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Power-Supply

presenled by a wide assortment of devices ranging

from butteries and generators to dynamie elecironic
units using feedback. These inclade a large family of elee-
tronic converfers: a.c. toace, e tode, de toace, and ac.
to d.e. Here we will be concerned with the ac. to d.c. con-
verter employing a series regulator.

Power-distribution systems usually use a.c. power be-
cause this power is easity generated and distributed. How-
ever, most system applications of power require d.c. power
sources to energize the electromic ecireuitry. The specific
function of the power supply is to provide substantially
constant, ripple-free ¢, voltage and current from a pri-
mary source which is a.e.

Power conversion generally starts with rectilication, a
provess which eonverts a.c. voltage to d.c. voltage. Because
the output of a rectifier contains a relatively large a.c.
ripple component in addition to its d.e. value, a filter must
be used to attenuate the ripple component before this d.c,
power is applied to the load. Figs. 1A and 1B illustrate
two filtering configurations while Fig. 1C shows the effects
of these networks.

The amount of ripple present after filtering the recti-
fier output is a function of the components used and the
load current. No matter how effirlently ripple is reduced,
the rectifier-filter d.c. output can change substantially
with load current and/er powerdine variations. Control
of these variations is detined as power-supply regulation.

The demand for better regulation imposed by today’s
sophisticated circuits and complex systems can be met
more effectively by the regulated or feedback-controtled
power supply. Regulated power supphies are eapuble of
maintaining a substantially constant owtput voltage at
some selected value, even though changes occur in the aax,
supply voltage (within specified hmits) and/or in the
rated de. load current. In addition, these power sources
can be made short-circuit-proof, preventing damage to the
supply caused by the load, and can be made load-protect-
mg by utilizing overvoltage proteetors, which prevent load
damage caused by internal supply failures.

The greatest demand {or power supplies is in low-voltage

P()VVER SUPPLIES and power regulators ean be re-
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Principles and Parameters

By EDWARD S. BRENNER/ Director of Engineeting

Lambda Electronics Corp.

To make an intelligent selection from the large variety of
availoble supplies, the vser must know the operation and
the most important specifications that are covered here.

{less than 100 volts) semiconductor applications, creating
a market exceeding $100 million, The power supplies for
this market are generally all-solid-state designs with more
recent models using sibicon semiconductors for high relia-
bility and greater power-handling eapacity per unit vol-
ume,

Power-supply packaging is dictated more by funetion
than by appearance. Modular or system-type power sup-
plies arc available for various mounting configurations,
Muitiple-cutput power-supply systems can be assembled
using modilar power supplies and metered panels in rack
adaplers.

Somne supplies can be ased for either laboratory or sys-
temn applications. When used 1 electronie systems, the
ribher feet can be removed and a rack adapter provided
for convenient mounting (as shown in pholo on page 39},
High-powered, fuil-rack regulators can be supplied with

Fig. 1. Rectifier and filter configurations showing {A)
capaz tor and [B) LC filters. {C) D.c. ouvlput vollage
waveforms for single-phase, full-wave rectifier with
{1} no filter, {2) capacitor filter, ond (3} LC filter.
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Fig. 2. [A} Operatienal amplifier, (B} Regulated supply.

rubber feet that are suited for laboratory and hench use.

In most cases, the user will find the power supply he
requires from some manufacturer’s “off-the-shelf” cata-
logue. To the user, this means that the device is readily
available as a standard product with minimum delivery-
time lapse. Standard product lines include supplies with
ratings from the milliwatt range to units with ratings ex-
ceeding 10 kW. The price may be well under $100 or well
over 85000, depending upon the power capacity and per-
formance characteristics required.

Operating Principles

The series-regulated power supply belongs to a family of
circuits referred to as d.c. operational amplifiers, These are
extremely high-gain amplifiers that use feedback to control
their output function and are capable of operating from
d.c. to some finite limit in frequeney. We will mainly con-
cern ourselves with d.c. operation. See Fig. 2A.

The open-doop gain of the amplifier (A,) is very large
and assumed to be near infinity compared to the closed-
loop gain or gain with feedback. Values of A, on the order
of 100,000 are not uncommon. In order to generate an out-
put signal of magnitude E,, an input or error voltage
(e) of E /4, is required. Since 4, is many orders of
magnitude lavger than E ., the error voltage can be con-
sidercd to be xero. Using this approximation, we can then
state that 11 = E; /R, and I3 = E,,/R; because ¢ is at
zero or virtual ground. Also, knewing that currents enter-
ing a node must equal currents leaving a node, we can sum
the currents around node X and obtain /11 = I2 + /3. Gen-
erally. a syslem must be designed with 72 many times
smaller than either It or I3, so that essentially It = I3.
Consequently, £, ./B; = I, and £, /F,, = MRJI1R,,
= R/ R, = closed-loop gain. Heuee, closed-loop gain is a
function of external components I, and R, as long as 4,
is much larger than i, /R, and I1 is much larger than /2.

We now rearrange ¥ig. 2A to satisfy the circuit require-
ments of the series-regulated power supply, shown in Fig.
2B. Although this iz basically a model of a power supply
which can be operated over a wide voltage range starting
from zero volts (zero supply)}, the theory is applicable to
narrow-range {slot) supplies.

In the power supply, the error amplifier and pass ele-
ment together are equivalent to the entire operational am-
plifier of Fig. 2A. A {full-wave rectifier and a capacitor
filter provide “B+" voltage for the pass element, The error
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amplifier is normally powered by an auxiliary bias supply.
The input voltage, E,,, is created by a stable zener refer-
ence element using a compensated current source to sup-
ply it with constant excitation current. Similarly, the
output of the power supply is: E, = E|, R/ By,

The output can be changed by varying either I; or Ry,.
Varying R, would then cause a variation in the current
I1 supplied by E,,. A change in /1 causes a change in E;,
because the stability of a zener diode is dependent upon
specific constant operating conditions. Because varying R,
has no effect on f1, it is the preferred method for varying
output voltage.

Most supplies can vary the feedback resistor, f,, from
a remote source either by providing a pair of terminals in
sertes with B, or by replacing it entirely. Both methods
permit eontrol of the output voltage from some point far
removed from the regulator location. This is referred to as
remote programming. Since I1 is a constant, the power-
supply user can easily program the output voltage linearly
by varying the feedback (or programming) resistor. As
would be expected, a supply should only be programmed
within its rated limits of operation,

Operating Parameters

Let us examine the important power-supply operating
parameters, relate them to circuit performance, and in-
vestigate their limitations.

