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Figure 15.9. Load regulation

vs load current, for the npn

| boost circuit (See Figure 15.11)

Figure 15.11.
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Figure 15.10. High-efficiency
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16

Positive Voltage Regulators

by Robert J. Widlar

National Semiconductor

IC voltage regulators are seeing rapidly increasing usage. The LM100, one of the first,
has already been widely accepted. Designed for versatility, this circuit can be used
as a linear régulator, a switching regulator, a shunt regulator, or even a current
regulator. The output voltage can be set between 2 V and 30 V with a pair of external
resistors, and the IC works with unregulated input voltages down to 7 V. Dissipation
limitationé of the IC package restrict the output current to less than 20 mA, but
external transistors can be added to obtain output currents in excess of 5 A. The use
of the IM100 in many applications has been described (1-3).

One complaint that has been raised about the IM100 is that it does not have good
enough regulation for certain applications. 1In addition, it becomes difficult to prove
that the load regulation is satisfactory under worst-case design conditions. These
problems prompted development of the IM105, which is nearly identical to the LM100
except that a gain stage has been added for improved regﬁlation. In the great majority
of applications, the LM105 is a plu@—in replacement for the IM100.

16.1 AN IMPROVED REGULATOR

The load regulation of the IM100 is about 0.1%, no load to full load, without current
limiting. When short-circuit protection is added, the regulation begins to degrade as
the output current becomes greater than about one half the limiting current. This is
illustrated in Figure 16.1. The 1LM105, on the other hand, gives 0.1% regulation up to
currents closely approaching the short-circuit current. As shown in Figure 16.1b, this
is particularly significant at high temperatures.

The current limiting characteristics of a regulator are important for two reasons:
first, it is almost mandatory that a regulator be short-circuit protected because the
output is distributed to enough places that the probability of it becoming shorted is
quite high. Secondly, the sharpness of the limiting characteristics is not improved
by the addition of external booster transistors. External transistors can increase
the maximum output current, but they do not improve the load regulation at currents
approaching the short-circuit current. Thus, it can be seen that the IM105 provides
more than ten times better load regulation in practical power supply designs.

Figure 16.2 shows that the IM105 also provides better line regulation than the
ILM100. These curves give the percentage change in output voltage for an incremental
change in the unregulated input voltage. They show that the line regulation is worst
for small differences between the input and output voltages. The IM105 provides
about three times better regulation under worst-case conditions. Bypassing the
internal reference of the regulator makes the ripple rejection.of the IM105 almost a
factor of ten better than the IM100 over the entire operating range, as shown in the
figure. This bypass capacitor also eliminates noise generated in the internal
reference zener of the IC.

The IM105 has also benefited from the use of new IC components developed after the
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IM100 was designed. These have reduced the internal power consumption so that the
IM105 can be specified for input voltages up to 50 V and output voltages to 40 V. The
minimum preload current required by the LM100 is not needed on the IM105.

16.2 CIRCUIT DESCRIPTION

The differences between the IM100 and the LM105 can be seen by comparing the schematic
diagrams in Figures 16.3 and 16.4. Q4 and Qg have been added to the LM105 to form a
common-collector, common-base, common-emitter amplifier; a single common-emitter
differential amplifier was used in the IM100.

In the IM100, generation of the reference voltage starts with zener diode, Dy, which
is supplied with a fixed current from one of the collectors of Q,. This regulated
voltage, which has a positive temperature coefficient, is buffered by Q4, divided down
by R] and Ry and connected in series with a diode-connected transistor, Q. The nega-
tive temperature coefficient of Q, cancels out the positive coefficient of the voltage
across Ry, producing a temperature-compensated 1.8 V on the base of Qg. This point is
also brought outside the circuit so that an external capacitor can be added to bypass
any noise from the zener diode.

Transistors Qg and Qg9 make up the error amplifier of the circuit. A gain of 2000 is
obtained from this single stage by using a current source, another collector on Q,, as
a collector load. The output of the amplifier is buffered by Q;; and used to drive the
series-pass transistor, Q12. The collector of Qq, is brought out so that an external
pnp transistor, or pnp-npn combination, can be added for increased output current.

Current limiting is provided by Q- When the voltage across an external resistor
connected between pins 1 and 8 becomes high enough to turn on Q0 it removes the base
drive from Q131 so the regulator exhibits a constant-current characteristic. Prebiasing
the current-limit transistor with a portion of the emitter-base voltage of Q,, from Rg
and Ry reduces the current-limit sense voltage. This increases the efficiency of the
regulator, especially when fold-back current limiting is used. With foldback limiting,
the voltage dropped across the current sense resistor is about four times larger than
the sense voltage.

As for the remaining details, the collector of the amplifier, Qg, is brought out so
that external collector-base capacitance can be added to frequency-stabilize the circuit
when it is used as a linear regulator. Ry and Ry are used to start up the regulator,
while the rest of the circuitry establishes the proper operating levels for the
current source transistor, Qz}

The reference circuitry of the ILM105 is the same, except that the current through the
reference divider, Ry, R3, and Ry, has been reduced by a factor of two on the IM105 for
reduced power consumption. In the LM105, Q, and Q4 form an emitter-coupled amplifier,
with Q5 being the emitter-follower input and Q; the common-base output amplifier. Rg
is the collector load for this stage, which has a voltage gain of about 20. The second
stage is a differential amplifier, using Q4 and Qg. Qg actually provides the gain.
Since it has a current source as a collector load, one of the collectors of Q5 the
gain is quite high: about 1500. This gives a total gain in the error amplifier of
about 30,000 which is ten times higher than the IM100.
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It is not obvious from the schematic, but the first stage (Q; and Q3) and second
stage (Q4 and Qs) of the error amplifier are closely balanced when the circuit is
operating. This will be true regardless of the absolute value of components and over
the operating temperature range. The only thing affecting balance is component
matching, which is good in a monolithic integrated circuit, so the error amplifier has
good drift characteristics over a wide temperature range.

Fréquency compensation is accomplished with an external integrating capacitor around
the error amplifier, as with the IM100. This scheme makes the stability insensitive to
loading conditions -- resistive or reactive -- while giving good transient response.
However, an internal capacitor, Cy, is added to prevent minor-loop oscillations due to
the increased gain. |

Additional differences between the IM100 and IM105 are that a field-effect transistor,
Qg connected as a current source starts the regulator when power is first applied.
Since this current source is connected to ground, rather than the output, the minimum
load current before the regulator drops out of operation with large input-output voltage
differentials is greatly reduced. This also minimizes power dissipation in the
integrated circuit when the difference between the input and output voltage is at the
worst-case value. With the LM105 circuit configuration, it was necessary to add Q17
to eliminate a latch-up mechanism which could exist with lower output-voltage settings.
Without Qy7+ this could occur when Q3 saturated and cut off the second-stage amplifiers,
Q4 and Qg, causing the output to latch at a voltage nearly equal to the unregulated
input.

16.3 POWER LIMITATIONS

Although it is desirous to put as much of the regulator as possible on the IC chip,
there are certain basic limitations. For one, it is not a good idea to put the series
pass transistor on the chip. The power that must be dissipated in the pass transistor
is too much for practical IC packages. Further, IC's must be rated at a lower maximum
operating temperature than power transistors. This means that even with a power
package, a more-massive heat sink would be required if the pass transistor was included
in the IC.

Assuming that these problems could be solved, it is still not advisable to put the
pass transistor on the same chip with the reference and control circuitry: changes in
the unregulated input voltage or load current produce gross variations in chip tempera-
ture. These variations worsen load and line regulation due to temperature interaction
with the control and reference circuitry. '

To elaborate, it is reasonable to neglect the package problem since it is potentially
solvable. The lower, maximum operating temperatures of IC's, however, present a more
basic problem. The control circuitry in an IC regulator runs at fairly low currents.
As a result, it is more sensitive to leakage currents and other phenomena which degrades
the performance of semiconductors at high temperatures. Hence, the maximum operating
temperature is limited to 150°C in military temperature range applications. On the
other hand, a power transistor operating at high currents may be run at temperatures
up to 200°C, because even a 1 mA leakage current would not affect its operation in a
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properly designed circuit. - Even if the pass tran51stor developed a permanent 1 mA
leakage from channeling, operating under these condltlons of high stress, it would not
affect circuit operation. -These condlthns;would not trouble the pass transistor, but
they would most certainly cause . complete failure of the control circuitry.

These problems are not eliminated in applications with a lower maximum operating
temperature. Integrated circuits are sold for limited temperature range applications
at considerably lower.cost: This is based mainly on a lower maximum junction
temperature. They may be rated so’ that they do not blow up at higher temperatures, but
they are not guaranteed to operate within specifications at these temperatures. There-
fore, in appiicationsvwith a lower maximum ambient temperature, it is necessary to
purchase an expensive full-temperature-range part in order to take advantage of the
thebretical meximum operating temperatures of the IC. '

Figure 16.5 makes the point -about ‘dissipation limitations more strongly. It gives
the maximum short-circuit output current for an IC regulator in a TO-5 package,
assuming a 25°C temperature rise between the chip and ambient and a quiescent current
of 2 mA. Dual, in-line or flat packages give results which are, at best, slightly
better, but are usually worse. - If the short circuit current is not of prime concern,
Figure 16.5 can also be used to give the maximum output current as a function of
input-output voltage differential. However, the increased dissipation due to the
"quiescent current flowing at the maximum input voltage must be taken into account. In
addition, the input-output differential must be measured with the maximum expected
input. voltages .

