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CIRCUIT BUILDING BLOCKS FOR
VOLTAGE REGULATORS

by Michael M. Scott

Today the engineer who must decide to buy out or build a power supply is

faced with an impressive array of choices. He may buy complete power supplies
from many vendors or build a supply using commercially available modules,
hybrids or monolithic voltage regulators. He may even decide to design it
himself with discrete components and integrated circuit op amps. Voltage
regulators consist of basic building blocks shown in Figure 1. The goal

is to assemble the blocks to get the typical "ideal" regulator (figure 2).

Ignoring biasing and current Timiting symbology, a systems diagram of the
regulator might 1ook &1ke Figure 3. Resistors Ry and R2 establish the out-

put voltage at [————7;—- X VRefJ.
Load Regulation is then f +V%A YOwhere A, is the open loop gain of the
VO
error amplifier and series pass transistor and g = Ry EZRZ Line regulation

is determined by the interaction of the biasing networks with the rest of
the circuit and the dominant factor is usually the stability of the voltage
reference. If the reference stability is 4 VRgF forAa given change in input

Vo . AV

line voltage, then the overall Tine regulation is T+ ehvg

REF.

Designing a Voltage Requlator

A lot of engineering design and common sense is required to get hardware
from the previous discussion. Circuit design might begin with one or more
of the biasing schemes illustrated in Figure 4. If Ty and T, in circuit A
are exactly identical devices, then Iy = Ip. If the Vpp match of the two
devices is not perfect, the ratio I1/I, will vary logarithmicelly with
AVgg. Circuit B is a PNP version of A with I7/I, varying with the ratio
of the collector areas. Temperature stability of these two circuits is
poor, but an obvious advantage is their simplicity and minimum parts count.

The use of circuit C is becoming more and more popular today as FET prices
decline. The tolerance in Iy is poor, but it is useful in designing

circuits whose current consumption is independent of supply voltage. Without
its use, minimum pre-load requirements waste several milliamps in order to
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assure start up.

Circuit D is a Togarithmic current source and requires close match of Tj
and To. Its major use is to achieve ratios of I] to I, of greater than 5,
but it is temperature sensitive. Circuit E is perhaps the most common
current source configuration. The I7/I2 ratio is determined by Ry/R2 with
good accuracy and temperature stability with only moderate matching of

Ty and To.

Circuit F is a Second Generation version of E. It features better matching
and tracking because T3 greatly reduces errors resulting from the non-zero
base currents of Ty and Tp. In monolithic design, this circuit is also

useful in establishing accurate and temperature stable integer ratios of

I7 and I5. To do this, Tp is made with multiple emitters and multiple emitter
resistors with each resistor equal to Ry. This technique maintains equal
temperature coefficients for Ty and Ty for unequal collector currents.

Figure 5 illustrates several possible voltage references. Circuit G is the
simplest. Its line rejection is poor, being the ratio of Ry to the

dynamic impedance of Dy and it has a very poor temperature coefficient.

Line rejection is improved by adding a current source obtaining circuit H.
The addition of Dy and selection of I provides temperature compensation

for the zener diode. Circuit I performs the same function as H but provides
a VRer lower than the zener breakdown. In circuit I, the temperature com-
pensation is accomplished by selecting the ratio of Ry to R, such that the
temperature coefficients of D and D3 cancel those of Ty and Dj.

The biggest disadvantage of these voltage references is that their output
impedances are relatively high. Circuit J solves this by placing the zener

in the feedback loop of an amplifier. Although circuit J is simpler and
provides better temperature stability than circuit I, its use in First
Generation regulators has been generally avoided because frequency compensation
of the amplifier is required. With today's Second Generation technology,

Tow cost monolithic MOS capacitors are readily available and configuration

J economically feasible.

The most common error amplifier configurations are shown in Figure 6. The
power pass transistor, T, and divider resistors have been included for
clarity. Usually Tp is a darlington configuration to provide higher current
gain and to prevent loading of the error amplifier. The simplest and most
common, circuit K, combines reference and error functions with the emitter
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FIGURE 5
BASIC VOLTAGE REFERENCE CONFIGURATIONS
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base temperature coefficient of Ty providing partial compensation for the
temperature drift of D;. The major disadvantage of this approach is that
the outputs voltage cannot be less than D7's zener voltage. By replacing
R3 with a current source, circuit L shows improvement in line and load
regulation and I, may be trimmed to reduce temperature drift.