Load Regulation. Load regulation is defined as the
amount the output voltage will vary for a specified change
in load (output) current. It can be seen from Fig. 2B
that load current is supplied by the pass transistor to the
load. Because a transistor is a current-amplifying device,
the current required at the base of the pass transistor is
only a small fraction of the lead eurrent. The change in
the error amplifier input current (I2) required to supply
this base current is extremely small and normally less
than a microampere. This change in input current causes
& change in the error voltage (&) which is the main factor
affecting load regulation. For the circuit shown: aE,,; =
Ae (1 + Rf'/Rin}'

Load regulation depends upon two components, then;
one a constant and the other a proportion of output voit-
age, The constant component is more important when a
supply 1s operated al or near zero since, under these con-
ditions, B;/ B;, would be essentially zero. When the power-
supply operating point is such that R;/R;, 1s much greater
than unily, the variable component of regulation predomi-
nates. Because power-supply output requirements do vary,
the user must recognize the need for specifying load regu-
lation in two quantities. The series-regulated power supply
will typically have a variable regulation band of from
0.01% to 0.1% of output voltage and a fixed component
of from 1 to 3 mV for load current changes of from no
Ioad to full rated load. Values above and below this band
normally are considered poor and good regulation, respec-
tively,

Line Regulation. This paramcter defines how much the
output voltage will vary for a specified change in a.c. in-
put voltage. This change causes a number of variations
within the supply, eg.. “B4" for Lhe pass Lransistor
changes, the error-amplifier bias supply voltage changes,
and the reference zener diode (E,,) current source changes.

Because the pass transistor is within feedback loop, a
change in its “B+" potential will not cause an appreciable
change in E, ;. Referring to Fig. 2B, the minimum capaci-
tor-filter voltage must be equal lo or greater than the
maximum output voltage plus the pass transistor satura-
tion voltage plus any mternal voltage drops around the
power loop, plus the peak ripple voltage across the capaci-
tor-filter. Any capacitor-filter voltage less than the sum
of these voltages will cause the pass transistor to become
saturated, resulting in loss of control of the output and
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vausing the excessive ripple of the capacitor-filter output
to appear across the output termmals.

AL the high end, the a.c. Input is limited by the amnount
of power the pass transistor can dissipate. For a given
load current. the power in the pass section will be o maxi-
mum when the difference between the capacitor-filler volt-
age and the output voltage i= a maximum since tlos dif-
ference appears direclly across Lhe pass fransistor. When
developing the power raling lor o unit. the power-supply
manufaclurer starts by selecting a reasonable ac. line
vartation {usually 105-132 ¥V rans), and then designs a
transformer to deliver maximum oulput vollage at tull
load wills Fow line input. Power dissipation capability re-
quired with maximum nput line voltage and mininiun
d.e. output voltage <etermines package size beeause the
power cireuilry reguired for dissipaling the excess power
contribules largely to physical size. Its direct contribution
to over-all gain and requlation is relatively small.

In addition to veltage varialions. the a.c. inpul ean
also cause frequency variations. Normally a power supply
1+ designed to operate over a wilde input {requency range.
The lower limit will be determined by cilher excessive
transformer heating or inereased vipple across Lhe capaci-
tor filler. The lower limit ¢an usually be extended by re-
ducing the maxunum load current requirement. T'he upper
limit 15 determived by & reduction of input voltage doe
to transformer leakage inductanee or by mereased output
noize. Series-regulated power supplies are. in most cazes,
operable from 13 to 140 1z The effect of frequency vari-
ations on regulation is usually wegligibte.

Ripple and Nowe. Fig. 3A illustrates a typical ripple
and noise pattern at the output of a series-regulated pow-
er supply. Three distinet zignal sources are detectable:
{1} random noise generated by the refercnce zener and
error amplfier as characterized by the thickness ol he
Ime: {(2) ripple attributed to 1he line lregonency, which
has its origins in the reference zener hins cirenit and
picknp in the cireoit wiring: and (3) low duty eycle spikes
ssnchronized to the line frequency. which are generated
by the mput rectifiers and transmitled (o the oulpul.
These spikes are normally reduced by using rd. attenua-
ton lechnigques.

To praperly describe this over-all o, componuent at the
d onlpul requites an rans as owell axoa peak-lo-peak
limil.

Temperature Coeflicient (1C), The amount the output
voltage of the supply changes in proportion to the am-
bient teinperature (with all other operating conditions
remaining constant) s expressed as the TC. The TC is
mainky dependent upon the elosed loop parameters of the
supply. Changes within the amplifier after the first stage
caused by temperature variations can normally he neglected
{assnming that the magnilude of these changes is willin ihe
dynamic range ol the anplifier) since the elfect reflected
back to the mput would be attenuated by the gam of the
subsequent slages, Acceplable TC s are normally less thau
0.05%./°C + 1 nlV/°C.

Because load and hne changes cause dissipation within
the supply, internal ambient temperatures will vary inde-
pendent of external ambient changes. Such varialion could
be from 10°C to 40°C at different lecations within 1he
package, depending on component layvout and thernnal
properties. The efllect would be the same as changing Lhe
external ambient temperature. This effect 15 not specificd
on a matufacturer’s power-supply data sheet because its
calculation depends on the user’s techniques for ventilat-
g and/or cooling, together with the magnitude of the
nser’s line and load changes. However, 1l should be taken
into account by system designers who use power supplies
in large quantities in restrictive environments.

Recovery Time (Trunsient Response). A power supply
will nsually be required to operate mnto a varying lowd,
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Three laboratary power supplies mounted in rack adapter.
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Fig. 3. (A} Waveform showing typical ripple and noise.
(B) Transient response of series-regulated power supply.

with extremely fast varlations in relation to the respouse
Lime eapabilitics of the power supply cirenitre, 1fenee,
power snpply oulput terminals are shuntlerdl by a capacitor,
which supplies reserve energy when operating iulo rapidly
varsing (transient) Toads. Figo 8B illustrales the Leansient
respotise tie of a series-regidated power supply. Chang-
g from a full-load to a no-load condition rvesults m an
output voltage spike caused by the inhierent mductance of
Lhe internal and external civenitry, Simultaneously, Lhe
power supply sl supplies oad enrrent Lo the output
capacilor untll the wnplifier regains control. Tlis causes
the il pnl capacitor to be chavged to n vollage higher
than the desired output voltage. The power supply’s mler-
nal cirenits will thew blced off this excessive chavge unlil
Lhe output vollage renches Lhe selecled Tevel. Going from
no-load o fulldoad first causes Lhe load current to be
dravwn from the output capacitor since the amplificr cun-
not respond immediately to the changed power reqnire-
ment. When the amplifier again regaing control, the eapaci-
Llor is recharged and the desived ontpet vollage 1s restored.

Tt is apparenl Lhat the nature of the load can have a
significant effect on the transient response characteristic.
A highly capacitive load will cause small peak excursions
but relatively long sellling times, while a highty induective
lowil will have juslt the opposite effect on these character-
istics. Transient response is normally specificd as the time
required Lo retiurn and stay within specified voltage Limits
surrownding the regulation band., For instanee, a lypical
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Fig. 4. Efficient phase-modulated switching power supply.

specification would be 100 gs to be within 100 mV of the
regulation band. This specification refers to a resistive-
type load, where error sensing is done at the power-supply
output terminals.