The 25°C temperature rise assumed in arriving at Figure 16.5 is not at all unreason-
able. With military-temperature-range parts, this is valid for a maximum juﬁetibn
temperature of 150°C with a 125°C ambient. For low-cost parts, marketed féf iimitedf
temperature-range applications, this maximum differential approprlately derates the
maximum junction temperature. -

'~ In practical designs, the maximum permissible dlss1pat10n w1ll/a1ways be to the left
of the curve shown for an infinite heat sink in Figure 16.5. Thls/curve is realized
with the package immersed in circulating acetone, freon or mineral oil. Most heat
sinks are not quite as good. ' ) g

To summarize, power transistors can be run- w1th a temperature differential, junction
to ambient, three to five times as great as_an 1ntegrated circuit. This means that
they can dlSSlpate much more power, even with a smaller heat sink. This, coupled with
the fact that low-cost, multilead-power packages are not available and that there can
be thermal interactions,bet@§en the'eontrolzeircuitry and the pass transistor, strongly
suggests that the pass transistors be kept separate from the integrated circuit.

16.4 USING BOOSTER >TRANSISTOR,S

Figure 1676 shbws how an- external pass transistor is added to the IM105. The
addition of an external pnp transistor does not increase the minimum input output
voltage differential. ‘This would happen if an npn transistor was used in a compound
emitter-follower connection with the npn output transistor of the IC. A single-
diffused, wide-base transistor like the 2N3740 is recommended because it causes fewer
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oscillation problems than double-diffused, planar devices. 1In addition, it seems to be
less prone to failure under overload conditions; and low-cost devices are available in
power packages like the T0-66 or even TO-3. ;

When the maximum dissipation in the pass transistor is less than about 0.5 W, a
2N2905 may be used as a pass transistor. However, it is generally necessary to care-
fully observe thermal deratings and provide some sort of heat sink.

In the circuit of Figure 16.6, the output voltage is determined by R; and Ry. The
resistor values are selected based on a feedback voltage of 1.8 V to pin 6 of the
IM105. To keep thermal drift of the output voltage within specifications, the
parallel combination of Ry and Ry should be approximately 2 kQ. However, this
resistance is not critical. Variations of 1+30% will not cause appreciable effects.

The 1l-p F output'capacitor C, is required to suppress oscillations in the feedback
loop involving the external booster transistor Q; and the output transistor of the
IM105. Cj compensates the internal regulator circuitry to make the stability independ-
ent for all loading conditions. €3 is not normally required if the lead length
between the regulator and the output filter of the regulator is short.

Current limiting is provided by Ré’ The current-limit resistor should be selected
so that the maximum voltage drop across it, at full load current, is equal to the
voltage given in Figure 16.7 at the maximum junction temperature of the IC. This
assures a no-load to full-load regulation of better than 0.1% under worst-case
conditions.

The short-circuit output current is also determined by R3. Figure 16.8 shows the
voltage drop across this resistor, when the output is shorted, as a function of junction
temperature in the IC. With the type of current limiting used in Figure 16.6, the
dissipation under short circuit conditions can be‘more than three times the worst-case
full-load dissipation. Hence, the heat sink for the pass transistor must be designed
to accommodate the increase &issipation if the regulator is to survive more than
momentarily with a shorted output. It is encouraging to note that the output current
will decrease at higher ambient temperatures. This assists in protecting the pass
transistor from excessive heating.

16.5 FOLDBACK CURRENT LIMITING

With high-current regulators, the heat sink for the pass transistor must be made
quite large in order to handle the power dissipated under worst-case conditions.
Making it more than three times larger to withstand short circuits is sometimes
inconvenient in the extreme. This problem can be solved with foldback current limiting,
which makes the output current under overload conditions decrease below the full-load
current as the output voltage is pulled down. The short-circuit current can be made
but a fraction of the full load current.

A high current regulator using foldback limiting is shown in Figure 16.9. A second
booster transistor, Qj has been added to provide a 2-A output current without causing
excessive dissipation in the IM105. The resistor across its emitter-base junction
bleeds off any collector-base leakage and establishes a minimum collector current for
Q, to make sure that the circuit will not oscillate. The foldback characteristic is
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produced with Ry and Rg. The voltage across R, bucks out the voltage dropped across
the current-sense resistor, R3. Therefore, more voltage must be developed across Rj
before current limiting is initiated. After the output voltage begins to fall, the
bucking voltage is reduced, as it is proportional to the output voltage. With the
output shorted, the current is reduced to a value determined by the current-limit
resistor and the current-limit sense voltage of the IM105.

Figure 16.10 illustrates the limiting characteristics. The circuit regulates for
load currents up to 2 A. Heavier loads will cause the output voltage to drop,
reducing the available current. With a short on the output, the current is only 0.5 A.

In design, the value of Ry is determined from

Viim
ISC
where Viim is the current-limit sense voltage of the 1IM105, given in Figure 16.8, and

Ry = (16.1)

Igc is the design value of short circuit current. Rg is then obtained from:
v v
R. = OUT + sense (16.2)

& Ibleed * Ibias
where Voyr is the regulated output voltage,. Vgense is maximum voltage across the

current-limit resistor for 0.1% regulation as indicated in Figure 16.7, Ipleedq is the
preload current on the regulator output and Ipjsg is the maximum current coming out of
pin 1 of the IM105 under full load conditions. Ipjzg will be equal to 2:mA plus the
worst-case base drive for the pnp booster transistor Q;. Ipjeeg should be made at
least ten times greater than Ipjag.

Finally, R4 is given by:
IrR3 = Vsense . (16.3)

R4 =

Tpleea * Ibias
where Ipy, is the éutput current of the regulator at full load.

It is recommended that a ferrite bead be strung on the emitter of the pass transistor,
as shown in Figure 16.9, to suppress oscillations that may show up with certain physical
configurations. It is advisable to also include C, across the current-limit resistor.

In some applications, the power dissipated in Q, becomes too great for a 2N2905 under
worst-case conditions. This can be true even if a heat sink is used, as it should be
in almost all applications. When dissipation is a problem, the 2N2905 can be replaced
with a 2N3740. With a 2N3740, the ferrite bead and C, are not needed because this
transistor has a lower cutoff frequency.

One of the advantages of foldback limiting is that it sharpens the limiting
characteristics of the IC. In addition, the maximum output current is less sensitive
to variations in the current-limit sense voltage of the IC: in this circuit, a 20%
change in sense voltage will only affect the trip current by 5%. The temperature
sensitivity of the full-load current is likewise reduced by a factor of four, while
the short-circuit current is not.

Even though the voltage dropped across the sense resistor is larger with foldback
limiting, the minimum input-output voltage differential of the complete regulator is
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not increased above the 3 V spécified for the IM105 as long as this drop is less than
2 V. This can be attributed to the low sense voltage of the IC by itself.

Figure 16.10 shows that foldback limiting can only be used with certain kinds of
loads. when the load looks predominately like a current source, the load line can
intersect the foldback characteristic at a point where it will prevent the regulator
from coming up  to voltage, even without an overload. Fortunately, most solid-state
circuitry presents a load line which does not intersect. However, the possibility
cannot be ignored, and the regulator must be designed with some knowledge of the load.

With foldback' limiting, power dissipation in the pass transistor reaches a maximum
at some point between full load and short circuited output. This is illustrated in
Figure 16.11.“HoweVer, if the maximum dissipation is calculated with the worst-case
input voltage, as it should be, the power peak is not too high.

16.6 HIGH-CURRENT REGULATOR

The output éurrént of a regulator using the IM105 as a control element can be
increased to any désired level by adding more booster transistors, increasing the
effective current gain of the pass transistors. A circuit for a 10-A regulator is
shown in Figure 16.12. A third npn transistor has been included to get higher
current. A lowffrequency device is used for Q3 because it seems to betfer withstand
abuse. However, high-frequency transistors must be used to drive it. Qp and Q3 are
both double-diffused transistors with good frequency response. This ensures that Q3
will present the dominant lag in the feedback loop through the booster transistors,
and back arouhd thé output transistor of the IM105. This is further guaranteed by
the addition of Cj. '

The circuit, as shown, has a full-load capability of 10 A. Foldback limiting is
used to give a short-circuit output current of 2.5 A. The addition of Q3 increases
the minimum input-output voltage differential by 1 V to 4 V.

16.7 DOMINANT FAILURE MECHANISMS

By far, the biggest reason for regulator failures is overdissipation in the series
pass transistors. This has been borne out by experience with the IM100. Excessive
heating in the pass transistors causes them to short out, destroying the IC. This has
happened most frequently when pnp booster transistors in a TO-5 can, like the 2N2905,
are used. Even with a good heat sink, these transistors cannot dissipate much more
than 1 W. The maximum dissipation is less in many applications. When a single, pnp
booster is used and power can be a problem, it is best to go to a transistor like the
2N3740, in a TO-66 power package, using a good heat sink.

