop gain meas-
urement of a converter is described.

To ensure stable operation and to check for design discrepan-
cies, it is essential to perform measurements on the gain and phase
of the power converter. One method of performing this measure-
ment is to inject a small ac signal into the feedback loop at a suit-
able location and measure the closed-loop gain of the converter.
Figure 6.5 shows an arrangement for loop gain measurement. T is
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Audio Signal
Generator

GAIN PHASE METER

HP 3575A
CHANNEL CHANNEL
A B

FIG. 6.5 Gain and phase measurement of power converter.
(HP3575A is a registered trademark of Hewlett-Packard Company.)
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a conventional audio output transformer matched to an 8- loud-
speaker load. It should be noted that the bandwidth of this trans-
former should always be able to accommodate the bandwidth of the
converter to be measured.

The output of amplifier A is a convenient and suitable point
to break the loop because it is a low-impedance source, and the
input to A{ presents a high input impedance, an ideal condition
for voltage injection measurement. The Hewlett-Packard model
3575A* gain/phase meter is capable of making gain and phase
measurements under the noisy conditions usually encountered in
switching regulators. The voltage divider networks, composed
of R and Rg, serve to further reduce unwanted noise to ensure
more reliable results.

With the amplitude function knob selected for B/A and the
phase reference knob selected for channel A, the loop gain (in
decibels) and the phase (in degrees) relationship of the two sig-
nals are directly read out from the displays. The audio signal
generator is used to set the frequency to provide a number of
measurements within the frequency range of interest. The loop
gain of a switch mode power converter can also be measured using
methods given in Refs. 165 and 166. The closed-loop method of
loop gain measurement is particularly useful for high-loop-gain
circuits under noisy environments [214, 215].

In the event that the noise within the loop is high enough to
render erroneous readout from the gain/phase meter, a selective
voltmeter similar to type HP3581C* should be used to obtain mean-
ingful results. The phase information would then be obtainable
with methods described in [165, 166].

6.7 TRANSIENT RESPONSE CONSIDERATIONS

The small-signal analysis using state-space averaging techniques
provides a convenient method of predicting the stability of regu-
lated power converters. However, under large-signal conditions,
such as a step load change, the excitation may be sufficient to
start an oscillation for a limited period of time or for an infinite
time duration. The nature of this oscillation depends largely on
the ‘damping ratio ¢ of the system function. A method of obtaining

*HP3575A and HP3581C are registered trademarks of Hewlett-
Packard Company.
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the phase margin of a second-order system by means of time re-
sponse measurement is given in Appendix C. This measurement
combined with the state-space small-signal analytical prediction
will satisfy most stability design and testing requirements.

In the application of this method to power converters, the ar-
rangement given in Fig. 6.6 is used. The time response is ob-
served using an oscilloscope with probe connected to the output
terminals of the converter as shown in Fig. 6.6.

6.8 PREDICTION AND EVALUATION OF CONVERTER
EFFICIENCY

In the process of assessing the efficiency of a power converter,
it is common practice to measure the input power and the output
power to obtain an overall efficiency indication. However, some-
times it is necessary to assess the efficiency of a particular part
of the converter to determine if an "optimum" performance for
that part of the converter has been achieved. In that event, it
becomes necessary to dissect the converter into many parts with
an efficiency figure assigned to each part as a design target.
This concept is illustrated in Fig. 6.7 using a push-pull conver-
ter as an example.

For
P0 =500 W
Vo = 100V
Io=5A

Assume a loss of 20 W in the output filter; then

.= 520 W
i

For a 1-V forward voltage drop across the output diodes, the
diode loss is 5W; therefore,

P2= 525 W

Assume a 96% efficiency for the transformer T :

Py 525

Ps=0.96"0.9%

= 54T W



.
X L I
INPUT AUXILIARY PULSE DRIVER l% CT
i POWER | WIDTH :
FILTER SUPPLY | |MODULATOR CIRCUIT g
—l)'—_
P, Py —pg Py by e, Lepy] - p
\l—ov

FIG. 6.7 Prediction and evaluation of converter efficiency.
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Similarly, if the combined power requirement of the power switches,
the driver circuit, the pulse width modulator, and the auxiliary
power supply is, say, 40 W, then

= + =
P6 P3 40 W = 587 W

Assume the input filter dissipates 30 W; then

Pi=P6+30=587+30=617W

The predicted converter efficiency using the preceding assumptions
is

x 100% = % x 100% = 81%

"UI"U
[}

i

Since the input voltage is always known, the input current can
be predicted using the preceding power budgeting procedure.
Power measurements are then made with an actual breadboard to
verify all design targets.






appendix A
State-Space Averaging Analysis

The process of state-space averaging is best explained by first
writing the linear differential equations of the power stage for
the ON and OFF states, and by then formulating the general matrix
equations. The following analysis assumes that the corner fre-
quency of the output low-pass filter is at least a decade or two
below the frequency corresponding to half the switching frequency.
For the buck power stage (see Fig. A.1) operating in the con-
tinuous conduction mode, assume R >> (r + ry,); then terms con-
taining R, r, and rj, would assume the value of R only:
For the ON condition (see Fig. A.2a):

diL
L—d—{—=-(r+rL)1L-v+vi (A.D
dv _. 'V
C at —1L R (A.2)
v0=r1L+v (A.3)

For the OFF condition (see Fig. A.2b):

diL
L—é-€—=—(r+rL)1L-V (A.4)

209
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dv _. v
C a 4w (A.5)
= i + .
AA I'lL v (A.6)
Rearranging the ON state equations, we obtain
di v
L__1 -y, 4
dt - L(r + rL)lL L + I (A7)
dv iL v
at ¢ Cr (A.8)
=ri + .
vo r1L v (A.9)

(a) (b)

FIG. A.2 Buck power stage topological behavior during ON and
OFF states. (a) ON condition. (b) OFF condition.
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Designate the state vector as

dlL

ks

X:
dv
dt

(A

211

.10)

and by similar manipulation of the OFF state equations, two new

matrix equations result: For the ON state,

Sl e, 1112
.| at L L L L| |L
X = = + v,
dv 1 L ol
dt C crj |V
T
vo—Clx—[rl]x
and for the OFF state,
di -l—(r+r) ._.l'_ 2 0
_ | at L L L |{o
X = = + V.
dv 1 S ol
dat C crl UV

f— T ju—
VO—C2 x = (r, Dx

Rewrite Egs. (A.11) to (A.14) in the form:
ON

x=A1x+b1vi

(A.

(A.

(A.

(A.

(A.

.11)

12)

13)

14)

15)

16)
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OFF
x=A2x+B2vi (A.
_ AT
vo = sz (A.
where
- a
1
(r + rL) L
A= (A.
o L
L C CR |
- 7
1
Lty g
A = (A
S B L
C CR
- -
-.];ﬂ
L
b, = (A.
1 0
’07
b, = (A.
2 0
C'f= (r, 1 (A.
C§= (r, (A.
Now, by averaging over one period, (d + dg)T =T or d + dg =
X = (dA1 + doAZ)x + (db1 + dobz)vi (A.
_ T T
v, = (dC1 + dOC2 )X (A.

17

18)

19)

.20)

21)

22)

23)
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or
x = AX + by, (A.27)
v =CTx (A.28)
(o]
where
A=dA +d A,
I S
L L
= (A.29)
1 1
c CR
d
L
b=db +db, = (A.30)
0
T T T _
C" =dC; +dC, =(r, 1 (A.31)

Perturbation is achieved by the introduction of line and duty cycle
variations v; and d, respectively:

vi = vi + vi (A.32)
d=D +d (A.33)
do=D_-d (A.39)
x=X+x (A.35)
v =V +v (A.36)

Therefore, introduction of perturbation to Eq. (A.25) gives
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e

=[(D + a)A1 + (D0 - d)AZ](X + R)
+ (D +db, + (D0 - d)b2](Vi + vi)
=(AD + Ald +D A, - dA (X +x)

~ a4 e
+(Db1 + db1 + DobZ de) (Vi vi)

AlDX + AldX + DOAZX - dAZX + Ale + Aldx +D0A2x

T A . +db o
dA2x + Db].Vi + D0b2Vi deVi + Dblv1 dblvi

A _ N A ~ V
+Dob2vi db2vi+db1i

Moo
1

(AX + bVi) + (Ax + bvi) + [(A1 - AZ)X + (b1 - bZ)Vi]d
+ [(A1 - AZ)X + (b1 - b2)vi]d (A.37)

Note that for & =0, D=d, Dy = d0 for the steady-state con-
dition.
Examination of Eq. (A.37) reveals that

AX + bV is the steady-state term.
AX + bv1 is the line variation term.
[(A 2)X + (b - b )V 1d is the duty cycle variation term.

[(Al - Ag)x + (b1 - bz)vi]d is the nonlinear term.

Therefore,
~ _AT» T T. 4 T T s
VO—C x-{-(C1 C2 )Xd+(C1 C2 )xd (A.38)
line duty cycle nonlinear

In this analysis, the perturbation is assumed to be very small
such that the perturbed value is very much less than the steady-
state value, and only the first-order linear perturbation terms are
kept to obtain the linearized small-signal model, i.e.,

Vi »Vi’ D >d, x >x
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it follows that the nonlinear terms in Eqs. (A.37) and (A.38) would
be extremely small, and dropping these terms would not significantly
affect the overall accuracy of the analysis, but would effectively
linearize the system.

Now, from the steady-state term of Eq. (A.37),

X =- Aulei
and
V0 = CTX, steady-state form of Eq. (A.28)
= - CTA-lei
or
Vo T -1
voo° C A b steady-state dc transfer function (A.39)

i

Considering only the line and duty cycle terms, Eq. (A.37)
gives

x=Ax+bVi+[(Al-Az)X+(b1-b2)Vi]d (A.40)

and Eq. (A.38) gives

T
1

A T

v, =¢C x+(C.o - czT)xa (A.41)

To obtain the line to output transfer function for small signals,
put d = 0 in Eqgs. (A.40) and (A.41), then

£=Ax + b\?i (A.42)
Go =ctz (A.43)

Taking the Laplace transform of Eq. (A.42) and setting all initial
conditions to zero,

sX(8) = AX(s) + b(?i(s) (A.44)
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(sI - A)X(s) = bx?i(s) (A.45)
_JA((s) _ !
T " (s -A) b (A.46)

i
where I is an identity or unit matrix, and from Eq. (A.43),

90(s> = cTﬁ(s) (A.47)

Therefore,

X(s) (449

\?O(S) )

3.0 C” (sl - A)_lb small-signal line to output (1.49)
i transfer function

To calculate the duty éycle to output transfer function, put {\'i =0
in Eqs. (A.40) and (A.41); then

X ~
X = AX + [(All- A2)X + (b, - b2)Vi]c'i

¢ =ctzrcc - cHxd
25) (o1 - a) (A, - ADX + (b, - bIV,] (A.50)
s 17 M2 17 P2
Yo =cTsr- M MA, - ADX + (b, - bV
dcs) 12 o
+ (C1T } CzT)X (A.51)

Equations (A.1) to (A.14) show a procedure of setting up the
state matrices for the case of the buck power stage operating in
the continuous conduction mode.

Equations (A.15) to (A.18), (A.25) to (A.28), and (A.32) to

(A.51) are general state-space equations applicable to all basic
power stage configurations.
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Equation (A.51) is the duty cycle to output transfer function.

To obtain the steady-state dc transfer function for the buck
power stage operating in the continuous conduction mode, Eq.
(A.39) is used:

A"
o_ T, -1
v C'AD
i
+ -
rL r 1 1 d
L L L
=-(r, 1) (A.52)
1 1
c crl °

It will be observed that in Eq. (A.52) the first term is essentially
that of Eq. (A.31), the second term is the inverse of Eq. (A.29),
and the third term is Eq. (A.30).

It is also recalled [206] that for a matrix in the form of

its inverse is equal to

- ) %22 %12
A = a .a - a, a -a a
11%22 7 %12%21 %21 %11

Therefore,
1 1 |14
L ||L
o1 o (A.53)
Vit o ntth
L CR LC [cC L
[ -a
R ¢ P50 ) B LCR - _dr +dR
LT 1 e LR
L CR LC | LC
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<

o _ r +R - ‘ ' )
vi——d———————rL+r+R =D (A.54)

Similarly, the small-signal line to output transfer function for
the buck converter is [from Eq. (A.49)]

v (s)
) _ AT _ -1
;/_ri(—ss——c (SI A) b
s+rL+r 1 —12
L L L
=(r, 1
1 1
—'é- S+CR 0
1 1 D
s+——= -= =
i . D CR L L
r.+r r +r
L 1 1] 1 L
<s+ L )(s CR)+LC c s+— L0
(S+_1__)2
_ . D CR|L
(S+rL+r)(+L)+._ D
L /¥Tcr/TLC LC
21:( +L)+P_
_ L\°"CcrR/ "LC |
2-'-1’L+r+_l_s+rL+r+_1— “‘
s L CR LCR ' LC

r 1 1
D[f (S ¥ CR) +EE]

+
SZ +(PL r 1) rL+r

L tcr/*t1Icr Tic

1
2 I'C(S+’C?)+l
LC 2 (rL+r 1) rL+r 1
s + s

L ‘cr/*1Tcr Tic
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A~ r
;&((E)z=D% r iCI‘S-'-R+1r +7r (A.55)
i 2, (L +L>+_L__+_1_
s T8\ CR/ " LCR " LC

from which the first term is identified as the steady-state dc trans-
fer function and the rest of the expression constitutes the effec-
tive output filter transfer function Hg(s).