Stability. Assuming that a power supply is operating
from a constant input line and inte a constant load while
mstalled in any environment with fixed ambient tempera-
ture, small deviations, or drift, of its output voltage can
be observed. This drift is referred to as the stability char-
acteristics of the power supply. Even when operating
under constant conditions, the power supply creates am-
bient differentials within isolated portions of its circuitry.
Thermal currents thus created cause variation in tempera-
ture-sensitive components and mechanical stresses in
critical potentiometers vesulting in output variations.
Easily available components used in today’s cirenitry will
vield an output voltage siability of 0.1¢; or better for
8 hours after an initial warm-up period.

The power supply is a complex instrument, capable of
many petformance options and features. Consequently, a
suggested model should be analyzed for intended applica-
tion to insure the most economical and efficient handling
of the customer’s requirements. A convenient way of speci-
fying performance is to select 2 regulation band which
encompasses all the static operating conditions. This in-
volves specifying upper and lower limits for each of the
operating conditions,

There are many other specifications applicable to power-
supply use: environmental specs describing vibration,
shock, temperature cycling, and humidity limits, as well
as specs for radio-frequency inlerference generation,

Whenever a standard model cannot meet a user’s necds,
a specification can be generated by the user, tabulating
performance goals and physical requirements. This nor-
mally requires liaison with a power-supply manufacturer’s
applications engineer who will insure reasonable specifica-
tions and a clear understanding of the problems involved
in ereating a modified or custom power supply.

Other Types of Regulators

The serics-regulaled power supply 1s the most widely
used type. Its major attributes are versatility and excel-
lent performance; however, its greatest drawback is its
low efficiency. When the input and/or output vary widely,
the cfficicney can be as low as 25% and not much better
than 509%. For example, a 5-volt power supply with a
*+59% output variation and a line voltage specification of
105 to 182 V rms. will have a typical worst-case effi-
ciency of 259 caused by the combination of high line in-
put, low-voltage output with full-load operation. The
efficiency can approach 50¢; for units with higher voltage
ratings but will not rise much higher. The internal power
dissipation can become excessive in uses requiring large
amounts of power in a single system.

A partial solulion lo the problem is to utilize a method
of power control employing switehing technigques. This
method, in turn, causes deterioration in such performance
characteristics as response time, ripple, and noise, in addi-
tion to causing incrcased RFI. Recognizing these deficien-

40

cies, a user can obtain operating efficiencies exceeding
70%. In such circuits, a different and more efficient power
control mechanism is substituted for the series regulating
pass transistors,

One such technicque is the use of line-voltage phase maod-
ulation with SCR’s as discussed elsewhere in this Special
Pection, Another widely used high-efficiency system for
power conversion 15 illustrated in Fig. 4. In this method,
the a.c. input signal is first converted to unregulated d.c.,
then a chopping or switching eireuil, controlled by a feed-
back loop, 1s used to produce a fixed-frequency outpat.
The power is controlled by varying the duty cycle of this
fixed-frequency output. A regulated d.c. output is obtained
by reclifying and filtering this phase-controlled signal.
The chopping frequency is normally many times higher
than the input line frequency. This factor allows the use
of a2 smaller isolation transformer which, in turn, makes
possible the attainment of high voltages while using low-
voltage control devices because the maximum output volt-
age then bhecomes a function of the transformer. Either
SCR’s or transistors can be used in the chopper section.
SCR’s handle large quantities of power but are limited
to an operating frequency of about 10 kIlz. Transistors
are limited in power-handling capabilities but operate at
faster chopping rates. This provides better response char-
acteristics than 8CR systems.

Making the Choice

When selecting a power supply, the user should evalu-
ate three main factors:

Electrical Specifications. Consider the entire band of
regulation desired instead of one or two attractive pub-
lished specifications. For instance, a line or load specifi-
cation of 0.005% Is inconsistent with a temperature co-
efficient of 0.059./°C. A power supply should be capable
of operating with substantial input line variations., The
load should be analyzed for severe demands such as those
required by lamp filaments, motor windings, capacitor and
pulsed loading. The performance of the power supply
should then be evalualed aceordingly. Special features and
protective circuits for the load and for the supply should
also be considered.

Mechanical Specifications. Intended usage should govern
the physical apprarance of the power supply, A laboratory
supply should possess a full complement of meters and
accessible controls whereas a system supply must be com-
pact and adaptable to what may be a difficult mounting
requirement. When necessary. system mounting can be
provided together with accessible controls. The interior
power-supply layout should allow convenient access for
servieing or internal ealibration and adjustment.

Thermal Environment, Power supplies, by the very na-
ture of their use, generate heat. Control of temperature
build-up can be accomplished either by convection or by
forced-air cooling. Control becomes a critical factor when
a power-supply rating is based upon the operating ambi-
ent temperature. When installed in large systems, the
power supply presents a problem of great concern to ce-
signers. The units must be situated so that they do nol
heat up critical system components, yet they must still be
capable of dissipating their generated heal into surround-
ing external ambient. For laboratory use, ithe power supply
must possess no external heat sinks that can harm the
user and cause damage to other equipment.

Before selecting a power supply, a careful check list
should be made based on intended usage. Because a large
capital expenditure c¢an be involved in the supply and
the circuitry dependent upon it, a selection must be care-
fully made based upon good judgment, intended use, and
economics. Such an approach to selection is feasible only
if all the characteristics associated with the product are
understood and evaluated. A
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Power-Supply Programming

By PAUL S. BIRMAN / Applications Engineer, Kepco, Inc.

The feedback circuit of the regulator section is well suited for
use in adjusting the supply’s output. Such adjustment, called
programming, may be done either locally or at a remote location.

EGULATED power supplies are often used in cireuits
and systems where the ability to control, vary, or
modulate the output is required. A remarkable prop-

erty of the regulator section of the modern power supply
15 that its feedback mechanism is just as well suited to the
problem of control as it is to the maintenance of a constant
output voltage or current. The process of varying a power
supply’s output is ecalled programming.

The output of many power supplies may be programmed
by varying a resistance—or a conductance—or by apply-
ing a signal voltage or current. These, In turn, may be
shaped or controlled by a variety of function generators,
motor-driven devices, or may be outputrelated to the
power supply itself to close a feedback loop.