Using a compound pnp / npn booster does not solve all problems. Even when bread-
boarding with transistofs in TO-3 power packages, heat sinks must be used. The TO-3
package is not very good, -thermally, without a heat sink. Dissipation in the pnp
transistor driving the npn series pass transistor cannot be ignored either.
Dissipation in the driver‘With worst-case current gain in the pass transistor must be
taken into account. In certain cases, this could require that a pnp transistor in a
‘power package be used to drive the nbnipass transistor. In almost all cases, a heat
sink is required if a pnp driver transistor in a TO-5 package is selected.
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With output currents above 2 to 4 A, it is good practice to replace a 2N3055 pass
transistor with a 2N3772. The 2N3055 is rated for higher currents, but its current
gain falls off rapidly. This is especially true at either high temperatures or low
input-output voltage differentials. A 2N3772 will give substantially better perfor-
mance at high currents, and it makes like much easier for the pnp driver.

The second biggest cause of failure has been the output filter capacitors on power
inverters providing unregulated power to the regulator. If these capacitors are
operated near their maximum dc voltage rating with excessive ripple across them, they
will sputter. That is, they short momentarily and clear themselves. When they short,
the output capacitor of the regulator is discharged back through the reverse biased
pass transistors or the control circuitry, frequently causing destruction. This
phenomenon is especially prevalent when solid tantalam capacitors are used with high-
frequency power inverters. The maximum ripple allowed on these ;apacitors decreases
linearly with frequency. ‘

The solution to this problem is to use capacitors with conservative voltage ratings.
In addition, the maximum ripple allowed by the manufacturer at the operating frequency
should also be observed. The problem can be eliminated completely by installing a '
diode between the input and output of the regulator such that the capacitor on the
output is discharged through this diode when the input is shorted. A fast switching
diode should be used as ordinary rectifier diodes are not always effective.

Another cause of problems with regulators is severe voltage transients on the
unregulated input. Even if these transients do not cause immediate failure in the
regulator, they can feed through and destroy the load. If the load shorts out, as is
frequently the case, the regulator can be destroyed by subsequent traﬁsients.

This problem can be solved by specifying all parts of the regulator to withstand
the transient conditions. However, when ultimate reliability is needed, this is not
a good solution. Especially since the regulator can withstand the transient, yet
severely overstress the circuitry on its output by feeding the transients through.
Hence, a more logical recourse is to include circuitry which suppresses the transients.
A method of doing this is shown in Figure 16.13. A zener diode, which can handle
large peak currents, clamps the input voltage to the regulator while an inductor limits
the current through the zener during the transient. The size of the inductor is
determined from:

-Avgt , (16.4)

where AV is the voltage by.which the input transient exceeds the breakdown voltage of

I, =

the diode, At is the duration of the transient and I is the peak current the zener can
handle while still clamping the input voltage to the regulator. As shown, the
suppression circuit will clamp 70 V, 4-ms transients on the unreguléted supply.
16.8 CONCLUSIONS
The IM105 is an exact replacement for the ILM100 in the majority of applications,
providing about ten times better regulation. There are, however, a few differences:
In switching regulator applications (2), the size of the resistor used to provide
positive feedback should be doubled as the impedance seen looking back into the
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reference bypass terminal is twice that of the IM100 (2 kQ versus 1 kQ). In addition,
the minimum output voltage of the 1M105 is 4.5 V, compared with 2 V for the IM100. 1In
low~-voltage regulator applications, the effect of this is obvious. However, it also
imposes some limitations on current regulator and shunt regulator designs (3). Lastly,
clamping the compensation terminal (pin 7) within a diode drop of ground or the output
terminal will not guarantee that the regulator is shut off, as it will with the IM100.
This restricts the ILM105 in the overload shutoff schemes (3) which can be used with the
LM100.

Dissipation limitations of practical packages dictate that the output current of an
IC regulator be less than 20 mA. However, external booster transistors can be added to
get any output current desired. Even with satisfactory packages, considerably larger
heat sinks would be needed if the pass transistors were put on the same chip as the
reference and control circuitry, because an IC must be run at a lower maximum tempera-
ture than a power transistor. In addition, heat dissipated in the pass transistor
couples into the low level circuitry and degrades performance. All this suggests that
the pass transistor be kept separate from the IC.

Overstressing series pass transistors has been the biggest cause of failures with IC
regulators. This not only applies to the transistors within the IC, but also to the
external booster transistors. Hence, in designing a regulator, it is of utmost
importance to determine the worst-case power dissipation in all the driver and pass
transistors. Devices must then be selected which can handle the power. Further,
adequate heat sinks must be provided as even power transistors cannot dissipate much
power by themselves.

Normally, the highest power dissipation occurs when the output of the regulator is
shorted. If this condition requires heat sinks which are so large as to be impractical,
foldback current limiting can be used. With foldback limiting, the power dissipated
under short-circuit conditions can actually be made less than the dissipation at full
load.

The IM105 is designed primarily as a positive voltage regulator. A negative
regulator, the IM104, which is a functional complement to the IM105 (4), has also been
designed.
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17

Negative Voltage Regulators

by Robert J. widlar

National Semiconductor

Although positive voltage regulators can be adapted for use in applications requiring
negative voltage regulation, some sacrifice in complexity, performance and flexibility
results. This can be avoided by using negative regulators as will be shown in this
chapter.

17.1 THE NEGATIVE REGULATOR

The negative regulator used in the circuits described in this chapter is the IM104.
This IC can supply any output voltage from 0 to 40 V while operating from a single
unregulated supply. The output voltage is set by a Single programming resistor and
remote sensing at the load is possible. The IC regulates within 0.01% in circuits using
a separate, floating bias supply, where the maximum output voltage is limited only by the
breakdown of external pass transistors.

17.2 CIRCUIT OPERATION

The circuit diagram for the IM104 is shown in Figure 17.1.

The basic reference for the regulator is zener diode D;. The reference diode is
supplied from a pnp current source, Qg which has a fixed current gain of 2. This
arrangement permits the circuit to operate with unregulated input voltages as low as 7 V,
substantially increasing the efficiency of low-voltage regulators.

The reference supply is temperature compensated by using the negative temperature
coefficient of the transistor emitter-base voltages to cancel the positive coefficient of
the zener diode. The design produces a nominal 2.4 V between the reference and reference
supply terminals of the integrated circuit. Connecting an external 2.4 kQ resistor
between those terminals gives a 1 mA reference current from the collectors of Q; and Qj,
which is independent of temperature. The reference voltage supplied to the error
amplifier is developed across a second external resistor connected between the adjustment
terminal and ground.

The reference supply terminal is normally connected to the unregulated supply. However,
improved line regulation can be obtained by pre-regulating the voltage on this terminal.
This improvement occurs because Qi, Q3, and Q- do not see changes in input voltage.
Normally, it is the change in the emitter-base voltage of these transistors with changes
in collector-base voltage which determines the line regulation.

When the reference supply and unregulated input terminals are operated from separate
voltage sources, it is important to make sure that the un-regulated input terminal of
the integrated circuit does not get more than 2 V more positive than the reference supply
terminal. If this happens, the collector-isclation junction of Qg becomes forward biased
and disrupts the reference.

The error amplifier of the regulator is quite similar to the LM10l operational ampli-
fier. Emitter follower input transistors, Qie and Q4 drive a dual pnp which is
operated in the common-base configuration. The current gain of these pnp transistors is
fixed at 4 so that the base can be driven by a current source (Q13). Active collector
loads are used for the input stage so that a voltage gain of 2000 is obtained. Q21 and
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Q,5, provide enough current gain to keep the internal, series-pass transistor from
loading the input stage. Rjg4 limits the base drive on Q3 when it saturates with low,
un-regulated input voltages. The collector of Q53 is brought out separately so that an
external booster transistor can be added for increased output current capability. Ri3
establishs the minimum operating current in Q,3 when booster transistors are used.

The error amplifier operates properly with common mode voltages all the way up to
ground. Because of this, the circuit will regulate with output voltages to zero volts.

Current limiting is provided by Q54- When the voltage between the current limit and:
unregulated input terminals becomes large enough to turn on Qj4, it will pull Qo out of
saturation and remove base drive from Q3 through Q53. This causes the series pass
transistor to exhibit a constant current characteristic. The pre-load current, provided
for Qo4 by Q10 before current limiting is initiated, gives a much sharper current-limit
characteristic. C; and R1]1 are included in the limiting circuitry to suppress
oscillations.

The error amplifier is connected to a divider on the output (Ry5 and Ryg) to keep the
reference current generator from saturating with low input-output voltage differentials.
A compensating resistor, Ry;, which is equal to the equivalent resistance of the divider
is included to minimize offset error in the error amplifier.

The major feedback loop is frequency compensated by the brute-force method of rolling
off the response with a relatively large capacitor on the output. Cy is included on the
integrated circuit to compensate for the effects of series resistance in the output
capaéitor. A compensation point is also brought out so that more capacitance can be
added across C, for certain regulator configurations. Rg improves the load-transient
response, especially when compensation is added on pin 4.

The purpose of Qg which is a collector FET, is to bias the current-source transistors,
Q1> and Q3. It also supplies the preload current for the current-limit transistor,
Qo4, through Qqq.

17.2 LOW-POWER REGULATOR

The circuit shown in Figure 17.2 can provide output voltages between OV and -40 V at
currents up to 25 mA. The output voltage is linearly dependent on the value of Ry,
giving approximately 2 V for each 1 kQ of resistance. The exact scale factor can be set
up by trimming R,. This should be done at the maximum output voltage setting in order to
compensate for any mismatch in the internal divider resistors of the integrated circuit.