From Eq. (A.51), the duty cycle to output small-signal trans-
fer function is

v (8)
o T -1 T T
= = - -A DX + - V.] + -
3s) C (sl - A) [(A1 2) (b1 bz) 1] (C1 C2)X
1 1 ]-1[1
st G+ Ll |z
=(r, 1) V.+0
_.1_. +_1__ 0 !
C STCR
A J1 e
v(r, D CR L ||T
KO r +r
1 L L 0
C s L
where
r +r r. +r
_ 2, [ _1_) L' 1
K"S+S< L “cr/tTcr tic
~ S + l
vo(S) V.[r 1] CR/L
d(s) N 1
Lc
r 1)1 rC(s + 1/CR) + 1
_ V_[L (S N CR) " LC] Y LC
‘ K = K

o o
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~ T
vo(s) ) &_1_ rCs + R+ 1 A.56)
d(s) D LC 2+ I'I,J'l'l‘.!-—;];—-'-I'L"'I'+L

S *S\T L7 "Ccr/" Lcr "LC
. Go(s) v,

- =—H (s8) (A.57)
d(s) D e

By adopting the previous analysis procedures, the steady-state

dec transfer function for the boost power stage (see Fig. A.3) can
be derived as follows:

FIG. A.3 Boost converter. (a) Basic circuit.

(b) OFF condition.
(c) ON condition.
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The small-signal line to output transfer function of the boost
converter, from Eq. (A.49), is

v _(s)
() _ AT -1
7. =C (sI-4) b (A.49)
s+rL+D°r Iig -1 1
L L L
=(Dor,1) D .
0 —
C S*CR 0
_ (@, D
r. +Dr D 2
oL o), 1), "o
L CR LC
L L Por
CR L L
X
Ii s+rL+D0r .
C L
. L ®"Ccr
=— D r, 1
K, "o D
_°
LC
where

rL+DOr 1 Do2
Ky=8+*——1—\s*cr)* 1c

(D r/L)[s + (1/CR)] +D /LC
— o o)

- K
1

o

_o srC + (r/R) +1
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and substituting Lg for L/(1 - D)2
Vo(s) 1

vi(s) DoLeC

(A.60)

srC + (r/R) + 1

X

2 2
9 . (rL/Do ) + (r/Do) L 1), (rL/D0 ) + (r/Do) . 1
s *s L CR L CR LC
e e e
-Lu (o (A.61)
_Do e )

For the derivation of the duty cycle to output small-signal
transfer function of the boost converter, the following matrices
will be used:

r 1
L L
(A1 - A2)= (A.62)
e
C
0
(b1 - b2)= (A.63)
0
CT - CT =(-r, 0) (A.64)
1 2
2
D D r
T 1_ 1 1), 0 o
C (sl - A -Kl [Dor(s+CR)+ C L (A.65)
+S+rL +Dor
L
1
1 V. R
X=-A"bY, = 1 5 (A.66)

[(rL + Dor)/R] + D0 Do
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For R >> (rf, + Dg1r),

1

V. IR |V,
_i =2 = .67
3 5 v (A.67)
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Vr
.9

DR
o

After making suitable approximations for practical cases,

~

Go(s) Vo sLe
- —_ He(s) (A.68)

a(s) D0 R

A somewhat similar analysis [62] of the buck-boost power stage
yields the following relations:

v
o, D
v.%1-D (A.69)
i
v _(s)
o D
;,i(T)— 1D He(S) (A.70)

where Hy(s) is identical to that of the boost converter, as given
in Eq. (A.61):

¥ (s) v
2 - o - —SPL ly () (A.T1)
d(s) D(1 -D) R(l—D)2 e

Comparison of Eqs. (A.57), (A.68), and (A.71) shows that a dis-
tinct effective output filter transfer function Hg(s) is present in
each of the three basic power converter configurations. With this
knowledge in mind, it is possible to identify individual converter
characteristics from functions other than Hgo(s). One of the first
noticeable characteristics is that of the buck converter, which has
no frequency-dependent functions other than Hg(s). This means
that, for all known buck and buck-deprived converters, the con-
verter loop gain would be represented by a product Hg(s) and a
constant term, neglecting the effect of storage time modulation [76,
90]. The loop gain could then be tailored by error amplifier gain
compensation and/or output filter damping.

For the boost and buck-boost converters, there is a zero in the
output to duty ratio small-signal transfer function in each case.
By virtue of the negative sign within the expression, this zero is
located in the right half of the complex frequency plane.
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Also worthy of attention is the effective output filter transfer
function Hg(s) for the boost and buck-boost converters; it is iden-
tical and is depicted in Fig. A.4. From this figure, it is evident
that the tuned frequency of this filter is duty ratio dependent
(unlike the buck and buck-derived converters, which has only
the nominal element values to contend with). This means that the
actual loop gain responses at high and low duty ratios would ex-
hibit two distinct resonant frequencies for the "same" filter ele-
ments, due to constant periodic changes between two different
topologies during switching.

Therefore, the graphs provided in Appendix B are directly
applicable to loop gain analysis of buck and buck-derived-type
converters, whereas, for the boost and the buck-boost converters,
due to the presence of the right half-plane zero, these graphs
would only serve as guidelines for tailoring loop responses up to
some point just beyond the dominant poles (pole locations due to
Dy and Dj) of the output filter Ho(s).

The equations obtained for Vo/d are easily related to ¥,/V, by
substituting d-= Vc/Vm (Middlebrook [71] and Pressman [48, p.
319]) so that

v (s) v (s)
o o

1
VC(S) Vm des)

(A.72)

This result is reflected in Chapter 2 in Egs, (2.1) to (2.4).
It is also evident that, with the knowledge of V, (which is us-
ually supplied by the manufacturers of the modulator circuits), it

L
e 2

M
I"

FIG. A.4 Effective output filter of boost and buck-boost
converters.

|_
l

)

(1-D)

— }———#
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is possible to evaluate circuits built with a whole variety of modu-
lator control circuits, as long as they are of the ramp and com-
parator types.

Because of the omission of r in some elements of the A matrix,
the results obtained for Eqs. (A.54), (A.55), (A.57), (A.61),
and (A.68) to (A.71) are correct only to first-order accuracy.
Note that the A matrix for Eq. (A.58) includes all appropriate
parasitic components. Equation (A.59) shows the result with the
second-order effect neglected and is correct only to first-order
accuracy.
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Graphical Design Aids

The following graphs are provided as design aids so that the de-
signer can do most performance prediction without requiring de-
tailed calculations. Should the designer wish to check further,
calculator programs are provided for this purpose in Chapter 2.
Figures B.1 to B.3 show the undamped LC filter whose response
varies with load. For ease of reference and comparison, all the
filters in this appendix were plotted with a corner frequency of
1 kHz. While normalized curves could have been used, these
curves are nevertheless accurate for the intended purposes.
Figures B.1 to B.16 have the characteristics shown for L/C =
1. Figures B.17 to B.27 show responses with ratios of L/C = 0.1.
Figixre B.28 shows an output filter with a "trap" circuit. In this
figure all inductors and capacitors are made equal for the graphi-
cal plot. In practice, however, the series tuned inductor could
be made larger in inductance (since it does not carry any direct
current) and the series tuned capacitor made smaller in capaci-
tance, but of the same type or make as that used for C. The re-
sponses of the circuit are shown in Figs. B.29 and B.30. Fig-
ures B.31 to B.33 have the characteristics shown for L/C = 10.
All graphies in this appendix were produced with the Hewlett-
Packard desk-top computer HP-9845C.
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FIG. B.1 Output filter without damping.
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FIG. B.4 Output filter with damping.
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FPHASE FLOT LOG SWEEFP
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FHASE FLOT LOG SWEEF
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FHASE PLOT LOG SHWEEF
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FIG. B.17 Output filter with damping.
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PHRSE PLOT LOG SWEEFP
START FREGUENCY MAx = @ DEGREES END FREQUEHCY
188 Hz 18 kHz

- —

- -

- -20

- —

- -48

- B0

- -B@

- -lea

- -132@

- 140 -

- 1|

- «_AE

L ) e 1] |-

: -1Ee T e -

] S

- [ "-\qﬁ-'__ —

t— -___"—«-._,____‘
1
2 2 4 S & 72 889 2 2 4 S & 7 89
186 Hz 18 kHz
START FREGUEMCY MIN = -128 DEGREES END FREQUEHMLCY

FIG. B.25



Graphical Design Aids 251

MAGHITUDE FLOT LOG SHEEF

START FREQUENCY MAX = 15 dE EHD FREQUEHCY

180 Hz 18 kHz

o 10

’_ -

’.- —

- 3

C Z’ 7]

— ———— :

L -5

- -18

L R

- N

L 15

C 3]

- -

- B

- -2@

L 4

- “ Q -

] " . S \

o . ]

- 1 | \\ \\\ 1 | -
2 3 4 S & 2 91 3 = 4 SR E 7 8 97

108 Hz 18 kHz

START FREGUENCY MIN = -38 dE END FREQUEHCY

FIG. B.26



252 Appendix B

FHASE PLOT LOG SWEEP
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FIG. B.28 Output filter with "trap" circuit.
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Using Transient Response
to Determine System Stability

By definition, the transfer function of a second-order control
system can be written as

2
w

C(s) _ n (C.1

R(s) SZ . 2C(ﬂn + wnZ

where ¢ is the damping ratio and w, is the natural frequency of
oscillation of the system.
For unit step input,

R(s) =-;—

which reduces Eq. (C.1) to

2
w
n

C(s) = (C.2)

s(s™ + 2w, + wnz)

The inverse Laplace transform of Eq. (C.2) is
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_1 wnz
C(t) =¢ 2 3 (C.3)
+ 2cw_ +t w_ )
s(s n n

_Cwnt _ _ 2

1- e—————-—sin(wn\/l - Z;zt + tan 1\—/—1—C) (C.4)

2 z
1-z

The step response for a second-order control system is plotted

in Fig. C.1. )
The transfer function of Eq. (C.1) has poles at

( 2 2
s—-cwni (g - l)uon (C.5)

For g <1,

. 2
s—-Cwni]wnJI z (C.6)

This case is of greatest interest to control system designers.
To find the maxima and minima along the time axis, differen-
tiate Eq. (C.4) with respect to t:

__~Ctwnpt
dc(t) _ -e w N1 - 2% cos(ut +9)

dt

1- CZ
Cwne-r’wnt :
+ ——— sin(wt + ¥) (C.D
1- r,z
where
/ 2
9 =tan 1 _i[:_ll (C.8)

Equating Eq. (C.7) to zero gives

-N1- §2 cos(wt +®) + ¢ sin(wt +9) =0 (C.9)
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Therefore,

Ji- g
tan(wt + ¢) = - (C.10)

From Egs. (C.8) and (C.10),

2 2
tan(wt+tan'1J1' S )=J1 5 (C.11)
z 4

But

wt=nm, n=0,1, 2, ... (C.12)
Therefore,

t= —20 (C.13)

w 1- 1;2

Therefore, for n = 1, the first maximum of the system output is

t, = N — (C.14)
/ 2
wnx/l -z

Substituting Eq. (C.13) into Eq. (C.4) for t gives

2
forn = 1: C(t)1 =1+e gﬂ/Jl c maxima
- 2zm/N1 - 2
for n = 2: C(t)2 =1-e ¢ & minima
- 3 m//1 - 2
for n = 3: C(’c)3 =1l+e & ¢ maxima
Therefore [212],
C(ty, - ). |
| 1 31 _  -tm
loge[ C(t)2 } = - (C.15)

1-12
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or

C(t)1 - C(t)3

-zm
logyg cm,

(C.16)

2.3'Jl - z;z
Solving for ¢ gives

C), - Ct, }

log1p [ cm,
¢ = .17

C(t), - C(t) ]
2 1 3
’\/IOglo [—(Yt—)'—z— + 1.86571

Equation (C.13) is used to find wp using the calculated values of
ty, t3, and g [from Eq. (C.17)]:

w_ = 2 (C.18)

n
2
(ty - epd1-¢

See Fig. C.2.
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Derivation of Current Density
and Area Product Relationships

The relationship of current density J to the area product A of a
magnetic component for a given temperature rise is derived as
follows [120].

The total surface area of the component At is (see Figs. D.1
to D.4)

A =K, (D.1)

A =K, (D.2)
. A
4op (D.3)
K
2
A
1% - 1‘(2 (D.4)
2

Substituting Eq. (D.4) into Eq. (D.1) for 12 gives

?AP
At=K4 K (D.5)

2
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A = SURFACE AREA

2
A .@ WOUND + 0Dyounp X(HTcoRre * 0Pwounp - 90core)

FIG. D.1 Tape-wound core, powder core, and pot core surface
area A;.
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FIG. D.2 EI lamination surface area Ag.
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(o)i\/\

(2E + F)

P

(E)

(G)
| (2F + 2€) 4 ©+F
A, = SURFACE AREA \/\/
A'=2[(G + 2E) (D + F) - 2FE +
(G + 2E) (2F + 2E) - 2FE +
(D + F) (2F + 28)]

FIG. D.3 C-core surface area Ag.

Introducting the core configuration constant Ky, we obtain

K

Ksz_:"‘- (D.6)
\/Kz

At = KS/AP (D.D

The copper loss is

P
cu

I'R (D.8)

I

AWJ (D.9)
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Therefore,

P =A 2JZR (D.10)
cu w

The winding resistance is

_ MLT

w- A Np (D.11)
w
Therefore,
2.2
P =AJN MLT (D.12)
cu w p Aw

2E+G

D+

Ag-2] 2(E+6)| (D+2F) +(G-+26)| +(G+2E) (D+2F)-8EF

FIG. D.4 Single-coil C-core surface area A;.



Current Density and Area Product
2
P =A J N MLT
cu w p
But MLT has a dimension of length

MLT =K A 0%
5 p

Therefore,

P =AJ2KA N
cu 4 p P

A N=KW =K VA
w a

6

Ky =KgKgp
Assume that P =P, :
cu fe
P =KA 0'75J2=P
cu Tp fe

The sum of copper and iron losses is

= +
PZ Pcu P

fe

The change in temperature is

p
AT=K8—Z~
t
2k K 3% 0-75
gy
AT = 0.5
kAl
sp
9K K
k= Rgfq

(D.