In general, programming is limited to those power sup-
plies whose design does not depend on mechanical aids to
dissipation limiting. For example, units employing variable
autotransformers as part of their control will normally be
incapable of electronie remote programming (except by
the use of motor-driven or similar mechanisms). Similarly,
some power supplies that employ range switching—where
that switching involves transformer taps—will usually be
limited to external! control within the span of any one
range,

Error sensing is also provided with most precision power
supplies to allow the equipment to feed back its corrective
signals over a wire path separate from that used to deliver
current to a load. This allows a power supply to include
the drops in its load wiring as part of its own internal
resistance, joining, among other items, the transformer
resistance and rectifier drops. The process of compensating
for an unwanted drop in the load circuit may be consid-
ered a form of restricted programming in which the sup-
ply programs itself by the necded amount. Even power
supplies using mechanical control and otherwise not con-
sidered programmable, will have a 0.5 to l-volt program-
ming range for the sensing circuit. Simpler power supplies
lacking feedback control mechanisms will, of course, not
have even the degree of progrumming needed for remote
error sensing. '

Analysis of a power supply in terms of its signal flow
rather than its power flow may be aided by a symbolic
diagram (Fig. 1A) which reduces the supply to three
basic elements:

1. A raw d.c. source, the outpul of a transformer, rec-
tifier, and filter.

2. A regulator element, typically a tube or transistor, in
series with the raw dwe. (An equivalent analysis could
also be drawn for a shunt regulator.)

3. A high-gain d.c. comparison amplifier connected to
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drive the regulator in such a way as to maintain a null
(zero volis) across its input terminals. (If the emplifier
has sufficiently high gain, its feedback voltage is practi-
cally the same as its output voltage so thet its input
voltage is vanishingly small, or essentilly zero—Editor)

The amplifier input and the power supply’s negative
output form a feedback pair of terminals so that the out-
put voltage will always be equal to the voltage across this
pair  (to maintain the input “null”). Several properties
of the feedbackepair are significant.

L. It passes negligible current into the amplifier and,
therefore, possesses an apparent high impedance.

2. Any voltage achieved across the feedback pair will
program the power supply’s output one-for-one, Program-
ming, then, becomes a matter of controlling the magnitude
of the feedback-pair voltage,

Methods of Programming

The stimplest method of programming involves placing a
voltage source directly across the feedback terminals—
perhaps a battery controlled by a potentiometer (Fig, 1B).
Because of the high impedance, the potentiometer’s wiper
will not be loaded, yielding good linearity ws position.
Programmed in this way, power supplies are sometimes
used as impedance transformers. With “input” impedances
in the megohm range and output impedances in the milli-
ohm region, transformation ratios from 10° to 1012 chms
are common,

Becoming a bit more sophisticated, the feedback voltage
might be controlled by placing a resistor across its termi-
nals and eontriving to pass a current through it. The IR
product voltage will then program the output to an equal,
but opposite, level. The current for the feedback resis-
tance may be obtained from a separate source. If this cur-
rent is constant, then the power supply’s output voltage
will simply be proportional to the resistance. For example,
if the current is 1 milliampere, the output will he 1 volt
for every 1000 ohms of feedback resistance. This is often
called the programming ratio; 1 milliampere control cur-
rent corresponds to 1000 ohms per volt, 2 milliamperes
will give 500 ohms per volt, ete.

Output may also be controlled by varying the current;
or the current and resistance may be varied simultaneous-
ly with the power supply’s feedback circuit by simply
multiplying the two, with the product being the power
supply’s output.

The eurrent for the feedback circuit can be generated
by connecting a current source seross the feedback resis-
tance (in which case the current generator must be capa-
ble of supporting the output voltage) or it may be con-
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nectad across the amplifier’s null terminals, Sinee the nuall
terminals support little voltage (because of the gain), this
pait appears to have a very low, almost zero, input impe-
dance, and so is easily driven by a current source. Since
the current does not flow into the amplifier itsell, the
path takes it through the feedback resistor where its
passage geherates the IR drop necded to program the
power-supply’s output (Fig. 1C).

A current source in this position is readily simulated.
Because the amplifier’s input impedance is ncarly zero,
any voltage in series with a suitable resistanee can be
used to generate the needed current. (Since there is no
wvoltage across the input terminals, the effective impedance
across these terminaly s close to zero, This nearly zero
mput impedance showld not be confused with the very
high “input” impedance of the feedback pair shown previ-
ously in Fig. 1B —Editor} The current will be the jnput
voltage divided by its series resistor. This current, and
thus the current through R, is subject to control by vary-
ing either the source, E, (the reference) or its series re-
sistor, R.. Control will be directly proportional te E, and
inversely proportional to R, (It is directly proportional
to the conductance G, = 1/R.)

Writing the complete equation: E, =E;, = F, (R/R.).

The resistance ratio R,/ R, is sometimes called the oper-
ational gain, or closed-loop gain. When either B, or R, is
varied to control output, the operation can be considered
equivalent to varying the gein of an amplifier with a fixed
input (). If the gain ratio is allowed to remain con-
stant, output muy be varied in the selected proportion by
controlling E..

F. may, of course, be any voltage level as long as it
is used in series with the appropriate resistor to produce
the control current. The current needed will be dependent
on the value selected for Iy, with larger values requiring
the least amount of current.

In most modern power supplies, a shunt-regulated zencr
source is commonly used te produce the stable reference
{E). The current from it is determined by a precision
series resistor (R} and is customarily between 1 mA
{1000 ohms per volt) and 10 mA (100 ohms per volt}).
The feedback resistor (B;) is made variable and is
mounted on the front panel and labeled “voltage control”.
To qualify as a remotely programmable power supply,
these clements are connected to the circuit g appropriate
terminals and links, so arranged that users have access to
any or all elements for the substitution of external com-
ponents (Table 1).

Programming mechanisms might include a remote feed-
back resistor which is variable, stepped, sequenced, or
driven by a motor; or it might include an external source
of voltage substituted for the reference. This, too, may be
variable, derived in whole or in part from a function gen-
erator, sweeper, or sensor output for process control,

Next, let us consider some of the important design
parameters that are involved.

ELEMENT ADVAN-
{control by) QUTPUT LIMITS TAGES
E, Directly propor- Needs woltage Impedance
(feedback voltage) tional, 1:1 equal to output transformer
R, Proportional to R, must support Direct linear
(feedback resistor) control current voltage E, program
R, Inversely pro- Current from R, need only
{reference resistor) portional reference varies support E,
E. Proportional to E, must provide Low-level pro-
(reference voltage} :1‘ contrel current gramming

x

Table 1, Programming is done by varylng one of these elements.

The ability of a power supply to make its ontput follow
a program accurately, lincarly, and with good resolution
is largely a function of the comparison amplifier’s gain.
The higher this is the more nearly perfect is the compari-
son, The gain is usually reflected in the power supply's
load regulation rating with 0,15 to 0014 supplies re-
quiring 80-100 dB of amplifier gain. Actually, the signifi-
cant gain is the open-loop gain (A) less the closed-loop
gain (R;/R.)). The balance is called the “loop gain” or
feedback return ratio.

Also involved is an analysis of aceuracy or linearity are
the amplifier’s offsets (residual input voltages and cur-
rents) whose presence must be accounted for i deter-
mining the precise output.