Short-circuit protection is provided by R3. The value of this resistor should be
chosen so that the voltage drop across it is 300 mV at the maximum load current. This
insures worstzcase operation up to full load over a -55°C to 125°C temperature range.
With a lower maximum operating temperature, the design value for this voltage can be in-
creased linearly to 525 mV at 25°C.

For an output voltage setting of 15 V, the regulation, no load to full load, is better
than 0.05%;-and the line regulation is better than 0.2% for a +20% input voltage
variation. Noise and ripple can be greatly reduced by bypassing Ry with a 10 pF
capacitor. This will keep the ripple on the output less than- 0.5 mv for a 1 VvV, 120 Hz
ripple on the unregulated input. The capacitor also improves the line-transient response
by a factor of five.
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An output capacitor of at least 1 pF is required to keep the regulator from
oscillating. This should be a low-inductance capacitor, preferably solid tantalum,
installed with short leads. It is not usually necessary to bypass the input, but at
least a 0.01 pF bypass is advisable when there are long leads connecting the circuit to
the unregulated power source.

It is important to watch power dissipation in the integrated circuit even with load
currents of 25 mA or less. The dissipation can be in excess of 1W with large input-
output voltage differentials, and this is above ratings for the device. ’

17.3 INCREASED OUTPUT CURRENT

When output currents above 25 mA are required or when the dissipation in the series
pass transistor can be higher than about 0.2 V, under worst-case conditions, it is
advisable to add an external transistor to the 1LM104 to handle the power. The connect-
ion of an external booster transistor is shown here. The output current capability of
the regulator is increased by the current gain of the added pnp transistor, but it is
still necessary to watch dissipation in the external pass transistor. Excessive
dissipation can burn out both the series pass transistor and the integrated circuit.

For example, with the circuit shown in Figure 17.3, the worst-case input voltage can
be 25 V. With a shorted output at 125°C, the current through the pass transistor will
be 300 mA; and the dissipation in it will be 7.5 W. This clearly establishes the need
for an efficient heat sink.

For lower-power operation, a 2N2905 with a clip on heat sink can be used for the
external pass transistor. However, when the worst—case dissipation is above 0.5 W, it
is advisable to employ a power device such as the 2N3740 with a good heat sink.

The current limit resistor is chosen so that the voltage drop across it is 300 mv,
with maximum load current, for operation to 125°C. With lower maximum ambients this
voltage drop could be increased by 2.2 w/%c. 1If possible, a fast-acting fuse rated
about 25% higher than the maximum load current should be included in series with the
unregulated input.

When a booster transistor is used, the minimum input-output voltage differential of
the regulator will be increased by the emitter-base voltage of the added transistor.
This establishes the minimum differential at 2 to 3V, depending on the base drive
required by the external transistor.

When output -currents in the ampere range are needed, it is necessary to add a second
booster transistor to the IM104 circuitry. This connection is shown in Figure 17.4.
The output current capability of the LM104 is increased by the product of the current
gains of Q; and Q,. However, it is still necessary to watch the dissipation in both
the series pass transistor, Q5, and its driver, Q- A clip-on heat sink is definitely
required for Qj, and it is advisable to replace the 2N2905 with a 2N3740 which has a
good heat sink when output currents greater than 1 A are needed. A 1000-pF capacitor
would also be added between pins 4 and 5 to compensate for the poorer frequency
response of the 2N3740. The need for an efficient heat sink on Q, should be obvious.

Experience shows that a single-diffused transistor such as a 2N3055 (or a 2N3772 for
higher currents) is preferred over a double diffused, high-frequency transistor for
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the series pass element. The slower, single-diffused devices are less prone to
secondary breakdown and oscillations in linear regulator applications.

As with the lower-current regulators, C; is required to frequency compensate the
regulator and prevent oscillations. It is also advisable to bypass the input with C,
if the regulator is located any distance from the output filter of the unregulated
supply. The resistor across the emitter base junction of Q, fixes the minimum collector
currént of Q; to minimize oscillation problems with light loads. It is still possible
to experience oscillations with certain physical layouts, but these can almost always be
eliminated by stringing a ferrite bead, such as a Ferroxcube K5-001-00/3B, on the
emitter lead of Q,.

The use of two booster transistors does not appreciably increase the minimum input-
output voltage differential over that for a single transistor. The minimum differential
will be 2 to 3 V, depending on the drive current required from the integrated circuit.

With high current regulators, remote sensing is sometimes required to eliminate the
effect of line resistance between the regulator and the load. This can be accomplished
by returning Ry and pin 9 of the IM104 to the ground end of the load and connecting
pin 8 directly to the high end of the load.

The low resistance values required for the current limit resistor, Ry, are sometimes
not readily available. A suitable resistor can be made using a piece of resistance
wire or even a short length of kovar lead wire from a standard TO-5 transistor.

The current limit sense voltage can be reduced to about 400 mV by inserting a
germanium diode {or a diode-connected germanium transistor) in series with pin 6 of the
IM104. This diode will also compensate the sense voltage and make the short circuit
current essentially independent of temperature.

With high current regulators it is especially important to use a low-inductance
capacitor on the output. The lead length on this capacitor must also be made short.
Otherwise, the capacitor leads can resonate with smaller bypass capacitors (like 0.1 uF
ceramic) which may be connected to the output. These resonances can lead to oscilla-
tions. With short leads on the output capacitor, the Q of the tuned circuit can be
made low enough so that it cannot cause trouble.

17.5 FOLDBACK CURRENT LIMITING

High curfent regulators dissipate a considerable amount of power in the series pass
transistor under full-load conditions. When the output is shorted, this dissipation
can easily increase by a factor of four. Hence, with normal current limiting, the heét
sink must be designed to handle much more power than the worst case full load
dissipation if the circuit is to survive short-circuit conditions. This can increase
the bulk of the regulator substantially.

This situation can be eased considerably by using foldback current limiting, with this
method of current limiting, the available output current actuélly decreases as the
maximum load on the regulator is exceeded and the output voltage falls off. The short-
circuit current can be adjusted to be a fraction of the full load current, minimizing
dissipation in the pass transistor.

The circuit shown in Figure 17.5 accomplishes just this. Normally Q3 is held in a
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non-conducting state by the voltage developed across Ry. However, when the voltage
across the current limit resistor, Ry increases to where it equals the voltage across
Ry (about 1 V), Q3 turns on and begins to rob base drive from the driver transistor, Q7-
This causes an increase in the output current of the ILM104, and it will go into current
limiting at a current determined by Rg. Since the base drive to Q; is clamped, the
output voltage will drop with heavier loads. This reduces the voltage drop across Rg
and, therefore, the available output current. With the output completely shorted, the
current will be about one-fifth the full-load current.

When designing, Ry is chosen so that the voltage drop across it will be 1 to 2 V under
full load conditions. The resistance of R, should be one-thousand times the output
voltage. Ry is then determined from BRI

~ 1 3°FL

R,= 17
4 VOUT + 0.5 (v-..l)

where IFL is the load current at which limiting will occur.

If it is desired to reduce the ratio of full-load to short-circuit current, this can
be done by connecting a resistance of 2 to k? across the emitter-base of Q5.
17.6 SYMMETRICAL POWER SUPPLIES

In many applications, such as powering operational amplifiers, there is a need for
symmetrical positive and negative supply voltages. A circuit which is a particularly-
economical solution to this design problem is shown in Figure 17.6. It uses a minimum
number of components, and the voltage at both outputs can be set up with +1.5% by a
single adjustment. Further, the output voltages will tend to track with temperature and
variations on the unregulated supply.

The positive voltage is regulated by an IM105, while an IM104 regulates the negative
supply. The unusual feature is that the two regulators are interconnected by R3. This
not only eliminates one precision resistor, but the reference current of the IM104
stabilizes the IM105 so that a +10% variation in its reference voltage is only seen as a
+3% change in output voltage. This means that in many cases the output voltage of both
regulators can be set up with sufficient accuracy by trimming a single resistor, Rj.

The line regulation and temperature drift of the circuit is determined primarily by
the 1IM104, so both output voltages will tend to track. Output ripple can be reduced
by about a factor of five to less than 2 mV/V by bypassing pin 1 of the IM104 to ground
with a 10 pF capacitor. A center-tapped transformer with a bridge rectifier can be
used for the unregulated power source.

17.7 ADJUSTABLE CURRENT LIMITING

In laboratory power supplies, it is often necessary to adjust the limiting current of
a regulator. This, of course, can be done by using a variable resistance for the
current limit resistor. However, the current-limit resistor can easily have a value
below that of commercially-available potentiometers. Discreté resistance values can be
switched to vary the limiting current, but this does not provide continuously variable
adjustment. i

The circuit shown in Figure 17.7 solves this problem, giving a linear adjustment of
limiting current over a five-to-one range. A silicon diode, D;, is included to reduce
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the current limit sense voltage to approximately 50 mV. Approximately 1.3 mA from the
reference supply is passed throyghaa potentiometer, Ry, to buck out the diode voltage.
Therefore, the effective current limit sense voltage is nearly proportional to the
resistance of R,. The current through R4 is fairly insensitive to changes in ambient
temperature, and D) compensates for temperature variations in the current limit sense
voltage of the IM104. Therefore, the limiting current will not be greatly affected by
temperature. It is important that a potentioneter be used for Rgq and connected as
shown. If a rheostat connection were used, it could open while it was being adjusted
and momentarily increase the current limit sense voltage to many times its normal value.
This could destroy the series pass transistors under short=circuit conditions.