(D.

D.

(D.

(D.

(D.

(D.

D.

(.

(D.

(D.
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TABLE D.1 Core Configuration Constants

K: K:
) J
Core Losses (25%C) (50°C) (x) K Kw KV
Pot core P =P 433 632 -0.17 33.8 48.0 14.5
cu ~fe
Powder core Pcu>>Pfe 403 590 -0. 12 32.5 58.8 13.1
LLamination Pcu:Pfe 366 534 -0.12 41.3 68.2 19.7
C-core cu:Pfe 323 468 -0.14 39,2 66.6 17.9
Single-coil Pcu>>Pfe 395 569 -0.14 44.5 76.6 25.6
Tape-wound | P_ =P, 250 365 -0.13 | 50.9 82.3| 25.0
core
7= K% A =K_a 050
ip t~ TsTp
w, =K _a 07 Vol =K _a %72
t w p \%

892

a xipuaddy



Current Density and Area Product

AT =K 32a 025
g” p

2 AT

34—
x A 0-25
g p
AT

K - o=

10 K,

2 -0.25
3= KA
y=ga 0-125

ip

or
J=KA ¥
ip

where x is given in Table D.1.

(.

(D.

(D.

(D.

(D.

(D.
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appendix E
SPICE Models for Computer Simulation

* MACRO: 2
% Buck Step_Down Transformer
* Mode : Continuous

.SUBCKT BUCK 1 2 3 4 5
% NODE DEFINITION
% Input : 1,2
%  QOutput : 3,4
% Duty Cycle : 5
% N=1 is transformer turn ratio
* 1:D*N is the effective turn ratio
% Gain of GIN is N/ROUT

Rduty 5 O 1MEG
Rout 6 3 .01

Gin 1 2 POLY(2) 6 3500000 100.0
Eout 6 4 POLY(2) 12500000 1.0

.ENDS BUCK

kS

% MACRO: 3

% Boost Step_Up Transformer
* Mode : Continuous

.SUBCKT BOOST 1 2 3 4 §
% Node Definition

% Input : 1,2 .
% Output : 3,4

* Duty Cycle : 5

270
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* N=1 is transformer turn ratio
% (1-D) :N is the effective turn ratio

1MEG
.01
100MEG
POLY (2) 1
Ein POLY (2) 3
Rdutyl 8 0 1MEG
Vduty 8 7 DC 1
Eduty 7 05 0 -1.0
.ENDS BOOST

%

00.0

01
0 1.0

NwW S o0NO

680000
LB8o00OOO

271

%* MACRO: 4
% SG1524 voltage regulator

* NODES 1 & 2 : ERROR AMP INPUTS

* NODE 9 : ERROR AMP OUTPUT

* NODE 11 : DUTY CYCLE OUTPUT

* NODE 16 : 5V REFERENCE OUTPUT

.SUBCKT SG1524 1 2 9 11 16
RI 2 1 100K

R1 9 O BMEG

RO 20 0 1K

RC 9 25 16

VO 25 0 DC .7

VA 23 0 DC L

VB 24 0 DC .6

Ci 211P

Cl1 9 0 159P

Gl 0921 1.6M

11 0 20 0 .01

16 0 DC 5

GD 0 20 9 25 17.05M
IX 0 20 DC 1.613M
VP 21 O DC L9.L

VM 22 0 DC 1.6

D1 20 21 DSWITI1

D2 22 20 DSWITI

D3 9 23 DSWITI

D4 24 9 DSWITI
.MODEL DSWIT1 D(RS=.1)
.ENDS SG1524
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%
% MACRO: 5
* Dc-to-De Transformer

%

%*

.SUBCKT XFMR 1 2 3 &4

* Node Definition

* Input : 1,2

* Output : 3,4

% Gain of Primary current source = N/Rsecond

* Gain of Secondary current source = N/Rsecpar
* N = .62

%

Rprimary 5 6 .01
Rcorloss 6 2 10K
Leakind 1 5 200U
Rsecond 7 3 .1
Rsecpar 7 4 .1
Geurpri 627 3 6.2
Gcursec L4 7 6 2 6.2
.ENDS XFMR

*




appendix F

Pulse Handling Capability
of Wire-Wound Resistors

Reprinted with permission of Dale Electronics, Columbus, Nebraska.
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INTRODUCTION:

Power wirewound resistors have steady state power and voltage ratings which limit the
temperature of the unit to less than + 275°C or + 350°C. For short durations of 5 seconds or
less these ratings are satisfactory, however, the resistors are capable of handling much higher levels
of power and voltage. For instance, the RS-5, 10 Ohm has a continuous rating of 5 watts but for
a duration of 1 millisecond the unit can handle 24,600 watts and for 1 microsecond the unit can
handle 24,600,000 watts. The reason for this seemingly high power capability is the fact that
energy, which is the product of power and time, is what creates heat; not just power alone.

SHORT PULSES (LESS THAN 100 MILLISECOND)

For short pulses, it is necessary to determine the energy the customer is planning to apply
along with the resistance value. The energy of the pulse is then compared with the energy cap-
ability shown in the energy - resistance chart. The energy per Ohm shown in the left hand column
is the amount required to raise the wire temperature to + 850°C with no heat loss in the core,
coating or leads. This assumption will be fairly accurate for microsecond pulses and gets more con-
servative as the pulses get longer. For this reason, the energy - resistance chart is limited to
pulses up to 100 millisecond. For a single square wave pulse, energy is calculated as follows:

|

P=v?
t R
E=Pt

—] fe— t

Il

Where: Pulse Power (Watts)
Pulse Voltage (Volts)
Resistance (Ohms)

= Pulse Duration (Seconds)

P
v
R
t
E = Energy (Watt-seconds or Joules)

(1) A}fter the energy has been calculated, divide by the resistance to obtain watt-seconds per
ohm.

(2) Go to the energy-resistance chart and choose the energy per ohm value which is equal to or
greater than that which was calculated.

(3) Follow across the chart to the right until the resistance value or one higher than called for
in the application is reached.

(4) The resistor styles shown at the top of this column will then be the smallest size to handle
the pulse.

Note: Any style shown to the right of this column could be used and would provide an additional

safety factor.

Example: A single square wave pulse having an amplitude of 100 volts for 1 millisecond is applied
to a 10 Ohm resistor. What would be the smallest resistor style in the RS line that would handle
this pulse?

P = V2 = 1002 = 10,000 = 1000 watts
R 10 10

Pt = (1000) (.001) = 1 watt-seconds

1 = .1 watt-second
10 ohm

oE =
[
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(1) Fﬁom the energy-resistance chart, page 7, the next higher energy is .153 watt-seconds per
ohm.

(2) Following this row to the right, the next highest value above 10 Ohm is 21.1 Ohms.
(3) At the top of the column, the RS-2B is indicated as the style which would handle this pulse.

Another frequently used short pulse application is the capacitor discharge circuit. Here a
capacitor is charged to a given voltage and then discharged through a wirewound resistor. The
energy for this pulse is calculated as follows:

—

v E = CV2
2
Where: C = Capacitance(Farads)
V = Peak Voltage (Volts)
E = Energy (Watt-seconds or Joules)
(1) After the energy is computed the value is divided by the resistance to obtain watt-seconds

per ohm.

(2) The energy-resistance chart is then used the same way as in the case of the square-wave pulse
to find the resistor style.

Example: A 2 microfarad capacitor charged to 400 volts is being discharged into a 1K resistor.
What is the smallest RS that will handle this pulse?

(1) The energy of the pulse is:
E = CV2 = (2x10%) (400)2 — (1x10%) (16x10%) — .16 watt-second
2 2

(2) Divide the energy by the resistance:

E =_.16 = .16x10°% = 160 x 10® watt - second
R 1x103 ohm

(3) The next highest energy per ohm found in the energy - resistance chart is 221 x 106,
(4) Going across that row to the right, the next highest value above 1K is 1420 Ohms.
(5) The RS style shown at the top of that column is the RS-1A.

EQUALLY SPACED REPETITIVE PULSES

When calculating pulse handling capability for repetitive pulses, the average power as well as
the individual pulse energy must be considered. Calculations for repetitive pulses are as follows:

|

A%

b

je—— T

(1) The pulse power P = V2 is calculated for a single pulse.
R

(2) The single pulse energy E — Pt is then computed.
(3) The average power is calculated as follows:
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P, =Pt
T
P, = Average Power (watts)
P = Pulse Power (watts)
t = Pulse Width (seconds)

Il

T Cycle Time (seconds)

A new energy based on the summation of pulse energy and the contribution due to average
power is then computed as follows:

Eap = E (1 + PA)

B

Where: Eap:- Pulse energy + Average Power energy (watt-seconds)
E

— Pulse energy (watt-seconds)
P, = Average power (watts)
Py = Rated power (watts)

Note: Py is the continuous power rating of a resistor style that must be chosen as a starting

(5)
(6)
)

(8)
9

point.
Divide E,, by R to find the energy per ohm.
Go to the energy-resistance chart and find the resistor style chosen for Py.

Follow down that column until the resistance value equal to or greater than the one being
used is reached.

Follow across that row te the left and note the energy per ohm.

If the energy per ohm in the chart is greater than that calculated, the resistor style chosen
is satisfactory.

(10) If the energy per ohm in the chart is less than that calculated, a larger style must be chos-

en and the above calculations repeated.

Example: A series of equally spaced square wave pulses having an amplitude of 200 volts, a

(1)

2)

(3)

4)

(5)

(6)
)

pulse width of 20 milliseconds and cycle time of 20 seconds is applied to a 100 Ohm resistor.
Will the RS-5 handle this pulse?

The pulse power is:

P = V2 = (200)2 = 4 x 10* = 400 watts
R 100 1 x 102

The pulse energy is:

E = Pt = (400) (.02) = 8 watt-seconds

The average power is:

B, =P_t = (400) (20 x 103) = .4 watts
T 20

The energy due to the pulse and average power is:
Epp =E (1 + Pa)
PR
=801+ 49
5

= 8.64 watt seconds
The energy per ohm is:
E,, = 8.64 = .0864 watt-second
R 100 ~  ohm
In the energy resistance chart, the next higher value above 100 Ohm is 116 Ohm.

Following this row to the left, the energy per ohm is .090: which is sufficient to handle the
application.
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NON-INDUCTIVE RESISTORS

Non-inductive power resistors consist of two windings each of which is twice the finished
resistance value. For this reason, the energy capability will nearly always be greater than a
.stand:}r(}l wound unit. The procedure used in calculating energy capability for non-inductive styles
is as follows:

(1) Compute the energy per ohm by dividing the energy by 4 times the resistance value.

(2) Go to the energy-resistance chart and choose the energy per ohm value which is equal to or
greater than that which was calculated.

(3) Follow the chart to the right until twice the resistance value or one higher than called for
is reached.

(4) The non-inductive equivalent shown at the top of the column will then be the smallest size
to handle the pulse.

Example: What is the smallest NS style resistor required to handle a .2 watt-second pulse ap-
plied to a 500 Ohm value?
(1) The energy per ohmis E = .2 = 100 x 10% Joules
+sR 2000 ohm
(2) In the energy-resistance chart the next higher energy per ohm is 145 x 10%.

(3) Following this row to the right the next higher value than twice the resistance value of 1000
Ohms is 1960 Ohms.

(4) At the top of this column the RS-1A is indicated. The non-inductive equivalent is the NS-1A.

LONG PULSES (100 MILLISECONDS TO 5 SECONDS)

For long pulses much of the heat is dissipated in the core, leads, and coating. As a result, the
calculations used for short pulses are far too conservative. For long pulse applications the short
time overload ratings in the catalog are used. For RS, G, NS, and GN styles this overload is
either 10 or 5 times rated power for 5 seconds, depending on the style.

(1) To find the power overload for a 5 second pulse, multiply the power rating by either 5 or
10 depending on size.

(2) To find the overload capability for 1 to 5 seconds, convert the overload power to energy by
multiplying by 5 seconds then convert back to power by dividing by the pulse width in
seconds.

(8) For pulse durations between 100 millisecond and 1 second use the overload power computed
for 1 second.

Example: How much power can an RS-5 handle for 2 seconds?

(1) Rated power for an RS-5 is 5 watts.

(2) From the catalog an RS-5 will take 10 times rated power for 5 seconds.
5 x 10 = 50 watts

(8) For 5 seconds the energy capability is 50 x 5 — 250 watt-seconds.
(4) For 2 seconds the power capability is 250 = 125 watts.
2

VOLTAGE LIMITATIONS

Short pulses — No overload voltage rating has ever been established for wirewound resistors
when pulsed for short durations. Sandia Corporation has, however, performgd a study.on our NS
and RS resistors using 20 microsecond pulses. This study indicates that this type unit will take
about 20,000 volts per inch as long as the energy shown in the energy-resistance chart is not ex-
ceeded.

Long pulses — For pulses 100 millisecond to 5 seconds the recommended maximum ovquoad
is ‘'V10 times the maximum working voltage for 4 watt size and larger and V5 times the maximum
working voltage for sizes smaller than 4 watt.