With modern emphasis placed on varying output (rather
than the traditional power-supply role of maintaining
constant output), the question of a power supply's dy-
namies (behavior while varying) becomes significant.
Typically, power supplies have used large capacitors across
the output terminals. These capacitors are characterized
by high energy storage. low a.c. impedance, and resistance
to voltage change, making them ideally suited to the de-
mands of the classical constant-volfage power supply.
These same characteristics, however, make the traditional
output ecapacitor unsuited to the demands of a variable
(modulated) power supply. In particular, the capacitor
affeets the prograomaning speed—or slewing rate, the rate
of voltage change following a step command, zay from a
switched feedback resistor. (Slewing rale s measured as
the chord from the origin to the first time-constant on the
exponential response to a step command, as in Fig. 2.}
The relationship I = €' dv/dt, where dv/dt is the voltage
rate-of-change, limits the slewing rate to the current di-
vided by the capacitance. Typically, for most outpat fil-
tered supplies, this will be just a few hundred volts per
second.

Fast-Programming Supplies

Some manufacturers now offer high-speed, or fast-pro-

Fig. 1. (A} Simple series dissipative regulator lype of power supply showing signal voltage relationships. E,
equals Er. (B] Voltage repeater 1:1 programming produces impedance transformaotion from very high-Z in-
put to very low-Z outputl. (C} A voltage Er in series with R, produces a current through R; equal to E./R;.
This current times Ry produces program E, = E: [Rt/R:]. Current arrows show direction of electron flow.
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Fig. 4. A sensing circuit for current regulation and control.
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gramiming power supplics. In these the oulput filtercupa-
citance 1s rveduced or completely eliminated, This vields
relatively high slewing rates, on the order of 34 to 2 volts
per nicroseeond. Suel power supplies are well suited 1o
rapid  programming of tesl cireuits, or to digitally con-
trofled step-value feedback-resistance programs, Thev may
also be modulated with specelr or other complex audio-
frequency or sinusoidal waveforns, just as it the power
supply were a wildeband e, amplifier,

Smunsoidal bandwidih ean be related to slewing rate by
the chart in Fig. 5. This depiets the produet £ o) =
dv/dt, which, for a given slew rate, dv/dt, and amplitinde,
E, s plots the maximum sinusoldal frequency, f.

Power supplies used to regulide cuwrrent are especially
henefited by the capacitorless high-speed clrenits. The
transicnl response of o current regulator i o measure af
its ability to restore the set current following a step load
change. dince such a load resistance change culls for a
correspoiding change in the current regulator’s output
voltage, or compliance vollage, the spead of response is
directly related to the voltuge-rate-of-change, the  pro-
gramming speed. Essentially, the current regulator is a
self-programmed power supply which automatically  ad-
Justs its vutput voltage to correspond to changes in lowed
resistance, Lo mainlain a conslant voltage-resistanee ratio,

Power supplies are mnade to control cureent, rather thioe
voltage, simply by connecting their feedback resistor Lo
a senstng resislor insfemd of the output lowd (Fie §).
When this connection is made, the circuit regulate~ the
voltage across the sensing resistor and makes iU equal Lo
the feedback voltage. Because 1he voltage acros ihe
sensing resistor is the product ol oulpul currenl amd R,
and since K, is constanl, then controlling the sensing volt-
age controls the oulput eurrent.

The conneelion of the feedback resistor to either the
load or sensing resistor-—to the point of regudation—con-
alitutes one of the power supply's error-sensing connee-
tions. The other is the conneclion belween the reference
voltage and the common terminal. By neding these con-
nections dircetly o the point of desived regulation. the
voltage drops in the load-carrying wires are nol included
in the ertical comparison of lowd voltage with feedback
voltage, and Lhe crrors are congpensated.

Modern regulators, subject Lo a variely ol command
controls. able to be modulided and capable of functioning
as Impedance Lransformers, stmmers, scealers, infegrators,
amplifiers, fulfifl a growing role in U ficld of control
engincering. By their ability to handle o small sjgnal
command, and respond Lo il with substantial power, snch
cyuipment can often simplify systems design, and reduce
the burden on other equipment. A

OFTEN-USED POWER-SUPPLY TERMS

Ambient Operating Temperature: The range of envirenmentzl tem-
peratures in which the supply is operated.

Bipolar: A system with two poles, polarities, or directions.
Compliance Yoltage: Output voltage of a d.c. power supply in a
constant-current mode.

Constant-Current Power Supply: A supply capable of maintaining a
preset current through a variable load.

Constant-Voltage Power Supply: A supply capablie of maintaining a
preset voitage through a variable load.

Current Cut-off: An overload protective device designed to reduce
load current as the load is reduced.

Current-Sensing Resistor: A resistor in series with the load that
develops a voltage propertional to current.

Error Signal: The difference between the putput voltage and a fixed
reference voltage.

Filters: LC or RC devices arranged as low-pass devices. They de-
termine output ripple value.

Frequency Response: A measure of a power supply's ability to re-
spond to a sinusoidal program.

Isalation Voltage: The external voitage hetween the power-supply
output and ground. - -

Lead, Lag Networks: Resistive-reactive components that control
phase-gain rol-off versus freguency.

Load Regulation: The maximum change in output current or voltage
with corresponding changes in load.

Overshoot: A transient rise beyond regufated output limits.
Programming: The control of a power-supply function by means of
an external variable control.

Regulation: Maximum change in output caused by line voltage,
load, temperature, or time changes.

Response Time: Time reguired for voltage or current reduction to
379% of its peak value affer a step load or line change.

Ripple: The a.c. compoaent in a d.c. cutput.

Saries Reguiator: A device in series with a power source that con-
trofs voltage or current output.

Shori-Circuit Protection (Automatic}: A current-limiting system
that enables a power supply to operate into a short without damage.
Shunt Regulator: A device placed across the ouiput which enabies
a supply to. maintain constant output,

Stability (Long Term): Output voltage or current changes as a
function of time,

Yoltage Reference: A separate voltage source used as a-stzndard,
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How To Measure

Power -Supply Performance

By B.C. BIEGA/ birector of Engineering

Sala Electric Div., Sola Basic Industries

In order to compare specifications properly, measurements
should be made according to certain standards. Here are
the proper methods to use to avoid measurement errvors.

GLANCE at the ads in any magazine devoled to
A eleclronics and instrumentation teehnology will indi-
cate the availability of many types of electronic
power supplies. Their power outputs—ranging from milli-
walls to kilowatts—are designed to provide fixed or vari-
able voltage or current with almost any desired degree of
precision and siabilily,

Growth of the power-supply industry, in a relatively
short time, has been so rapid that it has been necessary
to develop a whole new terminology to describe Lthe per-
formance characteristics of these power supplies. Further,
as cireuits and components have been improved, specifi-
eations for regulation, temperature coefficiend, ripple, and
drift. have become tighter and tighter. But, for lack of
common terminology and definitions, the user is often un-
able to make meaningful comparisons of the products of
two different manufacturers.