A simple differential error amp, circuit M, provides about the same per-
formance as circuit K except the reference and error functions have now

been separated. Performance improvements may be obtained with the modifications
illustrated in circuits N and 0.

Before assembling an entire regulator, the following configurations,
illustrated in Figures 7 through 9, should be considered. A1l circuits
will operate over a wide range of output voltages. The circuit in Figure 7
has good line regulation and moderate temperature drift but its load
requlation deteriorates as output voltage increases because its loop gain
decreases. (One can conceal this fact by specifying load requlation in
percent per volt rather than percent of output voltage.) The circuit in
Figure 8 has excellent load regulation since the loop gain is independent
of output voltage. But temperature drift and line regulation increases
proportionately with output voltage, since the reference amp multiplies

the drift of the voltage reference. Because temperature effects usually
dominate performance in realizable circuits, this approach is undesirable
in applications where there is a wide variation in load (hence internal
dissipation) or ambient temperature. Figure 9 is a compromise between

the two previous approaches with resistors dividing either the reference
voltage or the output voltage depending on desired output. This configuration
has excellent Tine regulation, temperature stability and excellent to good
load regulation, depending on output voltage.

N Voltage Regulators

Using the circuit and system configuration discussed, an engineer could
construct approximately 3 X 4 X 3 or 36 different basic voltage regulators
(excluding different biasing combinations). Some are already commercially
available from various manufacturers and are illustrated in Figure 10.

These circuits represent some of man's attempts to build the ideal three
terminal voltage regulator of Figure 2. Since wide ranges of voltages and
currents are required in the electronics industry today, most regulators

have more than three pins available so that output voltage may be selected
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FIGURE 10
Some of the Commercially Available Voltage Regulators
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externally. It is unfortunate, therefore, that in minimizing pin count,
many of the circuits in Figure 10 are unnecessarily Timited in scope of
application for want of an extra pin or two. The major limitation has

been the inability to function with both positive and negative supplies.
Other areas where flexibility is often compromised are: Moderate current
handling capability, remote shutdown capability, short circuit protection,
the inability to use either a NPN or PNP external pass transistor for higher
current and power ratings rather than only one type, and the inability to
function in floating, shunt or switching modes, or as a current regulator.

Cost and Performance

Today the electronics industry is extremely competitive and close attention
must be given in any circuit design to cost/performance ratio in order to
remain competitive in tomorrow's market. This is true today even in Military
electronics. It is significant, therefore, that a regulator built with
discrete parts and a monolithic op amp (Figure 11) has equal or better per-
formance than those of Figure 10 and is Tower in cost by a factor of two or
more. Thus, the circuits of Figure 10 have not been generally accepted as
“standard" circuits except where board space and component count are at

a premium.

The Standard Voltage Regulator

A new monolithic precision voltage regulator, the yA723, recently introduced
by Fairchild, is the first regulator to challange the yA709 plus discretes
(Figure 11) for cost/performance leadership to become the industry's standard
voltage regulator. First and foremost, the uA723 is low cost, being indust--
rially priced about 35% lower than the uA709C, not including the cost of

extra discrete components required with the uA709. This monolithic circuit
(Figure 12) employs Second Generation technology that includes process com-
patible N-Channel FET's, MOS capacitors, pinch resistors, and multiple emitter
power transistors as well as NPN or PNP transistors. The circuit will operate
with either positive or negative supplies in series, shunt, switching, or
floating modes. Typical performance is illustrated in Table I.

Conclusion

Various circuit and system configurations for voltage regulators have been
discussed. Advantages and disadvantages of existing designs have been
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contrasted and a new monolithic regulator, the uA723, which overcomes most
of the objections to existing circuits, presented.

TABLE I

uA723
Typical Performance

Line Regulation (zwin = 30V) . .OZ%Vout

Load Regulation (AIL = 50mA) .03%Vout

Ripple Reduction 74dB

Temperature Stability .002%/°C

Qutput Voltage Range 2 to 37 Volts

Qutput Current Range 0 to 150mA
FIGURE 11

Voltage Regulator using uA709
Operational Amplifier and Discrete Parts

1
IN4611

(;1 200 pF $ R4
> 60
WA . OUTPUT
SR Rg 10-25V, 100 mA
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FIGURE 12
FAIRCHILD nuA723 PRECISION VOLTAGE REGULATOR
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A NEW VERSATILE PRECISION VOLTAGE REGULATOR

BY J. Darryl Lieux

Introduction

Even though in recent months several monolithic and hybrid voltage regulators

have been introduced, each of these has had several disadvantages. These

include: Low accuracy, low output current, need for expensive pass elements,

and inability to operate from high voltage or negative supplies. This paper
describes a new circuit which overcomes most of these disadvantages. In addition,
units are competitively priced with discrete designs.