The inclusion of Ry will soften the current limiting characteristics of the ILM104
somewhat because it acts as an emitter-degeneration resistor for the current-limit
transistor. This can be avoided by reducing the value of Rq and developing the voltage
across R4 with additional bleed current to ground. T
17.8 IMPROVING LINE REGULATION .

The line regulation for voltage variations on the reference supply terminal of the -
IM104 is about five times worse than it is for changes on the unregulated input.
Therefore, a zener-diode pre-regulator can be used on the reference supply to 1mprove
line regulation. This is shown in Figure 17.8. ,

The design of this circuit is fairly simple. It is only necessary that the minimum
current through R, be greater than 2 mA with low input voltage. Furthef, the zener
voltage of Dy must be five volts greater than one-half the maximum -output voltage to
keep the transistors in the reference current source from saturating.

17.9 USING PROTECTIVE DIODES . ’

It is a little known fact that most voltage regulators can be damaged by shorting out
the unregulated input voltage while the circuiﬁhis operating even though‘the_output'
may have short-circuit protection. Wwhen the input voltage to the regulator falls
instantaneously to zero, the output capacitor is still charged to the nominal output
voltage. This applies voltage of the wrong polarity across the series pass\transistor
and other parts of the regulator, and they try to dlscharge the output capac1tor 1nto
the short. The resulting current surge can damage or destry these parts._u . i

When the IM104 is used as the control element of the regulator,,the dlscharge path is
through internal junctions forward biased by the voltage reversal. If the charge on the
output capacitor is in the order of 40 volt uF, the c1rcu1t can be damaged durlng the
discharge interval. However, the problem is not only seen with 1ntegrated circuit
regulators. It also happens with discrete regulators where the series-pass transistor
usually gets blown out.

The problem can be eliminated by connecting a diode between the output and the input
such that it discharges the output capacitor when the input is shorted. The diode
should be capable of handling large current surges without excessive voltage drop, but-
it does not have to be a power diode since it does not carry current continuously. It
should also be relatively fast. Ordinary rectifier diodes-will not do because they look
like an open circuit in the forward direction until minority carriers are injected into
the intrinsic base region of the PIN structure. -
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This problem is not just caused by accidental physical shorts on the input. It has
shown up more than once when regulators are driven from high-frequency dc-dc converters.
Tantalum capacitors are frequently used as output filters for the rectifiers. When
these capacitors are operated near their maximum voltage ratings with excessive high
frequency ripple across them, they have a tendency to sputter-that is, short momentarily
and clear themselves. When they short, they can blow out the regulator; but they look
innocent after the smoke has cleared.

The solution to this problem is to use capacitors with conservative voltage ratings,
to observe the maximum ripple ratings for the capacitor and to include a protective
diode between the input and output of the regulator to protect it in case sputtering
does occur.

Heavy loads operating from the unregulated supply can also destroy a voltage
regulator. When the input power is switched off, the input voltage can dfop faster
than the output voltage, causing a voltage reversal across the regulator, especially
when the output of the regulator is lightly loaded. 1Inductive loads such as a solenoid
. are particuiarly troublesome in this respect. In addition to causing a voltage reversal
between the input and the output, they can reverse the input voltage causing additional
damage. |

In cases like this, it is advisable to use a multiple-pole switch or relay to
disconnect the regulator from the unregulated supply separate from the other loads. If
this cannot be done, it is necessary to put a diode across the input of the regulator
to clamp any reverse voltages, in addition to the protective diode between the input
and the output.

Yet another failure mode can occur if the regulated supply drives inductive loads.
When power is shut off, the inductive current can reverse the output voltage polarity,
damaging the regulator and the output capacitor. This can be cured with a clamp diode
on the output. Even without inductive loads it is usually good practice to include
this clamp diode to protect the regulator if its output is accidentally shorted to a
negative supply. '

A regulator with all these protective diodes is shown in Figure 17.9. D; protects
against output voltage reversal. D; prevents a voltage reversal between the input and
the output of the regulator. And D3 prevents a reversal of the input-voltage polarity.
In many cases, D3 is not needed if Dy and D are used, since these diodes will clamp
the input voltage within two diode drops of ground. This is adequate if the input
voltage reversals are of short duration.

17.10 HIGH VOQLTAGE REGULATOR

In the design of commercial power supplies, it is common practice to use a floating
bias supply to power the control circuitry of the regulator. As shown in Figure 17.10,
this connection can be used with the IM104 to regulate output voltages that are higher
than the ratings of the integrated circuit. Better regulation can also be obtained
because it is a simple matter to preregulate the low current bias supply so that the
integrated circuit does not see ripple or line voltage variations and because the

reduced operating voltage minimizes power dissipation and associated thermal effects
from the current delivered to the booster transistor.
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The bias for the 1IM104, which is normally obtained from a separate winding on the
main power transformer, is preregulated by D;. Rgq is selected so that it can provide
the 3 mA operating current for the integrated circuit as well as the base drive of
the booster transistor, Qi, with full load and minimum line voltage. The booster
transistor regulated the voltage from the main supply, and its breakdown voltage will
determine the maximum operating voltage of the complete regulator.

The connection of the IM104 is somewhat different than usual: the internal divider
for the error amplifier is shorted out by connecting pins 8 and 9 together. This makes
the output voltage equal to the voltage drop across the adjustment resistor, Ry, '
instead of twice this voltage as is normally the case. C, and C; must also be added to
prevent oscillation. The value of C3 can be increased to 4.7 pF to reduce noise on
the output.

It is necessary to add Q, and Ry to provide current limiting. When the output
current becomes high enough to turn on Qy there will be an abrupt rise in the output
current of the 1IM104 as 02 tries to remove base drive from the booster transistor.

Any further increases in load current will cause the IM104 to_limit at a current
determined by R, and the output voltage will collapse. The value of R3 must be
selected so that the integrated circuit can deliver the base current of Qi, at full
load, without limiting.

A second, npn booster transistor can be used in a compound connection with Q to
increase the output current of the regulator. However, with very-high-voltage
regulators, the most economical solution may be to use a high voltage pnp driving a
vacuum tube for the series pass element.

Remote sensing, which eliminates the effects of voltage dropped in the leads
connecting the regulator to the load, can be provided by connecting R, to the ground
end 9f the load and pins 8 and 9 to the high end of the load.

17.11 SWITCHING REGULATOR .

Linear regulators have the advantages of fast response to load transients as well as
low noise and ripple. However, since they must dissipate the difference between the
unregulated-supply power and the output power, they sometimes have a low efficiency.
This is not always a problem with ac line-operated equipment because the power loss is
easily afforded, because the input voltage is already fairly-well regulated and be-
cause losses can be minimized by adjustment of transformer ratios in the power supply.
In systems operating from a fixed dc input voltage, the situation is often much
different. It might be necessary to regulate a 28 V input voltage down to' 5 V. 1In
this case, the power loss can quickly become excessive. This is true even if efficiency
is not one of the more important criteria, since high power dissipation calls for
expensive power transistors and elaborate heat sinking methods.

Switching z—egulators can be used to greatly reduce dissipation. Efficiencies
approaching 90% can be realized even though the regulated output voltage is only a
fraction of the input voltage. With proper design, transient response and ripple can

also be made quite acceptable.



The circuit shown in Figure 17.11 uses the IM104 as a self-oscillating switching
regulator and operates in much the same way as a linear regulator. The reference
current is set up at 1 mA with Ry, and R determines the output voltage in the normal
fashion. The circuit is made to oscillate by applying positive feedback through Rg to
the non-inverting input on the error amplifier of the IM104. When the output voltage
is low, the internal pass transistor of the integrated circuit turns on and drives Qg
into saturation. The current feedback through Rg then increases the magnitude of the
reference voltage developed across Ry. Q1 will remain on until the output voltage
comes up to twice this reference voltage. At this point, the error amplifier
goes into linear operation, and the positive feedback makes the circuit switch off.
When this happens, the reference voltage is lowered by feedback through Rg, and the
circuit will stay off until the output voltage drops to where the error amplifier again
goes into linear operation. Hence, the circuit regulates with the output voltage
oscillating about the nominal value with a peak-to-peak ripple of around 40 mv.

The power conversion from the input voltage to a lower output voltage is obtained by
the action of the switch transistor, Q1. the catch diode, Dj, and the LC filter. The
inductor is made large enough so that the current through it is essentially constant
throughout the switching cycle. When Q1 turns on, the voltage on its collector will be
nearly equal to the unregulated input voltage. When it turns off, the magnetic field
in Ly begins to collapse, driving the collector voltage of Q; to ground where it is
clamped by Dj.

If, for example, the input voltage is 10 V and the switch transistor is driven at a
50% duty cycle,'the average voltage on the collector of Q will be 5 V. This waveform
will be filtered by L; and C; and appear as a 5 V dc voltage on the output. Since the
inductor current comes from the input while Q; is on but from ground through Dj while
Q; is off, the average value of the input current will be half the output current. .The
power output will therefore equal the input power if switching losses are neglected.

In design, the value of R3 is chosen to provide sufficient base drive to Qq at the
maximum load current. R4 must be low enough so that the bias current coming out of
pin 5 of the 1IM104 (approximately 300 pA) does not turn on the switch transistor. The
purpose of C, is to remove transients that can appear across Ry and cause erratic
switching. It should not be made so large that it severely integrates the waveform fed
back to this point.