Recognizing this problem, a number of major power-
supply manufacturers are cooperating in the development
of a Standard for Electronic Power Supplies through the
Electrenic Power Supply Commitice of the National Elec-
trical Manufacturers Association (NEMA). The Standard
will include sections covering definitions, ratings, safety
provisions, and measurement methods. This Standard is

expecled to be compleled late this year. Tix adoption by
all power-supply manufaclurers will eliminate most of the
existing confusion as to the exact meaning of the various
specifications.

Avoiding Errors in Measurement

The tighter the power-supply specifications, the more
difficult it is Lo make measurements verifying spee con-
formance. This is so because measurement errors can be-
come greater than the change in output being measured,

For example, if a power supply is rated at 24 wvolts
output with 0.01-pereent load regulation. this means the
lerminal voltage varies no more than (0.01/100) X 24 =
0.0024 V=24 mV for a noload to full-load change. If
rated output current is 5 A, the internal impedance is
(2.4 X 10%) / 5 = 048 milliovhm or 0.00048 chm. The mea-
surement of load regulation is, in effect, the measuremenl
of this internal impedance—not an easy matter. Note that
1 inch of #20 AW.G. copper wire has a resistance of
0.84 milliochm at a temperature of 20°C, The contact, re-
sistance of an alligator elip may be much higher. Conse-
quently, it is essential to eliminate any series voltage
drops between the power-supply terminals and the point
where the measurement is made, and to keep the current
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Minimum Equipment Needed

Oscilloscope Minimum bandwidth, 100 kHz;
Vertical sensitivity 1 mV/cm
PARA R :
Millivoltmeter With center zero
Variable
autotransformer

A.C. voltmeter
D.C. ammeter
Power supply With voltage output of same

magnitude as one being tested

Preferred Equipment

Oscilloscope | Minimum bandwidth 20 MHz;
Vertical sensitivity 100 xV/cm;
_ _ Differential input

Digital valfmeter or

~ differential voltmeter

Table 1. Equipment needed fo moke power-supply measurements,

0cC A
POWER SUPPLY UNDER TEST / R,
hd ? >%
VARIABLE L3
AUTOXFMA, bl
R
\ viva| o 5n
. (% QINF  SW,WW
\ o 9 400V
AC. & ) 1
INPUT §
4 FOFvemt.
NOTE: GROUND 'DNLY AT ONE GND,
POINT, AT DSCILLOSCOPE] I
0O NOT USE 3-WIRE =
POWER COADS
lo— ADJUSTABLE
my POWER
—@i-oi- SUPPLY

Fig. 2. Setup for measuring constaunt-valtage power supply.

flowing in the measuring circuit leads as low as possible.

Most precision power supplies have a rear panel con-
taining two pairs of terminals: one for cutput or lead leads,
the other for remote error-sensing leads. Connect leads
as shown m Fig, 1A to obtain the most accurate results.

In power supplies with only one pair of front-panel out-
put terminals, connect the measurcment leads as shown in
Fig. 1B, rather than as in Fig. 1C. Even with the proper
connection, sn uncompensated source of error exists in
the voltage drop on that part of the terminal post extend-
ing through the panel.

Separate pairs of measuring leads must be run from the
same monitoring points to each instrument, avoiding mu-
tual coupling effects. The pairs should be twisted to
avoid pickup and, in some cases, shielded leads may be
necessary.

Instrument resolution must be at least one order of mag-
nitude better than the smallest quantity to be measured.
For example, to measure down to 1 millivelt, the volt-
meter must have a resolution of at least 100 microvolts.

Since the power supply being tested and the power sup-
plies and amplifier in the measurement instruments all
experience some drift or change during warm-up, it is es-
sential that the equipment be energized, and the power
supply connected to its load, for the specified warm-up
time. If no specific warm-up time is indicated, allow a
minimum of 30 minutes for the purpose.

Constant-VYeltage Power Supplies

The most important measurements to be made are line
and load regulation, PART} (Perisdic and Random Devia-
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tions) which includes both ripple and noise, and transienf
recovery time. Table 1 lists the minimum and preferred
equipment needed.

Fig. 2 shows the test set-up using the “minimum”
equipment. The variable autotransformer is used to vary
the monitored input vollage to the power supply. Make
sure the rating of the autotransformer is 20 percent higher
than the total output rating of the power supply, since
ilt must handle the power-supply losses in addition to the
oad.

Load resistor R; must have a resistance and wattage
rating capable of handling the maximum current at the
maximum output voltage of the power supply. The v.t.v.m.
is used to measure the power-supply output voltages while
a d.c. ammeter is used to measure the output current.
Switch 81 is used for measuring load regulation. C'1 and
R1 are connected across the contacts of S1 to minimize
switching noise. A double-pole relay should be used for S1
since the second set of contacts can then be used for
triggering the oscilloscope sweep.

The adjustable power supply is used to buck out the
output voltage of the power supply being tested so that
the zero-center millivoltmeter measures only the change in
output voltage. The adjustable power supply must have an
output at least as high as that of the unit being tested,
but its power requirement is very small. Ripple content
should be lower than that of the supply being tested.

If a high-quality 6-digit digital voltmeter or differen-
tial voltmeter is available, it can replace the v.t.v.m. and
the bucking-supply/millivoltmeter combination.

Measurement Procedure; Energize the set-up at rated a.c.
voltage. Adjust the power supply for maximum rated out-
put voltage and adjust R, to draw maximum rated current.
If the power supply has an adjustable current limit, set it
well above maximum current rating. If it has automatic
constant-voltage/constant-current crossover, adjust Ry so
that the current is al 90 percent of the erossover point.
Check set-up for pickup and ground-loop effects by switch-
ing the power supply “off” and observing the scope first
with its leads connected together and then to each of the
output terminals of the supply. If any signal is observed
on the scope, change lead routing and ground connections
until the problem is corrected.

After the specified warm-up time, readjust R, to obtain
correct output current. Finally, adjust the bucking supply
so that the millivoltmeter is nulled.

Line Regulation: Vary the input voltage over the speci-
fied range {usually 10 percent above and helow normal)
and record the millivoltmeter reading. This will pro-
vide AV, the absolute value of the line regulation, in
millivolts.

Pereent regulation = (AV/1000E) X 100
where E is the total output voltage, in volts.

For variable power supplies, repeat at various levels
of output voltage. Also repeat with no load on the power
supply.

Load Regulation: Switch the load “on”™ and “off” and
record the change in ocutput voltage, allowing time for re-
establishment of equilibrivm after each load change. Repeat
for lowest and highest specified line-voltage settings. The
calculations for percent regulation are the same as for line
regulation.