Energy-Resistance Chart

ENERGY PER OHM EGS-1 EGS-2 EGS-3 ESS-2B RS-2C RS-2 RS-5 RS-7 RS-10
JOULES OR WATT- RS-% RS-% RS-1A RS-2B G-5C G-6 EGS-10 G-12 ESS-10
SECOND G-1 G-2 G-3 G-5 RS-5-69 RS-10-38
G-10 G-15
13.9 x 106 3480 4920 10.4K 24.5K 32.3K 47.1K 90.9K 154K 265K
20.3 x 106 2589 3659 7580 18.69K 24.19K 31.79K 69.4K 114.9K 197K
28.7 x 106 1999 2829 5840 14.19K 18.29K 26.99K 51.7K 88K 152K
39.5 x 10 1549 2189 4630 10.89K 13.69K 20.69K 404K 68.59K 111K
53.1 x 106 1239 1749 3630 8600 11.39K 16.69K 314K 54.39K 93.5K
70.0 x 10 1414 2920 6980 9250 13.59K 259K 44.19K 75.5K
90.6 x 106 1000 1149 2740 6550 7560 11.09K 24.5K 36.79K 71.5K
145 x 10 670 947 1960 4650 6260 8910 17.3K 29.5K 50.6K
221 x 108 492 684 1420 3370 4560 6570 12.7K 20.59K 37.4K
324 x 106 355 502 1040 2460 3270 4820 9220 15.69K 26.9K
460 x 106 272 384 792 1860 2480 3640 7000 11.89K 204K
632 x 10 206 291 615 1340 1920 2840 5460 9240 15.7K
850 x 106 167 236 487 1150 1530 2260 4310 7320 124K
1.12 x 1038 131 186 393 935 1201 1800 3850 5900 10K
2.07 x 103 96.3 136 283 671 910 1250 2840 4260 7540
3.54 x 103 65.1 92 192 454 601 875 1690 2870 4920
5.67 x 103 45.7 64.5 134 313 424 617 1160 2030 3460

8¢

A x1puaddy



Energy Resistance Chart (Continued)

ESS-2B

ENERGY PER OHM EGS-1 EGS-2 EGS-3 RS-2C RS-2 RS-5 RS-7 RS-10
JOULES OR WATT- RS-% RS-% RS-1A RS-28 G-5C G-6 EGS-10 G-12 ESS-10
SECOND G-1 G-2 G-3 G5 RS-5-69 RS-10-38
G-10 G-15
8.65 x 103 33.2 47 97.7 227 307 444 843 1470 2510
127 x 103 23.8 33.6 71.1 168 222 310 622 1073 1840
20.4 x 102 17.9 25.3 51.8 122 163 237 447 777 1340
33.2 x 103 12.2 17.2 36.1 85.5 113 165 320 544 932
56.7 x 103 8.22 11.6 24.2 57.8 76.3 111 215 364 618
055 6.06 8.56 17.6 42.1 55.5 70.3 156 263 451
090 4.47 6.32 13.3 31.6 40.5 51.0 116 201 343
153 2.98 4.07 8.52 21.1 27.9 40.8 78.5 133 229
245 2.18 3.09 6.28 14.8 19.6 28.6 55.4 95.0 160
374 1.50 2.13 4.57 10.8 14.2 21.0 40.2 68.2 117
.589 1.12 1.59 3.27 7.86 10.3 14.9 29.0 49.0 84.1
943 780 1.10 231 5.46 7.22 10.6 20.3 34.4 59.3
1.52 .542 773 1.61 3.80 5.13 7.40 14.1 24.2 41.6
246 383 .538 1.13 2.69 3.56 5.47 10.11 17.2 29.4
3.76 271 .394 .829 1.99 2.61 3.81 7.36 12.4 21.4
5.98 .591 141 1.84 2.15 5.24 8.87 15.1
2.00 178 244 423 1.02 3.86 6.44 11.2

SJ40181S2Y PUNOM-B41 M
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Energy-Resistance Chart (Continued)

ENERGY PER OHM EGS-1 EGS-2 EGS-3 ESS-2B RS-2C RS-2 RS-5 RS-7 RS-10
JOULES OR WATT- RS-% RS-% RS-1A RS-2B G-5C G-6 EGS-10 G-12 ESS-10
SECOND G-1 G-2 G-3 G-5 RS-5-69 RS-10:38
G-10 G-15
2.61 .147 .201 .307 773 1.36 1.59 2.86 4.79 8.1
4.23 116 159 .268 681 1.00 1.35 2.52 4.09 7.0
5.23 114 .210 .529 784 1.04 2.00 3.19 - 54
8.04 189 475 .709 .949 1.84 299 4.9
134 152 .383 .569 164 1.43 2.29 3.9
20.9 121 297 439 .591 1.12 1.79 3.1
33.2 .237 354 468 875 1.48 2.52
42.1 .188 278 .369 716 1.16 2.00
25.1 .168 248 332 630 1.03 1.74
41.8 21 179 .209 487 a7 1.26
67.7 139 .196 .380 .60 992
168.5 .102 147 276 47 699
100.4 171 29 485
166.8 114 310
271 179 252
674 .110 .184

08¢
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appendix G
Capacitor Life Prediction Guidelines

The attached equations and tables can be used to predict the life of aluminum electrolytic capacitors
at derated voltages and temperatures. Failures are defined as parameter drift beyond the limits
outlined in the life test section of the appropriate preduct bulletin.

Based on dc aluminum electrolytic capacitor tests, the inherent relationships between temperature,
voltage and life were established. A failure rate for each product was established from testing at
maximum rated conditions. From this failure rate a base life time was established.

The multipliers found in the tables for each product type were derived from acceleration factors for
voltage and temperature deration [equations (3), (4), and (5)].

The expected life for each product type is determined by computing the capacitor hot spot
temperature [equation (1) or equation (2)], and the ratio of use voltage to rated voltage. From this, the
base life multiplier can be found in the appropriate table. The multiplier times the base life (found in
Table 1) yields the expected life.

The computation of expected life assumes a constant or decreasing failure rate and that the wearout
portion of the product life has not been reached. The expected life is the statistical time required to
generate one failure in 25 units based on a60% confidence level.

Multipliers resulting in expected life times in excess of 10 years may not be valid due to secondary
failure modes not considered in the construction of these tables.

Reprinted with permission of Mepco/Electra, Inc., A North-American
Phillips Company, Morristown, New Jersey.
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282 Appendix G

CALCULATION OF CORE TEMP

. 2 833
(1) Core Temp (°C) = (CRF)(103) [._ESR + AMB.
AREA

or
(2) Core Temp (°C) = (CRF)(Case Temp. — AMB.) + AMB.

D = Dia.(in.)
L = CaseLength{in.)
CRF = Core Rise Factor = 1.068 + .31154 x Can Dia.

AREA = Surface Areaof Can = ™02 4 DL

I = Ripple Current (Amps)
AMB = Ambient Temperature (°C)
ESR = Equivalent Series Resistance (ohms)

ACCELERATION FACTORS

_ »n (T Max-Core)/ 10 (Due to Chemical Kinetics)
@ A, =2

I, at Rated Voltage & Temperature

4 A,=
I_at Derated Voltage & Temperature

5) A =AxA,

BASE LIFE
AMBIENT DESIGN LIFE
LIFE TEMP. CORE TEMP.  MULTIPLIER

TYPE HOURS DEGREES C  DEGREES C TABLE
3050 1000 85 95 2
3120 2000 85 105 4
3186 500 85 95 2
3188 1500 85 105 4
3191 1000 85 100 3
3192 1000 85 115 5
3428 2000 85 110 6

*Based on free convection in still air.
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% RATED VOLTAGE

50. 55. 60. 65. 70. 75. 80. 85. 90. 95. 100.

95. 5.3 4.7 41 3.5 3.0 26 22 18 15 1.2 1.0

94, 5.7 5.1 4.4 3.8 3.3 2.8 23 19 16 1.3 1.1

93. 6.2 5.5 48 4.2 36 3.0 25 21 17 14 1.2

92. 6.8 6.0 5.2 4.5 38 3.2 27 23 19 15 1.2

91. 7.4 6.5 57 49 4.2 35 29 24 20 1.6 1.3

90. 8.1 71 6.2 5.3 4.5 38 3.2 26 22 1.8 14

89. 8.8 7.7 6.7 5.7 4.9 4.1 3.4 28 23 19 1.5

88. 9.6 8.4 73 6.2 5.3 44 3.7 3.0 25 20 1.7

87. 105 9.1 79 6.7 57 438 4.0 33 27 22 1.8

86. 1.4 99 8.6 7.3 6.2 5.1 4.3 35 29 24 1.9

85. 124 10.8 9.3 79 6.6 56 4.6 3.8 31 25 21

84. 135 1.7 10.1 85 7.2 6.0 5.0 4.1 33 27 22

83. 14.7 127 10.9 9.2 7.8 6.5 5.4 4.4 36 29 24

82. 16.0 13.8 1.8 10.0 8.4 7.0 58 4.7 39 3.2 26

81. 17.4 15.0 12.8 108 9.1 75 6.2 5.1 4.2 3.4 27

80. 19.0 16.3 139 1.7 9.8 8.1 6.7 5.5 45 36 29

79. 20.6 17.7 15.1 127 10.6 8.8 72 5.9 48 3.9 3.2

78. 225 19.2 16.3 13.7 11.4 95 78 6.4 5.2 42 3.4

77. 24.4 209 17.7 14.8 123 10.2 8.4 6.8 5.6 45 3.7

76. 26.6 22.7 19.2 16.0 13.3 11.0 9.0 74 6.0 49 39

75. 289 246 208 17.3 14.4 1.9 9.7 79 6.4 5.2 4.2

74. 314 26.7 225 18.8 15.5 128 105 8.5 6.9 5.6 45

73. 34.2 29.0 243 20.3 16.8 13.8 1.3 9.2 75 6.0 49

72. 37.2 31.4 26.4 219 18.1 149 121 9.9 8.0 6.5 5.2

. 40.4 34.1 285 237 19.5 16.0 13.1 106 8.6 7.0 56

70. 439 37.0 30.9 256 211 17.3 14.1 11.4 9.3 7.5 6.0

69. 47.7 40.1 334 277 227 18.6 15.2 123 10.0 8.0 6.5

68. 51.9 435 36.2 299 245 20.0 16.3 13.2 10.7 8.6 6.9

67. 56.4 472 39.1 323 265 216 17.6 142 1.5 9.3 75

66. 61.2 51.1 423 349 285 233 18.9 153 124 10.0 8.0

65. 66.5 65.4 45.8 377 30.8 25.1 20.3 16.5 13.3 10.7 8.6

64, 723 60.0 49.5 40.7 332 27.0 219 17.7 143 1.5 9.2

63. 785 65.1 53.6 439 35.8 29.1 236 19.0 15.3 12.3 99

62. 85.2 70.5 57.9 47.4 386 31.3 253 205 165 13.3 106

o 61. 925 76.3 62.6 51.2 416 33.7 273 220 17.7 14.2 1.4
& 60. 100.4 82.7 67.7 66.2 449 36.3 29.3 236 19.0 16.3 123
w 59. 109.0 89.5 732 59.6 483 39.1 316 25.4 204 16.4 13.2
o« 58. 118.3 97.0 791 64.3 52.1 421 339 27.3 220 17.6 14.1
=) 57. 128.3 105.0 85.5 69.4 56.1 45.3 36.5 294 236 18.9 16.2
[ 56. 139.2 113.6 92.4 74.9 60.5 48.8 39.3 31.6 25.3 203 16.3
é 55. 151.0 123.0 99.8 80.7 65.2 52.5 42.2 339 272 218 175
w 54. 163.8 133.1 107.8 87.1 70.2 56.5 45.4 36.4 29.2 234 18.8
o 53. 177.7 144.0 116.5 939 75.6 60.8 48.8 39.2 314 251 20.1
= 52, 192.7 155.9 125.8 101.3 815 65.4 525 421 337 27.0 216
w 51. 208.9 168.6 1358 109.2 87.7 70.4 56.4 452 36.2 29.0 232
L 50. 226.4 182.4 146.6 178 94.5 75.7 60.7 486 389 311 249
w 49. 245.4 197.2 158.3 127.0 101.7 81.5 65.2 52.2 417 334 26.7
3 48. 266.0 213.3 1709 136.8 109.5 87.6 70.1 56.1 448 35.8 28.6
8 47. 288.2 230.6 1845 147.5 1179 94.3 753 60.2 48.1 385 30.7
46. 3123 2493 199.1 159.0 127.0 101.4 81.0 64.7 51.7 413 33.0

45. 338.3 269.5 2148 171.3 136.7 109.0 87.0 69.5 55.5 443 35.4
44, 366.4 2913 2318 184.6 147.1 117.3 93.5 74.6 59.6 475 38.0
43, 396.9 314.8 250.1 198.9 158.3 126.1 100.5 80.2 63.9 51.0 40.7
42, 429.8 340.1 269.7 214.2 170.4 135.6 108.0 86.1 68.7 54.8 437
41. 465.3 367.5 291.0 230.8 183.3 145.8 116.1 92.5 737 58.8 46.9
40. 503.7 397.0 313.8 2486 197.3 156.8 124.7 99.3 79.1 63.1 50.3
39. 545.3 428.8 338.4 267.7 212.2 168.5 134.0 106.6 849 67.7 54.0
38. 590.1 463.1 364.9 288.3 2283 181.2 1439 1145 91.2 726 57.9