17.12 HIGH CURRENT SWITCHING REGULATOR

Output currents up to 3 A can be obtained using the switching regulator circuit shown
in Figure 17.12. The circuit is identical to the one described previously, except
that Q, has beén added to_increase the output current capability by about an order of
magnitude. It should be.noted that the reference supply terminal is returned to the
base of er rather than the unregulated input. This is done because the IM104 will
not function properly if pin 5 gets more than 2V more positive than pin 3. The
reference current, as well as the biase currents for pins 3 and 5, is supplied from
the unreguiated input through Ry, so its resistance must be low enough so that Q2~is
not turned on with about 2 mA flowing through it.

211



The line regulation of this circuit is worsened somewhat by the unregulated input
voltage being fed back into the reference for the regulator through Rg. This effect
can be eliminated by connecting a 0.01 uF capacitor in series with Rg to remove the
dc component of the feedback.

There are a number of precautions that should be observed with all switching regula-

tors, although they are more inclined to cause prpblems in high-current applications:
For one, fast switching diodes and transistors must be used. if Dy is an ordinary

junction rectifier, voltages in the order of 10 V can be developed across it in the
forward direction when the switch transistor turns off. This happens because low-
frequency rectifiers are usually manufactured with a pin strucuture which presents a
high forward impedance until enough minority carriers are injected into the diode
base region to increase its conductance. This not only causes excessive dissipation
in the diode, but the diode also presents a short circuit to the switch transistor,
when it first turns on, until all the charge stored in the base region of the diode is
removed. Similarly, a high—frequency switch transistor must be used as excessive
switching losses in low-frequency transistors, like the 2N3055, make them overheat.

It is important that the core material used for the inductor have a soft saturation
characteristic. Cores that saturate abruptly produce excessive peak currents in the
switch transistor if the output current becomes high enough to run the core close to
saturation. Powdered molybdenum-permalloy cores, on the other hand, exhibit a gradual
reduction in permeability with excessive current, so the only effect of output
currents above the design value is a gradual increase in switching frequency.

One thing that is frequently overlooked in the design of switching circuits is the
ripple rating of the filter capacitors. Excessive high-frequency ripple can cuase
these capacitors to fail. This is an especially-important consideration for capacitors
used on the unregulated input as the ripple current through them can be higher than-
the dc load current. The situation is eased somewhat for the filter capacitor on the
output of the regulator since the ripple current is only a fraction of the load
current. Nonetheless, proper design usually requires that the voltage rating of this
capacitor be higher than that dictated by the dc voltage across it for reliable
operation. .

One unusual problem that has been noted in working with switching regulators is
excessive dissipation in the switch transistors caused by high emitter-base saturation
voltage. This can also show up as erratic operation if Qq is the defective device.
This saturation voltage can be as high as 5 V and is the result of poor alloying on
the base contact of the transistor. A defective transistor will not usually show up
on a curve tracer because the low base current needed for linear operation does not
produce a large voltage drop across the poorly-alloyed contact. However, a bad
device can be spotted by probing on the bases of the switch transistors while the
circuit is operating.

It is necessary that the catch diode, D,, and any bypass capacitance on the unreg-
ulated input be returned to ground separately from the other parts of the circuit.
These components carry large current transients and can deGelop appreciable voltage
transients across even a short length of wire. If C;, C,, or Ry have any common
ground impedance with the catch diode or the input bypass capacitor, the transients

212can appear directly on the output.
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17.13 SWITCHING REGULATOR WITH CURRENT LIMITING

The switching regulator circuits described previously are not protected from overloads
or a short-circuited output. The current limiting of the IM104 is used to limit the
base drive of the switch transistor, but this does not effectively protect the switch
transistor from excessive current. Providing short-circuit protection is no simple
problem, since it is necessary to keep the regulator operating in the switching mode
when the output is shorted. Otherwise, the dissipation in the switch transistor will
become excessive even though the current is limited. |

A circuit which provides current limiting and protects the regulator from short
circuits is shown in Figure 17.13. The current through the switch transistor produces a
voltage drop across Rg. When this voltage becomes large enough to turn on Q3, current
limiting is initiated. This occurs because Q3 takes over as the control transistor and
regulates the voltage on pin 8 of the IM104. This point, which is the feedback terminal
of the error amplifier, is separated from the actual output of the regulator by not
shorting the regulated output and booster output terminals of the integrated circuit.
Hence, with excessive output current, the circuit still operaates as a switching regu-
lator with Q,3 regulating the voltage fed back to the error amplifier as the output
voltage falls off.

A resistor, Ry, is included so that excessive base current will not be driven into the
base of Q3. Cy insures that Q3 does not turn on from the current spikes
through the switch transistor caused by pulling the stored charge out of the catch diode
(these are about twice the load current). This capacitor also operates in conjunction
with Cy to produce sufficient phase delay in the feedback loop so that the circuit will
oscillate in current limiting. However, C, should not be made so large that it
appreciably integrates the rectangular wave-form of the current through the switch
transistor.

As the output voltage falls below half the design value, D] pulls down the reference
voltage across Ry. This permits the current limiting circuitry to keep operating when
the unregulated input voltage drops below the design value of output voltage, with a
short on the output of the regulator.

A transistor with good high-current capability was chosen for Q3 so that it does not
suffer from secondary breakdown effects from the large peak currents (about 200 ma)
through it. With a shorted output, these peak currents occur with the full input
voltage across Q3. The average dissipation in Q5 is, however, low.

17.14 SWITCHING REGULATOR WITH OVERLOAD SHUTOFF

An alternate method for protecting a switching regulator from excessive output currents
is shown in %igure 17.14. WwWhen the output current becomes too high, the voltage drop
across the current-sense resistor, Rg, fires an SCR which shuts off the regulator. The
regulator remains off, dissipating practically no power, until it is reset by removing
the input voltage.

In the actual circuit, complementary transistors, Q3 and Q,, replace the SCR since it
is difficult to find devices with a low enough holding current (about 25 pA). When the
voltage drop across Rg becomes large enough to turn on Qg, this removes the base drive
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for the output transistors of the 1LM104 through pin 4. When this happens Q3 latches
Q4 holding the regulator off until the input voltage is removed. It will then start
when power is applied if the overload has been removed.

With this circuit, it is necessary that the shutoff current be 1.5 times the full-load
current. Otherwise, the circuit will shut off when it is switched on with a full load
because of the excess current required to charge the output capacitor. The shut-off
current can be made closer to the full—-load current by connecting a 10-pF capacitor
across R, which will limit the charging current for C; by slowing the rise time of the
output voltage when the circuit is turned on. However, this capacitor will also bypass
the positive feedback from Rg which makes the regulator oscillate. Therefore, it is
necessary to put a 270-Q resistor in the gfound end of the added capacitor and provide
feedback to this resistor from the collector of Q; through a 1-MQ resistor.

17.15 DRIVEN SWITCHING REGULATOR

When a number of switching regulators are operated from a common power source, it is
desirable to 'synchronize their operation to more uniformly distribute the switched
current waveforms in the input line. Synchronous operation can also be beneficial
when a switching regulator is operated in conjunction with a power converter.

A circuit which synchronizes the switching regulator with a square-wave drive signal
is shown in Figure 17.15. It differs from the switching regulators described previously
in that positive feedback is not used. Instead, a triangular wave with a peak-to-peak
amplitude of 25 mV is applied to the noninverting input of the error amplifier. The
waveform is obtained by integrating the square-wave synchronizing signal. This tri-
angular wave causes the error amplifier to switch because its gain is high enough that
the waveform easily overdrives it. The switching duty cycle is controlled by the output
voltage fed back to the error amplifier. If the output voltage goes up, the duty cycle
will decrease since the error amplifier will pick off a smaller portion of the tri-
angular wave. Similarly, the duty cycle will decrease if the output voltage drops.
Hence, the duty cycle is controlled to produce the desired output voltage.

Without a synchronous drive signal, the circuit will self oscillate at a frequency
determined by Lj and C;. This self-oscillation frequency must be lower than the
synchronous drive frequency. Therefore, more filtering is required for a driven
regulator than for a self-oscillating regulator operating at the same frequency. This
also means that a driven regulator will have less output ripple.

The value of C, is chosen so that its capacitive reactance at the drive frequency is
less than one-tenth the resistance of R,;. The amplitude of the triangular wave is set
at 25 mV with Rg. It is advisable to ac couple the drive- signal by putting a capacitor
in series with Rg so that it does not disturb the dc reference voltage developed for
the error amplifier.
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17.1. Circuit diagram for negative voltage regulator LM104.

17.2. Low-power voltage regulator can supply outputs of 0 to 40 V at current
up to 25 ma.

17.3. Negative voltage regulator with external booster transistor.
17.4. Use of voltage regulator with two booster transistors.

17.5. Circuit with foldback limiting.
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17.7. Circuit with adjustable current limiting.

17.8. Use of a zener diode to improve line regulation.

17.9. Regulator with protective diodes.

17.10. High-voltage reguiator has floating bias supply.

17.11. switching regulator circuit.

17.12. Switching regulator capable of handling output currents to 3 A.
17.13. Switching regulator with current limiting.

17.14. switching regulator with overload shutoff.