Recovery Time: During the load-regulation measurement,
an output voltage transient may be observed on the oseil-
loscope. Typically, it may appear as shown in Fig. 3A.
If the dashed lines represent upper and lower limits of
the specified transient recovery band, recovery time will
be specified in the NEMA Standard as “time elapsed from
the initial excursion of output voltage beyond the limit
until it returns and stays within this band”. Fig. 3B shows
the case of an overshoot along with an undershoot, Unless
otherwise specified by the manufacturer, the transient
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recovery band is equal to the regulation band and is
centered on the average of output levels before and after
load change.

PARD (Ripple and Noise): The PARD of the power-
supply output is 2 new and preferred method of specifying
ripple and noise (periodic and random deviations) by in-
dicating its maximum peak-to-peak value in millivolts.
The value can be observed directly on an oscilloscope
(Fig. 3C). The rm.s. value of ripple, which is sometimes
specified, may be two to four times lower in value, depend-
ing upon the waveform of the ripple component and the
amount of noise present. The ron.s. value may be mea-
sured by substituting a sensitive true rm.s.-reading a.c.
meter for the oscilloscope.

In order to detect high-frequency spikes on the eutput,
a scope with at least a 20-MHz bandwidth is required.
In fact, a differential oscilloscope with special coax cables
and connectors must be used to accurately measure the
amplitude of high-frequency spikes.

Note that a 60-Hz component in the ripple is usually
indicative of undesirable stray pick-up. This should be
eliminated to obtain a correct measurement of FARD.

Constant-Current Power Supplies

To measure constant-current power supplies, variations
in output current {due to input line or load variations) are
changed to variations in voltage drop across a series
sensing resistor R,. Then the procedures outlined for con-
stant-voltage power supplies can be followed. The ob-
served millivolt values are divided by the value of B, to
obtain milliampere current deviations.

However, difficulties in obtaining accurate results are
even greater here than for constant-voltage supplies, For
example, if the rated output of the power supply is 10 A
and load regulation is stated as 0.01 percent, the specified
current change is actually 10 X 00001 =1 mA. If the
sensing resistor R, is 0.1 ohm, the voltage drop across it
at rated current will be 1 V, while the change in voltage
due to regulation will be 1 mV. This magnitude of change
will also eceur even in a precision resistor with a temper-
ature coefficient of 20 ppm/°C if its temperature increases
50°C during this test.

Therefore, the sensing resistor must be selected with a
power rating of at least 10 times (preferably more) the
power dissipated in it at full rated current. Its resistance
value should be chosen to provide an approximate -1-volt
drop at rated current. A higher value would help in
making measurements, but would reduce the available
compliance voltage of the supply and tend to increase the
circult resistance when load resistor R is shorted out
during the load regulation test.

A good quality ammeter shunt or s precision wirewound
resistor should be used. To aveid sudden changes in its
temperature, it should be shielded from drafts and pref-
erably placed in an oil bath. The sensing leads must be
connected between the resistor and its load terminals,
as shown in Fig. 4. Keep all sensing leads as short as
possible,

Load resistor Ry, should be selected so that the supply's
voltage output does not exceed its permissible compliance
voltage rating, In the case of constant-voltage/constant-
current supplies with automatic crossover, the supply’s
voltage output should not exceed 90 percent of its con-
stant-voltage operating value. It is desirable to use a
fixed resistor of ample power rating here. Small resis-
tance changes at the brush contacts of a rheostat will
show up as additional noise in making the PARI} mea-
surement. The power-supply voltage-limit control must be
set at a level well abaove the maximum compliance voltage
used in the tester.

Current flowing through the output voltmeter will show
up as an additional load on the supply; therefore, a high-
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Fig. 3. (A), 1B} Typical output voltage transients and recov-
ery times, (C) PARD is specified in millivolts, peck-to-peak.
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Fig. 4. Setup for measuvring constant-current power supply.

impedance v.tv.m. should be used, connceted as shown.
Note that switclp S1 shorts out the load resistor when

closed. Therefore, the load regulation test is made by

switching from rated load to short-circuit load.

Temperature Cocflicient & Drift

Temperature coefficient tells us how the regulated out-
put is varied as a result only of changes in ambient tem-
perature, and is specified in absolute change AV or Al,
or as a percentage change, per degree centigrade. This
variation is not generally linear and should be specified
as a maximum rate of change that occurs anywhere with-
in the specified operating ambient temperature range of
the supply. To measure this coefficient, an oven with pre-
cise temperature control is needed.

The power supply is placed in the oven and the temper-
ature control is varied in 10°C steps over the chlire
specificd range. After each temperature change, it is nee-
essary to wait for the output to stabilize at its new level.
This may take about 30 minutes for cach step. It is
important to muintain all other parameters (such as
input line voltage and load reststance) constant. Stability
of the measuring instrument is an Important factor in
making accurate measurements. It is also desirable to
retrace all temperature points in the reverse direction
to average out any errors that may oceur.

Drift is the maximum change of output over a periml
of eight hours with all other paramcters held constant.
Tt is the most difficult characteristic to measure pre-
cisely, because unavoeidable changes in the line voltage,
load resistance, ambient temperature, and especially drift
of the measuring instrumenis may have as great, or even
greater effcet on the measured supply output voltage or
current than the inherent drift of the power supply itself.
Tests should be condueted with both the power supply
and all measuring equipment held in an ambient tem-
perature which varies less than 1°C.

Measurement of drift should not begin until initial
warm-up is completed. The output and ail other parame-
ters (such as ambient temperature and input voltage)
must be checked every few minutes during the eight-hour
period. Obviously, strip-chart recorders are ideal for this
purpose. A
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IC Voltage Regulators

For Power Supplies

By A.H. SEIDMAN/Contributing Editor

The integrated circuit has now invaded the power-supply industry.
IC voltage regulators, some with current ratings of 2 amperes and
load regulation up to 0.05 percent, offer new design opportunities.

digital-cireuit applications and a growing factor in

analog systems, has made its debut in power sup-
plies. Typical of the industry, the five firms in Table 1 aré
marketing monolithic and hybrid IC voltage regulators in
TO-5 and other small-size packages. Based on proven dis-
erele designs, these units are capable of delivering up to 2
amperes at regulated voltages as high as 48 volts with
2 percent or better load regulation. Prices range from
approximately $6 to $60 each in small quantities. With
additional external components, the capabilities of some
of these devices can be extended to current ratings as
high as 25 amperes and voltage regulation on the order
of 0.025 percent.

The advantages of integrated ecireuit regulators over
conventional designs are numerous. These include small
size, potentially greater reliability becanse of fewer con-
nections, packaging flexibility in OEM  designs, small
inventorics, and small design and lead times.