37. 638.6 500.2 393.4 310.5 245.6 194.7 154.6 1229 97.8 779 62.1
36. 691.0 540.0 4241 3343 264.2 209.3 166.1 132.0 105.0 836 66.6
35. 747.5 583.1 457.2 359.9 284.2 2250 178.4 1417 1127 89.7 71.5
34. 808.6 629.4 4927 387.4 305.7 2418 191.7 152.2 121.0 96.3 76.7
33. 874.6 679.4 531.0 4171 328.7 259.9 205.9 163.4 129.8 103.3 82.2
32. 945.8 733.2 5723 4489 536.5 279.2 2211 175.4 1393 110.8 88.2
31. 1022.7 791.3 616.6 483.1 380.1 300.1 2375 188.3 1495 1189 94.6
30. 1105.7 853.8 664.4 519.9 408.7 3224 255.0 2021 160.5 127.6 101.5
29. 1195.3 921.2 715.7 559.5 439.5 346.4 2739 217.0 1722 136.8 108.9
28. 1291.9 993.7 n.o 602.0 4725 372.2 294.1 2329 184.8 146.8 116.8
27. 1396.3 1071.9 830.4 647.8 507.9 399.9 315.8 250.0 1983 157.5 125.3
26. 1508.8 1156.1 894.4 696.9 546.0 429.6 339.1 2683 2128 169.0 1343
25. 1630.2 1246.8 963.2 749.7 586.9 4615 364.1 288.0 2283 181.2 1441
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% RATED VOLTAGE
50. s5. 60. 65. 70. 75. 80. 85. 90. 95. 100.
100. 49 a4 39 34 29 25 2.1 18 15 12 1.0
99. 5.4 48 42 37 32 27 23 19 16 13 1.1
98. 58 5.2 46 4.0 34 29 25 21 1.7 1.4 1.2
97. 6.4 57 5.0 43 37 32 27 22 1.8 15 1.2
96. 69 6.2 54 a7 40 34 29 24 20 16 13
95. 76 6.7 59 5.1 4.4 37 3.1 26 2.1 18 14
94. 8.2 7.3 64 55 47 40 34 28 23 1.9 15
93. 9.0 7.9 69 6.0 5.1 43 36 3.0 25 20 17
92. 9.8 86 75 65 55 a7 39 3.2 2.7 22 1.8
91. 10.7 9.4 82 7.0 6.0 5.0 42 35 29 24 19
90. 116 10.2 89 76 65 5.4 45 38 3.1 25 2.1
89. 127 1.4 96 83 7.0 59 4.9 4.1 33 2.7 2.2
88, 13.8 121 105 89 76 63 53 4.4 36 29 24
87. 15.0 13.1 1.3 9.7 82 59 5.7 4.7 39 3.2 26
86. 16.4 14.3 12.3 105 88 74 6.1 5.1 42 34 28
85. 17.8 155 133 1.4 9.6 8.0 66 55 45 36 3.0
84. 19.4 16.9 145 123 103 86 7.1 5.9 48 39 3.2
83. 21.2 183 15.7 133 1.2 9.3 77 63 5.2 a2 34
82. 23.0 19.9 17.0 14.4 121 10.0 8.3 68 56 45 37
81. 25.1 216 18.4 156 13.0 10.8 8.9 73 .0 49 39
80. 27.3 235 200 169 14.1 1.7 96 7.9 6.4 5.2 4.2
79. 207 255 217 18.2 15.2 126 104 85 69 56 46
78. 323 277 235 19.7 16.4 136 1.2 9.2 75 6.1 49
77. 35.1 30.1 25.4 213 178 14.7 12.1 9.9 80 6.5 5.3
76. 38.2 326 276 231 192 15.8 13.0 106 86 7.0 56
75. 416 35.4 29 25.0 20.7 17.1 14.0 1.4 9.3 75 6.1
74. 45.2 384 323 27.0 224 18.4 15.1 12.3 100 8.1 65
73. 49.2 a7 35.0 29.2 24.1 19.8 16.2 13.2 10.7 87 7.0
72. 535 452 379 315 26.0 214 175 14.2 15 9.3 75
7. 58.1 49.1 410 341 281 230 188 15.3 12.4 10.0 8.1
70. 63.2 53.2 444 36.8 30.3 248 203 16.4 133 10.8 8.7
69. 68.7 57.7 484 3938 327 26.8 218 17.7 143 116 9.3
68. 746 62.6 52,0 430 353 288 235 19.0 15.4 12.4 100
67. 81.1 67.8 56.3 464 38.1 311 25.3 205 165 13.3 10.7 |
—_ 66. 88.1 735 60.9 50.2 1.1 335 27.2 220 17.8 14.3 15
O 65. 95.7 797 65.9 542 443 36.1 293 237 19.1 15.4 124
et 64. 103.9 86.4 713 585 47.8 38.8 315 255 205 165 133
w 63. - 1129 93.6 771 63.2 515 418 339 27.4 221 17.7 143
«c 62. 1226 101.4 83.4 68.2 56.5 45.1 365 294 237 19.1 15.3
2 61. 133.1 109.8 90.1 736 50.9 485 39.2 318 255 205 16.4
< 60. 144.4 119.0 97.4 79.4 645 52.2 422 34.0 27.4 220 175
o 59. 156.8 128.8 105.3 85.7 695 56.2 45.4 366 29.4 236 189
w 58. 170.1 139.5 1138 925 739 60.6 4838 39.3 316 253 203
‘E‘ 57. 184.6 151.0 1230 99.8 80.8 65.2 525 422 339 272 218
il 56. 200.3 1635 1329 107.7 87.0 70.2 56.5 45.4 36.4 29.2 234
- 55. 217.3 176.9 1436 1162 938 755 60.7 488 39.1 314 251
w 54. 235.7 1915 155.1 125.3 101.0 81.3 65.3 52.4 420 33.7 27.0
o 53. 2556 207.2 167.5 135.1 108.8 875 702 56.3 45.1 36.2 289
o 52, 277.2 2242 180.9 145.7 117.2 94.1 755 60.5 485 388 311
o 51. 3005 242.5 195.4 157.1 1262 101.3 81.2 5.0 52.1 417 333
50. 325.7 262.3 2109 169.4 135.9 108.9 87.3 69.9 55.9 447 358
49. 353.1 283.7 227.7 18256 146.3 17.2 938 75.1 60.0 48.0 384
48. 3826 306.8 2458 196.9 157.6 126.1 100.8 80.6 645 515 412
47. 4146 331.7 265.3 2122 169.6 135.6 108.4 86.6 69.2 55.3 442
46. 449.2 358.6 286.4 228.7 1826 145.9 1165 93.1 743 59.4 474
45. 486.7 387.7 309.0 246.4 196.6 156.9 125.2 100.0 79.8 63.7 50.9
44, 527.1 419.0 3334 265.5 2116 168.7 1346 107.4 857 68.4 546
43. 570.9 452.8 359.7 286.1 227.7 181.4 1446 115.3 92.0 73.4 58.6
42. 6182 489.3 388.0 308.2 245.1 195.1 155.4 1238 98.8 78.8 629
41 669.4 528.7 4185 3320 263.7 209.7 167.0 133.0 106.0 845 67.4
40. 7246 571.1 4514 357.6 2838 2255 179.4 1428 1138 90.7 724
39. 784.4 616.9 486.8 385.1 305.3 2424 1927 153.4 1222 97.4 776
38. 8489 666.3 5249 414.7 3285 260.6 207.1 164.7 1311 104.5 833
37. 9186 7195 565.9 446.6 3534 280.1 2224 176.9 140.7 1121 89.3
36. 994.0 776.9 610.1 4809 380.1 301.1 239.0 189.9 151.1 1203 95.8
35. 1075.3 838.7 6576 517.7 408.8 3236 256.7 2039 162.1 129.1 102.8
- 34 1163.2 905.4 708.8 557.3 439.7 347.8 275.7 2189 1740 1385 1103
33. 1258.1 977.3 7639 599.9 4729 37338 296.1 235.0 186.8 148.6 183
32. 13606 105438 823.2 6458 508.5 401.7 3181 252.3 200.4 159.4 1269
31, 1471.2 1138.3 887.0 6950 546.8 4317 3416 2709 215.1 171.0 136.1
30. 1590.6 1228.2 9557 748.0 588.0 463.8 366.8 290.8 2308 1835 146.0
29. 1719.4 1325.1 1029.6 804.9 632.2 498.3 304.0 312.1 247.7 196.9 156.6
28. 1858.5 1429.5 1109.1 866.1 679.7 535.4 4230 335.0 265.8 211.2 168.0
27. 2008.6 1542.0 11946 931.8 7307 575.2 454.3 359.6 285.2 226.6 180.2
26. 21705 1663.1 1286.6 1002.5 785.4 618.0 487.8 386.0 306.1 243.0 193.3
25. 2345.2 1793.5 1385.5 1078.5 8443 663.8 523.7 4143 328.4 260.7 207.3
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% RATED VOLTAGE

50. s5. 0. 65. 70. 75. 80. 85. 90. 95. 100.

105. 26 24 23 2.1 19 18 16 1.4 13 1.1 1.0

104. 28 27 25 23 2.1 19 1.7 16 1.4 1.2 1.1

103. 31 29 27 25 23 2.1 19 1.7 1.5 13 1.2

102. 34 32 3.0 2.7 25 23 2.1 1.8 16 1.4 13

101. 37 35 32 3.0 2.7 25 22 20 1.8 16 1.4

100. 41 38 35 3.2 3.0 27 24 2.2 19 1.7 15

99. 44 42 38 35 3.2 29 26 23 2.1 18 16

98. 49 45 42 39 35 32 28 25 22 2.0 1.7

97. 5.3 5.0 46 4.2 38 34 31 2.7 24 21 19

96. 58 5.4 5.0 48 4.2 37 34 3.0 26 23 2.0

95. 6.4 5.9 55 5.0 45 41 36 32 28 25 2.2

94. 7.0 6.5 6.0 5.4 49 4.4 39 35 31 27 23

93, 76 71 65 5.9 5.4 48 43 38 33 29 25

92. 8.4 7.7 7.1 6.4 5.8 5.2 46 4.1 36 31 27

91. 9.1 8.4 7.7 7.0 6.3 5.7 5.0 4.4 39 34 29

90. 10.0 9.2 8.4 76 6.9 6.1 5.4 48 4.2 37 3.2

89. 109 10.1 9.2 8.3 75 6.7 59 5.2 45 39 34

88. 120 1.0 10.0 9.1 8.1 7.2 6.4 5.6 49 43 3.7

87. 13.1 120 10.9 9.9 8.8 79 6.9 6.1 5.3 46 40

86. 14.3 131 1.9 10.7 9.6 85 75 6.6 5.7 5.0 43

85. 15.7 14.3 13.0 1.7 10.4 9.2 8.1 7.1 6.2 5.4 46

84. 17.2 15.6 14.2 12.7 1.3 10.0 88 7.7 6.7 5.8 5.0

83. 18.8 174 15.4 138 123 10.9 95 8.3 7.2 6.2 5.4

82. 205 18.6 16.8 15.0 13.4 1.8 10.3 9.0 7.8 6.7 5.8

81. 224 204 18.3 16.4 145 128 1.2 9.7 8.4 73 6.2

80. 245 222 20.0 17.8 15.8 139 121 105 9.1 7.8 6.7

79. 26.8 242 21.7 19.3 17.1 15.0 13.1 11.4 9.8 8.4 72

78. 293 265 237 210 186 16.3 14.2 123 106 9.1 7.8

77. 321 289 258 229 201 176 153 133 1.4 9.8 8.4

76. 351 315 28.1 249 219 19.1 16.6 14.4 12.4 10.6 9.0

75. 383 344 306 27.0 237 207 18.0 155 133 1.4 9.7

74. 419 375 333 29.4 257 224 19.4 16.8 14.4 12.3 105

73. 45.8 409 36.2 319 279 24.3 21.0 18.1 155 13.3 113

72. 50.0 446 39.4 347 303 263 227 19.5 16.7 14.3 12.2

7. 54.7 486 429 376 328 285 246 211 18.1 15.4 13.1

) 70. 59.7 53.0 46.7 409 356 308 266 228 195 16.6 14.1
< 9. 653 57.8 50.8 44.4 386 334 287 246 21.0 17.9 15.2
w 68. 7.3 63.0 55.3 48.2 418 36.1 31.0 26.6 227 193 164
o< 67. 779 68.6 60.1 523 453 39.1 335 287 24.4 208 17.6
> 66. 85.1 748 65.4 56.8 49.1 423 36.2 309 26.3 224 18.9
- 65. 929 815 711 61.7 53.2 45.7 39.1 334 28.4 241 20.4
é 64, 1015 888 77.3 66.9 576 495 423 36.0 306 259 219
w 63. 110.8 96.8 84.0 726 624 53.5 45.7 38.9 33.0 279 236
a 62. 121.0 105.4 91.4 78.8 67.6 57.8 49.3 419 35.6 30.1 254
= 61. 1322 1148 99.3 85.4 732 626 53.3 45.2 383 324 27.3
w 60. 1443 125.1 107.9 92.7 79.3 67.6 57.5 48.8 41.3 349 29.4
= 59. 157.5 136.2 17.2 100.5 859 7341 62.1 528 445 375 316
w 58. 1719 148.3 127.4 109.0 929 79.0 67.0 56.7 479 40.4 34.0
g 57. 187.7 1615 138.4 118.2 100.6 85.4 723 61.2 516 435 36.6
o 56. 204.8 175.8 150.3 128.1 108.9 923 78.1 659 556 46.8 39.4
55. 2235 191.3 163.2 138.8 117.8 99.7 84.2 714 59.9 50.4 423