17.15. Switching regulator with square-wave drive signal.
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18

A High-Speed Data-Transmission System

by Jerry Avery

Texas Instruments

Digital systems often require the use of long lines for the transmission of digital
information between various equipment locations within the system. These long lines
are frequently located in noisy environments which can cause propagation of false
information if steps are not taken to overcome the noise and its effects on data trans-
mission. In the past this problem has been overcome by using special line drivers and/
or line receivers to interface between the transmission line and the logic circuitry
(See Figure 18.1).

Line-driver circuits translate the small logic level swings of the processing and
peripheral portions of the computer to either higher voltage levels or matched
impedance (current mode) levels for transmission to other areas of the computer.
Balanced lines may be used to help overcome noise problems; line receivers must reject
the common mode and induced noise on the transmission lines and convert the signals
back to forms which are compatible with the standard logic circuits of the computer.

The following paragraphs will cover the use of a compatible line driver and line
receiver to overcome noise problems in a high-speed data-transmission system.

18.1 LINE DRIVER CHARACTERISTICS

Input characteristics. The input of the driver is TTL compatible with two inputs
per driver. The inputs are designated A;-A, and Bj-B,. The switching point is
between 0.4 V and 2.4 V and typically at 1.4 V.

Input requirements. V (1) is the logical‘liinput voltage required at an input

n
terminal to insure a 1og;cal "1" at the in phase output terminal is typically 1.4 V.

Typical input dc noise immunity. The input gates of the driver will change states at
1.4 V. The output from a TTL gate is typically 3.3 V in the logical "1" state and
0.2 V in the logical "0O" state. Therefore the driver can typically tolerate 1.9 V of
negative-going noise in the "1" state and 1.2 V of positive going noise in the "O"
state before causing the input gate to false trigger.

Guaranteed input dc noise immunity. Simply stating that a circuit will not false
trigger is no adequate Jguarantee for a design engineer. The IC manufacturer must also
guarantee voltage levels which allow a specific noise margin. The logic "0" input test
voltage to the driver is 0.8 V; with a guaranteed maximum logical "O0" output of 0.4 V
for the TTL circuits, the guaranteed noise margin of 400 nvV.

Output characteristics. The output is a differential amplifier capable of driving
single ended or balanced. It has a high common-mode output voltage range of +10 V,

-3 V. The large drive range not only allows the gate to drive long lines, but also
gives it better noise margins at the receiver.

The differential output also allows the signal to be transmitted on a balanced line,
so that common-noise signals induced on the two conductors of the transmission line are
ignored at the receiver.
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18.2 DRIVER CIRCUIT DESCRIPTION

The SN75109 is a high-speed data transmitter designed to be used in applications such
as line drivers in balanced or unbalanced applications, party line systems, and level
converters.

This monolithic dual line driver has two independent channels and common supply voltage
and ground. Each line driver consists of a TTL-compatible input stage followed by a
level shifter and a differential pair providing a current-mode output signal.

An inhibitor input gate (TTL compatible) provided to each output stage may be used to
turn off either output stage, regardless of the input signal applied. A common strobe
(inhibitor input) is also available for inhibiting both channels (See Figure 18.2).

Input stage. The multiple-emitter transistor Q; is used to provide inherent switching-
time advantages over other saturated logic schemes.

A low voltage at the inputé A or B will allow current to flow through the base-emitter
diode of Q7 which is in saturation (See Figure 18.8). No drive current will péss
through the base collector junction until the voltage at the base of Q, exceeds the
forward voltages across diodes D, and D3 (Vrp2 + VFD3), for the differential stage
Q2-Q3 operates basically as a switch. The voltage (VC) at the base of Q5 (point C)

equals: Vv o+ vV 0

IN OFFSET ~1

h v (18.1)
where Voppser = VeE

The input D at the base of Q3 is referenced at 2 Vbe above ground by using the forward
drop across the two diodes D, and D3. Therefore, when Vp is greater than Vo, Q3 is
ON and Q5 is OFF, leading to:
V.

\Y

B ccl (R, + R4) (IS + IB) (18.2)

I (18.3)

v, =V - R, I, - (R2 + R3) B

F ccl 27s

where Ig is the current provided by the current source (Qg, Dy, and R6) and Ig is the
current flowing into the next stage. The value of Ig can be obtained from:

T = Veer ~ Vep1

S
Rg

= 1.4 mA (typical) (18.4)

The reverse situation occurs when VC is greater than Vpe A clamp voltage at point C is
provided through diodes Dy, D3, Dy and the offset voltage Verg of Q. This voltage is
given by:

A\ + V. + V.

Ccramp = Vep2 * Vep3 * Vepa T VorpseT 0, (18.5)

If inputs A and B are raised to a voltage above the clamp level the current flowing
through the base-emitter junction of Q; (or Q2) will decrease until these emitters are
finally reverse biased. However, transistor Q1 will not be turned off as in a standard
gate, but will remain in the saturation region since the clamping emitter tied between
Rg and D4 is now forward biased.

Threshold-noise margin. As expected from the preceding analysis, the driver input has
an input logic threshold voltage level of approximately 2 Vpg.
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Besides the logic threshold, the same noise margins guaranteed for Series 54 are
assured at each of the driver inputs. This is accomplished by testing each logic input
under standard Series 54 conditions, at 2 V in the logical“lzinput condition and 0.8 V
in the logical%dzinput condition. An absolute minimum of 0.4 V of noise margin is
therefore guaranteed at each input, since the specified driving logic is 2.4 V minimum
with a logical "1" input and 0.4 V maximum with a 1ogica1“0“input under worst-case
conditions.

Input current requirements. Input current requirements reflect worst-case conditions
for Ta = -55°C to 125°C and a AVeoe of + 10 percent. The Q) base-emitter saturation
during a logical "0O"-input level will require no more than 3.0 mA flowing out of the
emitter. Each input requires some current into it at a logical "1" level. This current
is 40 pA maximum for each emitter input.

Level shifting stage (See Figure 18.4). The voltage levels computed at the points
E and F in the preceding section are shifted down through Qg and Z; and Q) and Z; to
points G and H.

Q9 and Qjg, Z; and Zy, and Ry and Rg are carefully matched to provide points G and H
with a nominally 1-V differential.

Output stage (See Figure 18.5). The differential voltage at inputs G and H is large
enough to switch completely the differential pair Qi3 and Q14. Therefore, when Vg is
greater than Vy, Q13 is on and Q14 is off. Q13 will then sink the amount of current Ig
supplied by the current source constituted by Qig - Q;6 - Q17 - Q18 - Q19 and Rg. It
operates as explained in the following paragraphs.

The point I is 2 Vi, above Vgpea, forcing a current Io through Rg which is equal to:

| o - Joc2 = % Ve (18.6)
R9

This current will supply the base drive for le - Q16 - Q17 - ng as well as the
collector current for Qjg9 (Io-4Ig). Close matching of these four transistors will lead
to a total Ig (sink current) of approximately 3 I,.

This strucuture saves about one-third of the power required by a standard current
source using only one diode and one transistor. Furthermore, 2 Vpe drops are required
at point I for proper operation. This advantage will be demonstrated.

Inhibitor étage. As previously stated, this stage has been désigned to enable or
inhibit the driver function.

Enabling. Here also the multiple-emitter input transistor has been chosen for the
reasons stated in the description of the input operation. When the strobe inputs are
raised to a high voltage the transistor Qjg5 is turned off and the Qp3 base drive
current is supplied through the base-collector diode of Q5. Qp3 will saturate, and
the current flowing through R;5 and Ry3 will lower the voltage at point L.

This voltage will then be shifted through the zener diode .Z3, and finally the voltage
Vo at the base of Qo1 will be:
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R ‘ R R
_Rys 13 _ 13
Vo === Voo + (1 +_2) Vgep - (1 4 ) Vo3 * Vepysar) + v
R12 R12 Ri12 BE

(18.7)

pe13, 13

Ryo Ri1

where Veg (SAT) and VBE are measured at Q3 and Qpy respectively. This voltage Vg will
be low enough to turn off transistors Q,; and Q,,; and therefore the driver output
current will not be affected. Obviously worst-case conditions are reached, as far as
voltage supply values are concerned, when Vg is maximum, i.e., when Vpe1 and Veg2 are
at their maximum values.

It should be noted that V is a fﬁnction of resistance ratios and does not depend on
resistor absolute values. Therefore resistance fluctuations caused by process or
temperature variations will not affect V.

Inhibiting. A low voltage at the strobe inputs (See Figure 18.6) will allow current
to flow through the base-emitter junction of Qj5. Qg will then saturate, and drive
current will pass through its base collector diode. Qé3 and Qo4 will be turned off, and
the voltage at point L will be high. This voltage when shifted down through the zener
diodez3 will supply drive to the transistors Q21 and-Q20. Therefore the voltage at
point I with respect to Vce2 will be:

1 = VcEsar + Vg (18.8)

Q1 Q0

\Y

This voltage is low  enough to turn off Q18 and Q19, thereby inhibiting the driver
outputs. The current supplied through Rg will flow mainly through Qp; and Q50-

Worst-case conditions are reached, as far as the voltage supply values are concerned,
when Vo is minimum, i.e., when VcCl = min. and Vgep = min.

Inhibitor threshold-noise margins. The inhibitor input presents a transistor-transis-
tor logic (TTL) gate configuration with an input logic threshold voltage level of
approximately 2 Vpe. This circuit features the same noise margins as the driver inputs,
and operation is guaranteed in the same manner as explained in the paragraphs on input
operation.