Two basie circuit configurations used for voltage regu-
lators are the emitter-follower and series-regulator cir-
cuits of Figs. 1A and 1B, respectively. Tn both ecirenits
a Darlington pair is used for the pass transistor where
1 is a power device and Q2 a small-signal transistor.
The small-signal transistor requires little base ecurrent
thus permitting resistance B to be large. A large value
of B simulates a constant-current source for the refer-
ence zener diode, thereby providing improved regulation,

The Darlington patr operates as an emitter-follower,
reducing the output impedance of the unregulated source.
Although it is simple and inexpensive, Lhe voltage output
of an emitter-follower regulator is lhnited to a value ap-
proximately equal to the zener diode voltage and load
regulation is not much better than 2 percent,

THE integrated cireuit, already well-established in

In the series regulator, a portion of the output voltage
that appears between the base of the control transistor
(@3) and common (pin 7) is compared with the zener
reference voltage. The difference voltage is then ampli-
fied by the transistor. Assume, for example, the output
voltage tends to increase because of a rising input voltage;
the difference yltage increases and the collector current
of @3 rises. The collector-base voltage of @2 increases
and almost the entire change in voltage appears across
@1; the output therefore remains essentially constant.
The series regulator is flexible and its regulation can be
made to exceed 2 percent.

Integrated-circuit regulators share certain common fea-
tures that must be eonsidered by the applications engineer
in his design. These features are:

1. The d.e. unregulated input voltage must be greater
than the desired d.¢. regulated voltage by approximalely
2 to 13 volts, depending on the manufactured device used.

2. The operating temperature range is typically from
—55° C ta +125° C.

3. Most units can be used wilh external diserete or IC
components to extend their current range or improve regu-
lation. These components, however, ean take np more space
than the IC regulator.

4. For some applications, an external heat sink may be
required. Specific details can be obtamed from the manu-
facturer’s data sheet,

Ta illustrate the flexibility of TC voliage regulators, the
Westinghouse WM 110 monolithic regulator of Fig. 1B
will be used as an example. Selling for 825 in small quan-
tities, the circuit is housed in a low-profile TO-3 can and
is rated at 0-2 amperes from 8 to 48 volts; load regulation
at 1 ampere is 2 percent, Because the chip substrate and
case are at ground potential, the device can be bolted di-

Table 1. A listing of some currently available IC voltage regulators and their important characteristics,

MANUFACTURER MAX. REGULATED| UNREGULATED |PERCENT LCAD| COST (%)
& NUMBER TYPE PACKAGE | AMPERES lOUTPUT (V)| INPUT (\) REGULATION Ksmall quan.)
Beckman 803 Hybrid Ftat 0.5 21 to 32 27 to 38 0.05 3¢
Bendix BN-4100 | Discrete | T0O-3 1 5t 25 9 to 40 2 6.60
Fairchild SH 3200| Hybrid TO-5 50 mA* 8.5 to 30 10.5 to 35 0.05 50
National Semicon- Low-pro-

ductor LM 100 Monelithic] file TO-5 20 mA* 2 to 30 8.5 to 40 0.5 60
Westinghohse Low-pro-

WM 110 Monolithic] file TO-3 2% 8to 48 10 to 51 2 25

*Can be extended with external transistors, see text, **Can be improved with external components, see text.
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Fig. 1. {A) Emitter-follower as used in Bendix discrete regulator, {B] Series regulator used in Westinghouse maonolithic

unit. Methods of increasing the copabilities of an IC regulator. (C)

rectly to a chassis or to structure members for heat sinking.

For increased power handling, a discrete transistor may
be added to form a triple Darlington, as shown in Fig. 1C.
No additional biasing components are required and the 2-
ampere oulput of @1 is sufficient to drive 10- te 50-am-
pere power transislors to provide outputs from 10 to 25
amperes, Regulation may be improved by the use of an
FET as a constant-current source for the zener diode (Fig.
1I¥) . Regulation obtained with this modification is on the
arder of 0.1 to 0.2 percent for input voltage variations
of 20 percent and load variations of 1 ampere,

If precision voltage regulation is needed, the feedback
signal to pin 6 may be hoosted by another amplifier, With,
for example, the Westinghouse WX 115 differential 1C
amplifier inserled into the cireuit at pin 6, regulation will
hold to 0.025 pereent over a 2-ampere load range and a
=20 percent ipul vollage variation, Short-circuit protec-
tion can be provided by placing a small series resistance
at pin 2 and having the voltage drop across this trip a
small transistor whenever over-current conditions exist.

Beckman is oflering its Serics 803 thick-film hybrid volt-
age regulator with voltage output hetween 21 and 32 volts,
Selling for 30 in small quantities and packaged in a small
rectangular housing which is compatible with both flat-
puck and dual in-line TC packages. the device handles a
maximum of .5 ampere and provides 0,05 percent regula-
tion for both line and load variations. Referring to Fig. 2,
a Lriple Darlington is used to provide a gain greater than
105, A constant-curtent source comprising zener diode [31
and transistor @1 operates between the unregulated input
voltage source and the common line to provide an initial
regulated constanl current which is essentially independent
of input voltage variations. The remaining circuitry ix
tairly similar to that used in the Westinghonse and other
regulators.

Bendiz has a series of discrete-circuit regulators housed
in the standard TO-3 package. Tn the least expensive
BN-£100 series, which sells for $6.60 in small quantities,
an emitter-follower regulator (Fig. 1A} delivers 1 ampere.
Output vollages of 3, 6, 12, 18, or 23 volts with load regu-
lation in the range of ¢ percent are available, Other units
in the BN-4000 line provide 1 percent regulation and are
higher In cos.

The monolithic (LM 100) voltage regulator made by
National Semiconductor is packaged in a low-profile TO-3
can, Selling for $6¢ in small quanlitics, the output voltage
is adjustable from 2 to 30 volts; lead regnlation is 0.3
percent maximum. Rated for a load current of 20 mA. ile
runge can he extended to currents greater than 5 amperes
by using cxternal transistors.
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Fig, 2. Schematic of Beckman’s hybrid voltage regulater.

Fairchild’s SH 3200 adjustable hybrid vollage regulator
is housed in a TO-5 can. A complementary version, the
SH 3201, is also available for negative regnlaled voltages.
Load rcgulation of 0.05 pereent at 50 mA over an adjust-
able voltage range of 8.5 to 30 volts is obtained with the
aid. ol the internal FET acling as a constant-curren!,
source for Lhe zener diode. An exlernal Lransistor extends
the current range to 5 amperes. Cost of the ST 8000 is 850
in small quantities.

(ther manufacturers producing comparable IC voltage
regulators include Ameleo Semicondwctor, Bowris, Conti-
nenfal Devices, General Tnstrument, and Raytheon.

Where space and reliability are of considerable Impor-
tance, the IC voltage regulators are superior to those using
separately packnged, discrete components. 1C regulators
are especially aliractive i svstems where il 1 desirable to
have many local regulators for noise isolation rather thau
one central power supply. Also, becanse of their small size,
the designer has prealer flexibility in layout, permnitling
him to come up with au optimum package size.

Il vost is the important Fuclor, the TC regulator may not
always be able to compete with diserete designs—at least
for the present. There is little doubt, however, that with
improved technology and inereased production, these units
will drop in cost and become competitive with discrete
regulators of comparable operating characteristics. A
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