54. 2439 208.2 177.2 150.5 127.4 107.7 90.9 76.6 64.5 54.2 45.5

53. 266.1 2266 192.4 163.0 137.8 1164 98.1 82.6 69.4 58.3 49.0

52, 2003 2465 208.9 176.6 149 1 125.7 105.8 89.0 747 628 527

51. 316.7 268.2 226.7 191.3 161.2 135.7 141 95.9 80.5 675 56.6

50. 345.4 2918 246.1 207.2 1744 1465 1231 103.3 86.6 726 60.9

49. 376.7 317.3 267.0 224.4 1885 158.2 1327 ma 933 781 65.4

48, 2108 345.1 289.7 2430 2038 170.8 1431 119.9 100.4 84.0 70.3

47, 447.9 375.2 3143 263.1 2203 184.4 154.3 129.1 108.0 90.4 756

46, 488.3 408.0 2409 284.9 238.1 199.0 166.4 139.1 116.3 97.2 813

45. 532.3 4435 369.7 308.3 257.3 2148 179.3 149.8 125.1 104.5 87.3

44, 580.2 482.0 400.9 333.7 278.0 231.7 193.3 161.3 1346 112.4 939

43, 632.4 523.9 4347 3611 300.3 250.0 208.3 1736 1448 120.9 1009

42, 689.2 569.2 4712 390.7 3245 269.7 2245 187.0 1558 129.9 108.4

a1 751.0 6185 510.7 4227 350.4 291.0 241.9 201.3 167.6 139.7 1165

40, 818.2 671.9 553.5 4572 3785 3138 260.6 2167 180.3 150.2 125.2

39, 8913 7208 599.8 494.5 208.7 3385 280.8 2332 1939 161.4 1345

38, 9709 7926 649.9 534.8 4413 365.0 302.4 251.0 2086 1735 1445

37 10575 860.7 704.1 578.2 476.4 3935 3258 270.1 2243 186.5 155.2

36. 11516 934.6 762.7 625.2 514.3 4243 350.9 290.7 2412 200.5 166.7

35. 1254.0 1014.6 826.0 675.8 555.1 457.4 377.9 3128 259.4 2154 1791

34 1365.3 1101.3 894.5 730.4 599.1 493.0 406.9 336.6 2789 2315 1924
33 1486.3 1195.3 968.5 789.4 646.4 531.4 438.1 362.1 299.9 248.8 206.7
32. 1617.8 1297.1 1048.5 853.0 697.5 572.7 4717 3896 3224 267.3 2220
3. 1760.7 1407.4 1135.0 921.7 752.5 617.1 507.8 419.1 346.6 287.2 238.4
30, 1916.12 1526.8 1228.4 995.7 811.8 664.9 546.6 4508 3726 308.6 256.0
29, 2084.9 1656.2 1329.4 1075.5 875.6 716.4 588.4 484.8 4005 3316 275.0
28. 2268.2 1796.3 1438.4 1161.6 944.3 7717 6333 521.4 4305 356.2 2953

27. 2467.4 1948.0 1566.2 1254.5 1018.4 831.3 681.5 5608 462.7 382.7 3171
26. 2683.8 21122 1683.4 1354.6 1098.1 895:3 733.4 603.0 497.3 4111 3405
25. 2918.7 2289.9 1820.8 1462.5 11839 964.3 789.2 648.4 534.4 4415 365.6
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% RATED VOLTAGE

50. s5. 60. 65. 70. 75. 80. 85. 90. 95. 100.

15, 14 14 13 13 13 12 12 1.1 1.1 1.0 1.0

14, 15 15 15 14 14 13 13 1.2 1.2 11 11

13, 17 6 16 16 15 15 14 14 13 12 12

12 18 18 18 17 1.7 16 15 15 14 14 13

11, 2.0 20 19 19 18 18 1.7 16 1.6 15 14

110. 22 22 2.1 2.0 20 19 19 1.8 17 16 15

109. 24 24 23 22 2.2 21 20 1.9 19 18 17

108. 27 28 25 25 24 23 2.2 2.1 2.0 1.9 1.8

107. 29 29 28 2.7 26 25 24 23 2.2 2.1 20

106. 3.2 3.1 3.1 30 29 28 28 25 24 23 22

105. 35 35 34 3.2 3.1 3.0 29 28 26 25 24

104, 39 38 3.7 36 34 33 3.2 3.0 29 2.7 26

103. 4.3 42 4.0 39 38 36 35 33 3.1 3.0 28

102. a7 46 a4 43 a1 4.0 38 36 34 33 3.1

101. 5.2 5.0 49 47 45 43 4.1 4.0 38 35 33

100. 5.7 55 5.3 5.1 4.9 a7 45 4.3 4.1 3.9 36

99. 6.2 6.1 5.9 5.6 5.4 5.2 5.0 4.7 45 4.2 4.0

98. 6.9 6.6 6.4 6.2 59 5.7 5.4 5.1 4.9 46 43

97. 75 73 70 6.8 65 6.2 5.9 56 5.3 5.0 4.7

96. 8.3 8.0 7.7 7.4 7.1 6.8 65 6.1 5.8 5.5 5.1

95. 9.1 88 85 8.1 78 74 7.1 6.7 63 6.0 5.6

94. 10.0 9.7 9.3 89 85 8.1 7.7 73 6.9 6.5 6.1

93. 1.0 106 10.2 9.8 9.4 89 85 8.0 75 7.1 6.6

92. 121 17 1.2 10.7 102 9.7 9.2 87 8.2 7.7 7.2

91. 133 128 123 18 1.2 10.7 10.1 95 9.0 8.4 78

90. 14.6 14.1 135 12,9 123 1.7 1.0 10.4 98 9.1 85

89. 16.1 15.4 148 14.1 135 12.8 121 1.3 106 9.9 93

88. 17.7 17.0 16.2 155 14.7 14.0 132 124 1.6 10.8 10.1

87. 19.4 186 17.8 17.0 16.1 15.3 14.4 135 126 11.8 10.9

86. 214 205 19.6 18.6 17.7 16.7 157 14.7 138 12.8 1.9

85. 235 225 215 20.4 19.3 18.2 17.2 16.1 15.0 14.0 12.9

84. 258 24.7 236 224 212 20.0 18.7 175 16.4 15.2 14.1

83. 28.4 271 25.8 245 232 218 205 19.1 17.8 16.5 153

82. 313 298 28.4 26.9 25.4 238 223 209 19.4 18.0 16.6

81. 344 328 31.1 294 278 26.1 24.4 227 211 19.6 18.1

S 80. 37.8 36.0 34.1 323 30.4 285 266 248 230 213 196
< 79. 416 396 375 35.4 33.2 311 29.1 27.0 25.1 23.1 213
w 78. 458 435 411 388 36.4 34.0 31.7 295 27.3 25.2 23.1
« 7. 50.4 478 45.1 425 39.8 372 346 321 297 27.4 25.1
> 76. 55.4 525 495 46.5 436 407 37.8 35.0 323 29.7 273
- 75. 61.0 57.7 54.3 51.0 47.7 44.4 412 38.2 35.2 323 296
§ 74. 67.1 63.4 596 55.9 52.2 485 45.0 416 38.3 35.1 322
w 73. 739 69.7 65.4 61.2 57.1 53.0 491 453 417 38.2 349
a 72. 814 76.6 718 67.1 62.4 57.9 535 49.3 453 415 379
= . 89.6 84.2 788 735 68.3 63.3 58.4 53.7 493 45.1 411
w 70. 98.6 925 86.5 805 747 69.1 63.7 585 536 49.0 446
- 69. 108.6 101.7 94.9 88.2 817 755 69.5 63.7 58.3 53.2 48.4
w 68. 1196 118 104.1 96.7 89.4 824 75.8 69.4 63.4 57.8 525
o« 67. 131.7 1229 143 105.9 97.8 90.0 826 756 689 62.7 56.9
8 66. 145.0 135.1 125.4 116.0 106.9 98.3 90.0 82.3 749 68.1 617
65. 159.8 1485 137.6 127.1 116.9 107.3 98.1 89.5 815 739 66.9

64. 176.0 163.3 151.0 139.2 1279 117.1 107.0 97.4 885 80.2 726

63. 193.9 179.6 165.7 152.5 139.8 127.8 116.6 106.0 96.2 87.1 787

62. 2137 1975 181.9 167.0 152.9 1395 127.0 115.4 1045 945 85.2

61. 2355 2171 199.6 182.9 167.1 152.3 138.4 1255 1135 102.5 92.4

60. 259.5 238.8 2190 200.3 182.7 166.2 150.8 1365 1233 111.2 100.1

59. 286.1 2626 240.4 219.4 199.7 181.3 164.3 1485 134.0 1206 108.4

58. 315.4 2889 263.8 240.3 2183 198.7 1789 161.5 1455 130.8 175

57. 347.8 317.7 2895 263.1 2386 2158 194.8 1756 157.9 1419 127.2

56. 3835 3495 317.7 288.1 260.7 2354 212.2 190.9 1715 153.8 137.8

55. 423.0 3845 348.7 3155 284.9 256.8 2310 2075 186.1 166.7 149.2

54. 466.6 4230 3827 3455 3113 280.0 2515 2255 2020 180.7 161.5

53. 514.8 465.5 4200 3783 340.1 305.4 2738 245.1 2192 195.9 1748

52. 568.1 5122 461.0 4142 3716 333.0 298.0 266.4 2379 2122 189.2

51. 627.0 563.6 505.9 453.5 406.0 363.0 3243 289.4 258.1 2299 204.8

50. 692.1 620.3 555.2 495 443.4 3957 352.8 3144 2799 249.1 2216

49. 764.1 682.7 609.4 5435 4843 4313 3839 3415 3036 269.8 2397

48. 843.8 7515 668.8 594.9 529.0 470.1 4176 3709 329.3 292.2 259.3

47. 9319 827.2 734.1 651.3 577.7 512.3 4543 4027 357.0 316.4 2805
46. 1029.5 910.7 805.7 7128 630.8 568.2 494.0 4373 387.1 3426 303.3
45. 11376 1002.7 884.3 780.2 688.7 608.2 537.2 474.7 4196 3709 3280
44. 1267.2 1104.1 970.6 853.9 7519 6626 584.1 515.3 454.8 401.5 354.6
43, 1389.8 12158 1065.3 934.6 8208 721.7 635.1 559.3 4928 434.6 383.4
42. 1536.7 1339.1 1169.2 1022.8 896.0 786.0 690.3 606.9 534.0 470.3 414.4
41. 1699.6 1474.9 1283.3 1119.2 978.0 856.0 750.3 658.5 5786 508.8 4479
40. 1880.2 1624.7 1408.6 1224.7 1067.3 9320 815.4 714.4 626.7 550.5 484.0
39. 2080.5 1790.0 1546.1 1340.0 1164.7 1014.8 886.0 7749 6788 595.5 522.9
38. 23029 1972.2 1697.1 1466.1 1270.8 11047 962.6 8405 7362 644.1 565.0
37. 549.7 21733 1862.8 1604.0 1386.5 1202.4 1045.6 911.4 796.1 696.5 6103
36. 2823.9 2395.2 2044.7 1754.8 1512.6 1308.6 1135.7 988.2 861.9 7531 659.2
35. 31285 2640.1 2244.4 1919.6 1649.9 1424.1 1233.4 1071.4 933.0 814.3 7120
34. 3467.2 2910.4 2463.7 2099.8 1799.6 15495 1339.3 1161.4 1009.9 880.3 7688
33. 3843.8 3208.8 2704.4 2296.7 1962.6 1685.7 1454.1 1258.7 1093.0 951.5 830.1
32. 4262.8 3538.3 2968.6 2511.9 2140.2 1833.7 1578.5 1364.1 11827 1028.3 896.2
31, 47293 3902.3 3258.7 2747.2 23336 19945 17133 1478.1 1279.6 1112 967.4
30. 5248.9 4304.2 3577.3 3004.3 2544.1 2169.0 1859.4 1601.3 1384.3 1200.6 1044.2
29. 5828.0 4748.4 3926.9 3285.2 2773.4 2358.5 2017.7 17346 14974 12971 1126.9
28. 6473.9 5239.2 4310.9 3592.1 3023.0 2564.3 2189.1 1878.8 16195 1401.2 1216.1
27. 71945 5781.7 4732.4 39275 3294.7 27876 2374.8 2034.6 17513 1513.4 13121
26. 7999.2 6381.5 5195.2 42939 3590.5 3030.0 2575.9 22031 1893.7 1634.4 14156
b 25, 8898.3 70448 5703.4 4694.1 39123 3293.0 2793.7 2385.2 2047.3 17649 1527.1
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% RATED VOLTAGE

50. 55. 60. 65. 70. 75. 80 85. 90. 95, 100.

110. 1.4 14 1.4 13 13 12 1.2 12 11 1.1 1.0

109. 1.6 15 15 15 14 1.4 13 13 12 1.1 11

108. 1.7 1.7 16 1.6 15 15 1.4 1.4 13 13 1.2

107. 19 1.9 18 18 17 16 16 15 14 14 13

106. 2.1 2.0 20 19 1.9 18 1.7 16 16 15 14

105. 23 22 2.2 2.1 2.0 20 19 18 17 16 15

104, 25 25 24 23 2.2 21 2.1 20 19 1.8 17

103. 28 27 26 25 24 23 2.2 2.1 2.0 19 18

102 3.0 3.0 29 28 2.7 26 25 23 22 2.1 20

101. 33 33 31 3.0 29 28 2.7 26 2.4 23 2.2

100. 37 36 35 33 3.2 3.1 29 28 2.7 25 2.4

99. 4.0 39 38 37 35 3.4 3.2 3.1 29 2.7 26

98. 4.4 43 4.2 4.0 38 37 35 33 32 3.0 28

97. 4.9 4.7 46 4.4 4.2 4.0 38 36 34 32 3.1

96. 5.4 5.2 5.0 4.8 46 4.4 4.2 4.0 38 35 33

95. 5.9 5.7 55 5.3 5.1 4.8 4.6 4.3 4.1 39 36

94. 65 6.3 6.0 5.8 5.5 5.3 5.0 4.7 45 42 39

93. 7.1 6.9 66 6.3 6.1 5.8 5.5 5.2 49 46 4.3

92. 78 76 73 7.0 6.6 6.3 6.0 5.7 5.3 5.0 a7

91. 86 83 8.0 76 7.3 6.9 6.5 6.2 5.8 5.4 5.1

90. 95 9.1 8.7 8.4 8.0 76 7.1 6.7 6.3 5.9 55

89. 10.4 10.0 96 9.2 8.7 83 7.8 7.4 6.9 6.4 6.0

88. 1.4 1.0 10.5 10.0 95 9.0 85 80 75 7.0 65

87. 126 121 16 1.0 105 9.9 9.3 88 8.2 7.6 7.1

86. 138 133 127 121 1.4 10.8 10.2 95 89 8.3 7.7

85. 15.2 14.6 139 132 125 1.8 1.1 10.4 9.7 9.0 8.4

84. 16.7 16.0 15.3 145 127 129 121 1.4 10.6 9.8 9.1

83. 18.4 17.6 16.7 15.9 15.0 14.1 13.3 124 15 10.7 9.9

82. 20.3 19.3 18.4 17.4 16.4 155 14.5 135 126 1.7 108

81. 223 21.2 20.2 19.1 18.0 16.9 158 147 137 12.7 1.7

80. 245 233 22.1 209 19.7 185 17.3 16.1 149 138 127

79. 27.0 256 243 229 215 20.2 18.8 175 16.2 15.0 138

78 297 282 2656 251 236 221 20.6 19.1 177 16.3 15.0

7. 326 310 292 275 258 24.1 224 20.8 19.2 17.7 16.3

o~ 76. 359 34.0 32.1 30.2 28.2 26.3 245 227 209 19.3 17.7
8 75. 395 374 352 33.0 309 2838 26.7 247 228 21.0 19.2
74, 435 411 3856 36.2 338 315 29.2 26.9 248 228 208