Inhibit input-current requirements. Input-current requirements reflect worst-case
conditions for Tp = -55°C to 125°C and AVee of + 10 percent. 'The input of the
inhibitor requires no more than 3.0 mA out of the input at a logical "0" level; there-
fore one load (N = 1) has a 3.0 mA maximum.

The input also requires current at a logical "1" level. This current is 40 pA max-
imum. It should be noted that the common strobe used to inhibit both channels will
require twice the logical "0" or logical "1" current required by a single strobe.

Unused common strobe. For optimum enabling and inhibiting delays, the unused common
strobe should be tied to a positive voltage source of 2.4 to 5.5 V. It is also
advisable to use a limiting resistor as described in the input-output section.
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18.3 LINE RECEIVER CIRCUIT DESCRIPTION

High-speed voltage-discriminator circuits such as Texas Instruments SN75107 are
designed to be used in many applications such as line receivers (balanced, unbalanced,
party line, and general-use receivers) or comparators on data-processing equipment,
process-control computers, radar interface systems, telephone switching systems, etc.

The monolithic dual line receiver shown in Figure 18.7 has two independent channels
(except for the common current source, supply voltages, and ground). Each line receiver
consists of a differential input stage which provides a high-input impedance, followed
by a level shifting stage and a second differential amplifier which enhances the common-
mode rejection ratio and driver a TTL gate output.

A strobe or gating input may be used on the output stage of either channel to hold
the output at a logical "1" regardless of the input signal applied to the corresponding
channel. -

A common strobe is also available for both channels.

Input Differential Stage (Figure 18.8}. Basically this differential stage operates as
a switch. 1If Vyy; is greater than Vyyz. Q1 is on and Q, is off; therefore

v A\ - RI, = 3.9V

OuT (A) CcCl S

VOUT(B) = VCcl =5.0V (18.9)

This reverse situation occurs when Viy] is less than Vipn2.

It appears that either of the inputs could withstand about +3.9 V common—mbde voltage
. (in nominal conditions) beﬁore Q, or Q, starts saturating and affecting the speed of
the overall system.

In the same manner point C is 1 Vje above Vcc2 (i.e., nominally -4.2 V). Vgyj or
VIN2 could go almost as low as -4.2 V before the current source Q3 starts saturating.

- To cover worst-case conditions, recommended operating common-mode voltage range is
*# 3 V. The input bias current is nominally 30 nA when I = I,/(Qp or Q2). The logic
input impedance is then high. This receiver will therefore provide very little
loading to the transmission line, making it very useful in party-line data-transmission
systems where cable and installation costs are minimized.

Level shifting stage (Figure 18.9) 1If we refer back to the preceding section,
VouT(a) and—VOUT(ﬁ)can be more exactly expressed as:

-V R ‘
OUTy = Voop — R (Ig + I)
. (18.10)
-VOUT(B).= VCcl - Ryp when Voiny i greater than ViN2 (18.11)
These levels are shifted down through Q3 and Zj or Q4 and 22 to:
“Vour(c) = Veer - R (Ig * Ip) — Vg -V, 118.12)
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_VOUTD = Veer

- R (O +-Ib) -V -V_. (18.13)

BE -4

Q4 and Q, and z, and Z, are carefully matched to provide nominally 1 V differential at
outputs C and D. The differential level between C and D will alternate polarity but
will always be adequate to trigger the second differential stage. '

Second differential stage (Figure 18.10). This stage also operates as a switch. When
Qs is ON, Qg is OFF, and the base voltage of Q- is high enough to turn on Q5.

VCE 07 = RZIb + VBE 07, VCE = 1 V nominally. (18.14)
Veer = VeE @7 .
VOUT(E) = IER3 where IE = Rl " R3 (18.15)
This results in:
V R .- . _
OUT (E) (logical 1) = Vccl (RzIb + VBE Q7)., R3 (18.16)
Rl + Ry

and is approximately 2.5 V. With 2.5 V at point E no current will pass through the
base-emitter diode of Qg. This constitutes a logical "1" level for the output gate.
When Q5 is off and Qg sinks I

Voer = (Ry + Ry) Ig.

The resulting low voltage at point E will allow current to flow through the base-

S ( 1 ma), the base of o1 is at a voltage level of

0 V nom). This is low enough to turn off Q7.

emitter junction and R3 and Rg to act as a divider, resulting in

. R
: AN - K - 3 = 0.6V (nom.)(18.17)
VOUT(E) logical "0" = (VCCl VBEQB) -E—_:—E_
3 5
VCcl - VBEQS = 4.2 V (nom.). (18.18)

This constitutes the logical "0" level for the output gate. Values and layout of
Ry, R2, R3, R4, and R have been carefully arrived at to achieve convenient logical
"0" and logical "1" levels for temperatures between -55°C and 125°C under supply
voltage variations of + 10 percent.

Output gate. The output gate uses a standard series 54 TTL gate with a nominal

-VouT (0), = 240 mV at 20 mA and Vour(1) = 3.35 V at -0.5 mA. Two strobes have been
provided at the input of each gate. The reciever function will be enabled or inhibited
respecitvely when a logical "1" level is applied to both strobes, or a logical "O"
level to either strobe.

18.4 RECEIVER INPUT CONSIDERATIONS. The input sensitivity is defined as the
differential dc voltage required at the inputs of the receiver to force the output to
the logic gate threshold voltage level. The input sensitivity of the SN75107 is
nominally <€ 3 mV. This feature is particularly important when data are transmitted
down a long line and the pulse is deteriorated because of cable losses.
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Common-mode voltage range. The CMVR is defined as that voltage which is applied
simultaneously to both input terminals and which, if exceeded, will not allow normal
operation of the receiver.

Recommended operating CMVR is + 3 V. However, in some particularly noisey environ-
ments common-mode voltage could easily reach + 10 V to + 15 V if precautions are not
taken to reduce ground noise, power-supply noise, and crosstalk problems. When the
receiver is to operate under such conditions input attenuators should be used to de-
crease the voltage seen by the differential inputs. Differential noise will also be
reduced by the same ratio.

These attenuators have been intentionally omitted from the receiver input terminals
so that the designer may select resistors which will be compatible with his particular
application or environment. Furthermore, the use of attenuators will adversely affect
input sensitivity, propagation time, power dissipation, and in some cases input
impedance (depending on the selected resistor values) and versatility of the receiver.

Input termination resistors. To prevent reflections the transmission line should
be terminated in its characteristic impedance.

Matched termination resistances normally in the range of 25 ohms to 200 ohms are
required not only to terminate the transmission line in a desired impedance, but also
to provide a necessary dc path for the receiver input bias.

If careful matching of the resistor pairs is not observed the effective common-mode
rejection ratio will be reduced. .

Reference voltage. The receiver can be used as a single-ended line receiver or
comparator by referencing one input.

The operating threshold voltage level is established by and is approximately equal to
the applied reference input voltage V

RE .
A simple method of generating the reference voltage is the use of a resistor voltage

P (selected within the operating range).

divider from either the positive Vop; or negative Vgc2 voltage supplies.

The reference could also be ‘obtained by a diode or a reference supply or just
ground. Bias current required at the reference input is low (nominally 30 pA).
Therefore voltage dividers of this type may normally be operated with very low current
requirements and may be used also to supply a number of paralleled reference inputs.

In noisy.environments the use of a filter capacitor may be helpful.

18.5 DUAL DIFFERENTIAL COMPARATOR

Connected as a differential comparator the SN75107 may be used to compare the non- ‘
inverting input terminal with the inverting input, so that a digital "1" or."O" is
experienced at the output resulting from one input being éreater than the other
(See Figure 18.11).

There are many applications for differential comparators, such as voltage comparison,
threshold detection, controlled Schmitt trigger, and pulse width control.

The strobe inputs allow for additional control over the.circuit, permitting either
output or both to be inhibited.

18.6 FURNACE CONTROL )
The SN75108 is identical to the SN75107 except that it features an open-collector
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output. The circuit in Figure 18.12 is given as an example of the IC's possible use
in areas other than what would normally be considered electronic systems.

Basically, where the room temperature is below the desired level, Channel A input
will be above (more positive than) the reference level set on the input differential
amplifier. This will in turn cause a high output to operate, the heat-on relay
turning on the heat. The output is tied to one of the strobes of Channel B.

When Channel A is on, Channel B can be turned on. The Channel B input will be turned
on when the bonnet temperature of the furnace reaches the desired level. Normally the
furnace will be shut down when the room temperature reaches the desired level and
Channel A is turned off. There is also a safety switch in the bonnet which will shut
down the furnace if the temperature at this point exceeds desired limitations. The
types will be determined by the particular operating conditions encountered.

FIGURES
Figure 18.1. Typical data transmission system.
Figure 18.2. SN75109 circuit schematic.
Figure 18.3. Driver input stage. ‘
Figure 18.4. Driver level shifting stage.
Figure 18.5. Driver output stage.
Figure 18.6. Driver inhibit stage.
Figure 18.7. SN75107 circuit schematic.
Figure 18.8. Receiver input differential stage.
Figure 18.9. Receiver level shifting stage.
Figure 18.10, Receiver second differential stage.
Figure 18.11. Line receiver as a differential comparator.
Figure 18.12. Line receiver as a furnace control.
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