w 73. 479 45.1 42.4 39.7 37.0 34.4 318 29.4 27.0 247 226
g 72. 527 496 465 435 405 375 34.7 32.0 29.4 26.9 246
B 7. 58.0 545 51.1 476 443 410 379 348 319 29.2 266
< 70. 63.9 59.9 56.0 52.2 48.4 448 413 37.9 34.7 317 289
[+ 69. 70.4 659 615 57.2 53.0 489 45.0 413 378 345 31.4
w 68. 775 72.4 675 62.6 57.9 53.4 49.1 45.0 411 37.4 34.0
s 67. 85.3 79.6 74.0 68.6 63.4 58.3 53.5 49.0 447 40.6 36.9
w 66. 94.0 875 813 75.2 69.3 63.7 58.3 533 486 44.1 40.0
- 65. 1035 96.2 89.2 82.3 75.8 69.5 63.6 58.0 52.8 479 43.4
w 64. 1140 105.8 97.9 90.2 829 75.9 69.3 63.1 57.4 52.0 47.0
4 63. 125.7 116.4 107.4 98.8 90.6 828 755 68.7 62.3 56.4 51.0
o 62. 1385 128.0 17.9 108.2 99.1 90.4 823 748 67.7 61.2 56.2
o 61. 1526 140.7 1293 118.5 108.3 98.7 89.7 81.3 736 66.4 50.9
60. 168.2 154.7 141.9 1298 118.4 107.7 97.7 885 799 721 64.9

59. 185.4 170.2 155.8 1422 129.4 17.5 106.4 96.2 86.8 78.2 703

58. 204.4 187.2 171.0 155.7 1415 128.2 1159 104.6 94.3 84.8 76.1

57. 2254 205.9 187.6 1705 154.6 1399 126.3 1138 102.3 91.9 824

56. 2485 226.5 2059 186.7 169.0 152.6 1375 1237 111 99.7 89.3

56. 274.1 249.2 226.0 204.5 184.6 166.4 149.7 1345 1206 108.0 96.7

54. 302.4 274.1 248.0 2239 201.7 181.5 163.0 146.2 130.9 171 104.6

53, 3336 301.6 2722 245.1 220.4 197.9 177.4 158.8 142.1 126.9 1133

52. 368.1 3319 298.7 268.4 240.8 2158 193.1 1726 154.1 1375 1226

51. 406.3 365.2 327.8 293.9 263.1 235.2 2101 1875 167.2 149.0 1327

50. 4485 402.0 359.8 3217 287.4 256.4 228.7 203.7 181.4 161.4 143.6

49, 4952 4424 3949 3522 3139 2795 2488 2213 196.7 174.9 155.3

48. 546.8 487.0 433.4 385.5 342.8 304.6 270.6 2403 2134 189.4 168.0

47. 603.9 536.0 475.7 4220 374.3 332.0 294.4 261.0 2314 205.1 181.7

46. 667.2 590.1 522.1 461.9 408.8 361.7 320.2 2834 250.8 2220 196.6

45. 737.2 649.8 573.0 505.6 446.3 394.1 348.1 307.6 271.9 240.4 2125

44, 814.7 715.5 628.9 553.4 487.3 429.3 3785 333.9 2047 260.2 2298

43, 900.6 7879 690.3 605.6 531.9 467.7 4115 362.4 319.4 2816 248.4

42, 995.8 867.7 757.7 662.8 580.6 509.4 447.3 393.3 346.1 304.7 268.5

41, 1101.4 955.8 831.6 7253 633.7 554.7 486.2 426.7 3749 329.7 290.2

40. 1218.4 1052.9 9128 7936 691.6 604.0 528.4 462.9 406.1 356.7 313.6

39. 1348.2 1159.9 1001.9 868.3 754.7 657.6 574.1 502.2 4399 385.9 338.9

38. 1492.3 1278.0 1099.7 950.1 8235 7158 623.8 544.6 476.4 417.4 366.1

37. 1652.3 1408.4 1207.1 1039.4 8985 779.2 677.6 590.6 515.9 451.4 395.5

36. 1829.9 1552.1 1325.0 1137.1 980.2 848.0 736.0 640.4 568.5 488.0 427.2

35. 2027.3 17108 1454.4 12439 1069.2 9228 799.3 694.3 604.6 527.7 461.4

34. 22468 1886.0 1596.5 1360.7 1166.2 1004.1 867.9 752.6° 654.4 570.4 498.2
33. 2490.8 2079.4 1752.5 1488.3 1271.8 1092.4 942.3 815.7 708.3 616.6 537.9
32. 2762.4 2292.9 1923.7 1627.8 1386.9 1188.3 1022.9 884.0 766.4 666.4 580.7
31. 3064.7 2528.7 2111.7 1780.2 1512.2 1292.4 11103 957.8 829.2 7201 626.9
30. 3401.4 2789.2 2318.1 1946.8 1648.6 1405.5 1204.9 1037.7 897.1 778.0 676.6
29. 3776.7 3077.0 2544.7 21289 1797.2 1528.4 1307.5 1124.1 970.4 840.6 730.3
28. 41952 3395.1 27935 2327.8 1959.0 1661.7 1418.6 12175 1049.5 908.0 788.0
27. 4662.1 3746.7 3066.7 2545.1 2135.0 1806.4 1538.9 13185 11349 980.7 8503
26. 5183.6 4135.3 3366.6 27825 2326.7 1963.5 1669.2 1427.7 1227.1 1059.1 917.3
25. 5766.2 4565.2 3695.9 3041.9 2535.2 21339 1810.3 1545.7 1326.7 1143.7 989.6
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Basic Differences — Composition and Structure

The difference in properties and performance of
ferrites as compared with other magnetic materials is
due to the fact that the ferrites are oxide materials
rather than metals. Ferromagnetism is derived from
the unpaired electron spins in only a few metal atoms,
these being Iron, Cobalt, Nickel, Manganese, and
some rare earth elements. It is not surprising that
the highest magnetic moments and the saturation
magnetizations are to be found in the metals them-
selves or in alloys of these metals. The oxides, on the
other hand, suffer from a dilution effect of the large
oxygen ions in the crystal lattice. In addition, the

net moment resulting from ferromagnetic alignment
of the atomic spins is reduced because a different, less
efficient type of exchange mechanism is operative.
The oxygen ions do serve a useful purpose, however,
since they insulate the metal ions and, therefore,
greatly increase the resistivity. This property makes
the ferrite especially useful at higher frequencies.
The purpose of this paper is to list the various con-
siderations which enter into the choice of a material
for a specific application and to contrast pertinent
ferrite properties with those of bulk metal or pow-
dered metal materials.

Material Considerations
Magnetic and Mechanical Properties

SATURATION MAGNETIZATION

As mentioned previously, the highest saturation
values are found in the metals and alloys. Thus, if
high flux densities are required in high power appli-
cations, the bulk metals, iron, silicon-iron and cobalt-
iron are unexcelled. Since the flux in maxwells
@ = BA, where B = flux density in gauss and A =
cross-sectional area in cm?, obtaining high total flux
in materials such as ferrites or permalloy powder
cores can be accomplished only by increasing the
cross-sectional area. Powdered iron has a fairly high
saturation value, but exhibits low permeabilities.

CURIE TEMPERATURES

All magnetic materials lose their ferromagnetism at
the Curie temperature. One overriding consideration
for a magnetic material is that the Curie point of the
material be well above the proposed operating tem-
peratures. Table 1 lists the Curie Temperatures of the
various materials. The Curie point depends only on
composition and not on geometry. Even though
some of the magnetic materials shown can be used at
higher operating temperatures than others, very often
the temperature limitations of the accessory items

(wire insulation, potting or damping compound) can
be more important; in this case,no practical advantage
may be gained by the higher Curie point materials.

MAGNETIC LOSSES

The magnetic losses in an A.C. application can be

represented by the familiar Legg equation:
Ry = ufL(ef + aBy, +¢)

where: Ry, = total core loss in ohms
e = eddy current coefficient
a = hysteresis coefficient
¢ = residual loss coefficient
M = magnetic permeability
f = frequency in hertz
L = inductance in henries
By, = maximum flux density in gausses

Eddy current losses will increase quite rapidly with
frequency. In bulk metals, these high frequency
losses can be reduced by reducing the thickness of the
material perpendicular to the flux flow. This is
accomplished by using thin gage tapes or laminations
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or by powdering and insulating the particles. In
ferrites, the same result is obtained by increasing the
resistivity by many orders of magnitude. Thus, at the
highest operating frequencies where further particle
reduction is impractical, ferrites are the only available
materials.

The hysteresis losses are proportional to the flux
density and can be depicted as the area inside the
hysteresis loop. High hysteresis losses are accom-
panied by the presence of unwanted harmonics. The
nickel-iron (permalloy) alloys have low hysteresis
losses and a great asset to the permalloy powder core
is that these low losses are maintained with the
accompanying reduction in eddy current losses.

The residual losses are not too well understood
and perhaps represent an expression of our ignorance
of the system. They apparently are tied in partially
to absorption of energy from the system by gyro-
magnetic resonance.

A listing of the various losses in the materials
under consideration is given in Table 1.

PERMEABILITY

Permeability is a function of composition and
processing. The highest initial permeabilities (those
measured at very low flux levels) are found in the
nickel-iron alloys, particularly in supermalloy where
the value is about 100,000. Powdered iron cores have
low permeabilities (10-100) while permalloy powder
cores are somewhat higher (15-550). Ferrites can be
made over a wide range of permeabilities. The linear
filter type permeabilities vary from 100-2000, while
those used in power applications range from 3000-
15,000. As the operating frequency increases, ferrites
with lower permeabilities are used because these have
distinctly lower losses in these regions. The permea-

bilities for a variety of materials are listed in Table 1.

FIGURE OF MERIT

A useful figure of merit for linear core materials is
the uQ product. Values of this factor are tabulated

Appendix H

in Table 1. At frequencies of 100 KHz and above,
the value for ferrites is considerably above all other
materials.

SQUARENESS

The squareness ratio is defined as the ratio of B; to
By, and is especially important in memory work and
switching core applications. Magnesium-manganese
ferrites can be produced with extremely high square-
ness ratios. While some metal tape and bobbin cores
possess similar high ratios, their higher cost and
difficulty in miniaturization make the ferrites the
material of choice in large scale memory applications.
Thin film memories may be considered bulk metals
and may become increasingly important but at
present, literally billions of small ferrite memory
cores are being produced. The importance of this
phase is emphasized by the fact that the market
value for computer magnetics is now equal in dollars
to that of the power materials market.

BRITTLENESS

One drawback to the ferrite core as compared
with metal cores is its brittleness. Being ceramic in
nature, care must be exercised in the handling of
these cores. Powder cores are also somewhat brittle
and similar precautions are required. Although metal
tape cores are not brittle, they nevertheless are
sensitive to strain and mechanical shock, especially in
the high permeability materials. Consequently, tape
wound cores are often embedded in a damping
compound which prevents the transfer of strain or
shock to the cores.

HARDNESS

Ferrites are very hard materials as compared with
the other materials under consideration. This proper-
ty is especially useful in applications in which wear is
a factor. Consequently, ferrite material is being used
extensively in magnetic recorder head applications.
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FORMABILITY

The three types of materials - bulk metal,powdered
metal and ferrite - are produced by widely varying
techniques and consequently the available geometries
also vary.

Bulk metals - These are produced mostly by stand-
ard metallurgical processes involving melting fol-
lowed by hot and cold rolling. The sheet material
produced is either slit and wound into tape or
bobbin cores or punched into laminations. Photo-
etching, a new method of forming small complex
parts, avoids costly tooling, and produces stress-
free parts.

Powdered Iron and permalloy - These materials are
always die-pressed into toroids or slugs, moly-
permalloy usually in toroids and powdered iron
into slugs.

Ferrites - Because ferrites are produced by a
ceramic technique, they can be made in a large
number of shapes. Unlike the bulk metals, they
can be molded directly, and unlike the powdered
permalloy, they can be machined and ground to
close tolerances after firing. Various forming
processes for ferrites include die pressing,extrusion,
hydrostatic pressing and hot pressing. The avail-
able shapes include toroids, E-I cores, U-I cores,
pot cores, rods, tubes, beads and blocks.

TUNABILITY

An exact inductance is required in certain L-C
circuits. If the shape of the inductor is toroidal, the
inductance can be trimmed only by the addition or
removal of turns, a time consuming and costly
procedure. If a ferrite pot core is used, the tuning
can be accomplished by means of a screw-type
trimmer core which changes the effective air gap of
the core. Threaded rods of powdered iron or
ferrite materials are used extensively as tuning ele-
ments in slug tuned inductors.

WINDING CONSIDERATIONS

Winding turns on a toroid involves specialized
equipment and the procéss involves winding each
core separately in a relatively time consuming opera-
tion. The bobbins used in ferrite pot cores can be
wound many at a time on a rather simple machine.
This ease of winding constitutes an important advan-
tage for ferrite pot cores.

MAGNETIC SHIELDING

If magnetic components are relatively close in a
circuit, the fields produced by one component may
effect the performance of other cores. One solution
is to increase the space between components. This
increases the overall size of the system. Another is to
use a magnetic shield which increases weight and
size. A ferrite pot core is inherently self-shielding by
nature of the enclosed magnetic circuit.
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Appendix H

Inductance Stability Considerations

TEMPERATURE STABILITY

In telecommunications circuitry (tuned L-C filters),
the maintenance of a near-constant inductance as a
function of temperature and time is most critical.
One method of achieving this stability is by the in-
sertion of an air gap. The gap may be distributed as
in powder cores or localized as in gapped ferrite pot
cores. Gapping also results in a reduction in the
effective permeability but often this is not a serious
limitation. In gapped ferrite cores, the temperature
coefficient (T.C.) can be linear to match a capacitor

with an equal but opposite T.C. (polystyrene) or
relatively flat if a flat T.C. capacitor (silver-mica) is
used.

TC. = AL
LAT

where AL and AT aie changes in and
temperature and L is inductance at a standard temperature.

Figure 1 illustrates the temperature characteristics
of several ferrite materials.

Figure 1
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INITIAL PERMEABILITY (u,) VS. TEMPERATURE

-

2000 4,

AR

Bo 5200

AN

\o

+20 +40 +60

+80 +100 +120 +140 +160 +180 +200

TEMPERATURE °C



Ferrites and Other Magnetic Materials 293

As pointed out, the use of an air gap greatly
increases the temperature stability. The powder core
toroid and ferrite pot core are thus used to good ad-
vantage. In the powder core, the T.C. is built into the
toroid whereas in the pot core, the T.C. can be varied
by changing the gap. However, in the latter, the
effective permeability and therefore the inductance of
the core is changed. By choice of the proper size
core with the proper gap, the optimum inductance

and T. C. can be obtained.

PERMEABILITY VS. A. C. FLUX DENSITY

It is often desirable to have a minimum change in
permeability with A. C. excitation. Here again, the air
gap in either permalloy powder cores or ferrites can
be used to advantage. Figures 2, 3 and 4 show the
relative change in inductance for a ferrite toroid,
ferrite pot core, and permalloy powder toroid.

RELATIVE CHANGE OF INDUCTANCE WITH A. C. FLUX LEVEL
FOR TOROIDS AND POT CORES

Figure 2 Figure 3
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PERMEABILITY VS. D. C. BIAS

Often an A. C. circuit has a superimposed D. C.

bias condition. Minimum variation of permeability
with D. C. is desirable. Powder cores are especially

Appendix H

resistant to these changes. Figure 5 shows typical
variations of u with D. C. bias for permalloy powder
toroids. Gapped ferrite pot cores show a similar
effect, shown in Figure 6.

Figure 5
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PERMEABILITY VS. TIME

In most magnetic materials there is a slight decrease
in permeability with time after the material is de-
magnetized or after it is first produced. This effect is
known as disaccommodation. In non-linear applica-
tions this effect is not too important. However, in
low flux level circuits where a constant inductance is
required, the effect must be considered. The effect
is pronounced in low permeability materials and is
negligible for high permeability materials. However,

the effect can be minimized greatly by reduction of
the effective permeability by insertion of an air gap.
Thus in powder cores, the change of permeability due
to this effect is less than .1%. In ferrite pot cores,
the localized gap reduces the effect in proportion to
the effective permeability compared with the toroidal
permeability. Since the effect is logarithmic, most of
the decrease occurs in the first few days after firing.
If some aging of the cores occurs before usage, the
change of inductance due to time will be negligible.
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Application Considerations
Ferrite Advantages and Disadvantages

APPLICATION ADVANTAGES DISADVANTAGES
Low Frequency (<1 KHz) ® Ease of forming shapes allows possible use in ®  Flux density low
High Flux Applications i , high loss such as relays, ® Relative cost high
Generators small motors . ® Limited size of parts
Motors
Power Transformers
Medium Frequency (1-100 KHz) ® Cost much lower than Nickel-ron alloys, ®  Flux density lower than Nickel-iron
Non-Linear High Flux Applications especially thin tapes alloys
Flyback Transformers ® Moderately high permeabilities available ® Permeabilities lower than Nickel-Iron
Deflection Yokes ® Low losses, especially in upper half of this range alloys
Inverters ® Inherent shielding in pot cores ® Curie Temperature fairly low
Wide Band Transformers e Good wear resistance ® Good mating surface necessary for
Recording Heads e Easily adapted to mass production high inductance
Pulse Transformers ® Smaller flux change than bobbin cores
Memory Cores
Medium Frequency (1-100 KHz) ® Permeabilities higher than powdered iron or ® | ow Curie point
Low Flux, Linear Applications Permalloy cores ©® Need precision grinding of air gap
Loading Coils ® Gapped pot cores provide: ® Brittleness
Filter Cores 1. Adjustability ® Mounting hardware needed

Tuned Inductors
Wide Band Transformers

Antenna Rods

2. Stability - temperature, time,
A. C. flux density, D. C. bias
3. Self-shielding

® [1Q Products higher than other materials

® Wide choice of Inductance and Temperature
Coefficient
Higher Frequencies (>200 KHz) ® Low losses (especially eddy current) ® Permeability decreases with frequency
Low Flux, Linear Applications ® Only Ferrites and powdered iron can operate . i fr i apply
Filters at higher frequencies ® Poor heat transfer
Inductors ® Medium frequency advantages apply
Tuning Slugs
Microwave Frequencies (>500 MHz) @ Low dielectric losses
® Good gyromagnetic properties
® Only bulk material available
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TABLE H.1 Properties of Soft Magnetic Materials

Appendix H

iti Loss Coefficient:
MATERIAL lmtla;‘ Perm. Ki:;:::us oss Coefficients
° ex 108 ax103 cx 103
Fe 250 22
Si-Fe (unoriented) 400 20 870 120 75
Si-Fe (oriented) 1500 20
50-50 Ni Fe(grain-oriented) 2000 16
79 Permalloy 12,000 8 173
to to
100,000 "
Permalloy powder 14 3 .01 .002 .05
to to to
550 .04 A
Iron powder 5 10 .002 .002 2
to to to to
80 .04 4 14
Ferrite-MnZn 750 3 .001 .002 .01
to to
15,000 5
Ferrite-NiZn 10 3
to to
1500 5
Co-Fe 50% 800 24
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Curie

MATERIAL Temperature|  Resistivity HoQat Operating

oc {ohm-cm) 100 KHz Frequencies
Fe 770 10x106 60 - 1000 Hz
Si-Fe (unoriented) 740 50x10°6 60 - 1000 Hz
Si-Fe (oriented) 740 50x106 60 - 1000 Hz
50-50 Ni Fe (grain-oriented) 360 40x106 60 - 1000 Hz
79 Permalloy 450 56x10°6 8000 1 KHz - 75 KHz

to
12,000
Permalloy powder 450 1. 10,000 10 KHz - 200 KHz
Iron powder 770 104 2000 100 KHz - 100 MHz
to
30,000

Ferrite-MnZn 100 10 100,000 10 KHz - 2MHz

to to to

300 100 500,000

Ferrite-NiZn 150 106 30,000 200 KHz - 100 MHz

to

450

Co-Fe 50% 980 70x10°6







List of Symbols

A open-loop voltage gain

Ao effective core area (cmz)

Ap area product (cm4)

Ay total surface area of magnetic component (cm Z)
Ay wire area (cm?2)

Aw(B) bare wire area (cm?2)

Aq, Ay N x N square matrix

B flux density (tesla or webers/mz)

B n-element column vector matrix

Bge alternating current flux density (tesla)
Bge direct current flux density (tesla)

By L x M matrix

By L x M matrix

C output filter capacitor (farads)

Cq L x N matrix

Co L x N matrix

D steady-state ON time duty ratio = Tqy/T
Dy maximum steady-state ON time duty ratio
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List of Symbols

minimum steady-state ON time duty ratio

optimum duty ratio for a given rf, to obtain maximum
de gain

steady-state "off" time duty ratio, continuous conduc-
tion mode =1-D

steady-state OFF time duty ratio for discontinuous
conduction mode

steady-state dwell time duty ratio
dynamic ON time duty ratio =D + d
duty ratio perturbation

dynamic OFF time duty ratio =D - d
equivalent series inductance (henrys)

equivalent series resistance (of output filter capacitor)
€V)

frequency (Hz)

fringing flux factor

converter switching frequency (Hz)
coil length, window height (em)

gain margin (dB)

gain margin for high duty ratio, DH (dB)
gain margin for low duty ratio, DL (dB)
magnetizing force (amp turns/cm)
effective output filter transfer function
input filter transfer function

unit matrix or identity matrix

current (A)

input current (A)

output current (A)

primary winding current (A)

secondary winding current (A)

current density (A/ cmz)
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K constant

Ke electrical constant coefficient

Kg core geometry coefficient

Kj current density coefficient

Ky window utilization factor

L inductance (henry)

lg gap length (cm)

Im magnetic path length (cm)

Mq control modulation function

M; pulse width modulator input port to output port trans-
fer function

MLT mean length turn (cm)

N number, turns ratio, number of turns

n number, turns ratio

nC output filter damping capacitor n x C (farads)

Np number of primary turns

Ng number of secondary turns

Pou copper loss (watts)

Pge core loss (watts)

P input power (watts)

Po output power (watts)

Pt apparent power (watts, volt-amp)

Py total loss (core and copper) (watts)

Q quality factor of inductor or tuned circuit

R load resistance ()

Rp primary winding resistance (Q)

Rg secondary winding resistance ()

r output filter damping resistor ()

ry, inductor loss equivalent resistance ()



302

T(s)

List of Symbols

= (conductor area)/(wire area), where conductor
area = copper area, wire area = copper area + insula-
tion area

= (wound area)/(usable windcw area), where wound
area = number of turns x wire area of one turn

= (usable window area)/(window area), where usable
window area equals available window area minus un-
used area due to winding technique, and window area =
available window area

= (usable window area) /(usable window area + insula-
tion area)

complex frequency variable s = 0 + jw
loop gain (dB)

period of converter switching frequency (sec) = DTg +
D,Tg for continuous conduction mode, = DTg + DyT¢ +
DTy for discontinuous conduction mode

volt-amperes

steady-state control voltage (volts)
diode forward voltage drop (volts)
steady-state line input voltage (volts)
steady-state output voltage (volts)
dynamic control voltage = V, + \Arc (volts)
control voltage perturbation (volts)
dynamic line input voltage (volts)

line input voltage perturbation (volts)
dynamic output voltage = V, + \7‘0 (volts)
output voltage perturbation (volts)
volume (em3)

core volume (cm3)

gap volume (cm3)

window area (cm2)

effective window area (cmz)
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Wy core weight (g)

X steady-state value of x

Xc reactance of capacitor C (Q)

X1, reactance of inductor L (Q)

X state vector, dimension N

X differential of state vector

fc perturbed differential of state vector x

y output vector, dimension L

o regulation constant

B feedback network transfer coefficient

z damping ratio, also used in a different context as
resistance temperature correction factor

n efficiency

Ho permeability of free space = 4m x 10—7 henrys/m

Yp relative permeability of core

M product of U, and Ho

UA effective permeability

o} resistivity (Q-cm)

o] real part of complex frequency variable, s (nepers)

¢ total flux (weber)

P4 maximum phase lead (deg)

og maximum phase lag (deg)

Ym phase margin (deg)

YmH phase margin at high duty ratio (deg)

omL phase margin at low duty ratio (deg)

w angular frequency, imaginary part of complex frequency
variable, s (rad)

azbh a is approximately equal to b

a>b a is greater than b

a>b a is very much greater than b



a is smaller than b
a is very much smaller than b
a is identical to b
a is not equal to b

r in parallel with R

List of Symbols
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input, 205
output, 7, 205
Prediction, life of capacitor,
281
Programs, calculator, 40
Protection
over-current, 119
short-circuit, 119, 129
Pulse width modulation,
2
Pulse width modulator, 2,
136

Quality factor of output
filter, 155

Index

Regulator
bandwidth of, 172
switching, 1
Relationships
area product, 263
current density, 263
Resistance
equivalent series, 17, 75
negative, 189, 192 K
Response
closed-loop, 201
of filter, 189
magnitude, 170
network, 160
phase, 140, 170
transient, 203
Ripple
current, 7, 10, 12, 18
voltage, 9, 10, 13, 17

Short-circuit protection, 119

Single-stage LC filter re-
sponse, 189

Stability considerations, 134

State-space averaging analy-
sis, 209

Test set, 196
Transformer, 76

current, 118

power, 84
Transient response, 203
Transistor voltage rating,

35

Turns ratio, 76

Unconditional stability, 148

Voltage ripple
output 9, 10, 13, 17

Wire table, 107

Zero, right half plane, 225



? DOOK . ..

Although the concept of switch mode power conversion is not new, the technology to
utilize it has only recently become available. This outstanding monograph provides a com-
plete overview of this subject, enabling engineers to design and implement systems to
meet specific requirements.

Using the simplest possible language for easy understanding, Switch Mode Power Conver-
sion offers such helpful features as a complete listing of calculator programs, over 200 re-
ferences, and numerous graphical design aids . . . presents examples of basic converter de-
signs . . . provides guidelines for avoiding input filter interaction with converter input im-
pedance . . . allows designers to check their work with performance evaluation methods
... simplifies the explanation of magnetic components basics . . . and much more!

With this timely volume—the first, single-source reference in this field—electrical and elec-
tronic engineers; designers and manufacturers of electronic equipment; and aerospace,
computer, control and communication engineers will gain a full appreciation of Switch
Mode Power Conversion.
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