Circuit Description

The basic voltage reference schematic is given in Figure 1. The basic reference
element is the zener diode D, which has a typical breakdown voltage of 6.2 volts
at 100vA and a temperature coefficient of 2.4mV/°C. Resistor Ry is used to bias

Dy to its operating current.
The basic equation for the Vgp of Qq is given in equation (1):

KT IeQg

VBE = —— 1In OR
q q Dp n12 AE
V=X g, 8 + XL gn g
BE q gD n.2A q C (1)
p i E
where:
kT = 25.6mV at 25°C
q
QB = un-ionized impurity concentration in the base
q = 1.6 x 10719 coulombs
Dp = diffusivity of holes in the base
n; = intrinsic carrier concentration
AE = emitter-base junction area

The first term on the left is independent of collector current and will have
the same temperature coefficient regardless of the collector current. The
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second term depends on the collector current and causes the VBE temperature
coefficient dependence on collector current. This dependence is 0.2mV/°C
for each decade increase in collector current. Thus, collector current of

Qy can be varied to match the temperature coefficient of D] by varying the
current source Iy, setting the net temperature coefficient at zero.
Variations in I‘change only the Vpp of Qq and not the breakdown voltage of

D1 with resulting Tow variation in the value of VRgr. Transistor Q, supplies
the current for D7, Ry, and any external loads.

Figure 2 shows the simplified schematic for the error amplifier section.
Transistors Q1 and Q2 form a differential pair driven by the current source,
2I7. The voltage on the VREF input will be equal to the voltage between

R1 and Rziand the output voltage is:

R2 + R
Fo = (=g, VreF (2)

Knowing Vper, Ry and Ry can be selected for the desired output voltage.

Transistor Q3 is used as a buffer to prevent loading on Q2. The gain, Ky
from the base of Q2 to the output is:
I1 R

- ll )
Kv = a9  —%7 (3)
where Rp is the effective loading on the collector of Qo. If Rp is very large,
the gain can be made very high. This is done by using a PNP current source
as a collector load for Qp. In this way, a single stage can provide adequate
voltage gain for the error amplifier function. Compensation is also greatly
simplified because only one stage need be compensated.

Figure 3 illustrates the complete schematic of the uA723 Voltage Regulator.
The biasing network for the PNP current sources Q3, Q7, and Qg is comprised of
transistors Q] and Qs diode q, and resistors Ry and Rpo. Transistor Qq is

an N-Channel FET made with technology compatible with the production of normal
integrated circuit components. The use of a FET has two advantages: First,
the 1ine regulation is greatly improved because the current drawn by Qq is
independent of power supply variations and secondly, the power dissipation

is minimized because the current drawn does not increase appreciably at Targe
supply voltages. Diode Dy is used to regulate the bias network voltage and
provides a very well-regulated voltage at the base of Q2 with respect to V+.
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Transistors Q3, Q7, and Qg form the current sources discussed previously.
The normal method of biasing these current sources is to either use a diode-
connected transistor with the same current as shown in Figure 4, or to use

a logarithmic relationship as shown in Figure 5. However, for this design,
very high output impedance is required tocprovide high line rejection and
increase the gain of the error amplifier. Referring again to equation (1),
a decrease in Qg will produce an increase in IC for constant Vgg. Since an
increase in the collector-to-emitter voltage of the transistor widens the
depletion region and lowers Qg, I¢ increases with an increase in collector-
to-emitter voltage giving a Tower output impedance. If, however, the con-

figuration shown in Figure 6 is used, the current is:

VB - VBE
~ AB = YBFg
e —x; (4)

Now a change in Vgp has only a small effect on the voltage across R, and the
coliector current is constant with changes in collector-to-emitter voltage
providing very high output impedance.

To achieve Tow output impedance, transistor Qo in Figure 1 has been replaced
in Figure 3 with a darlington pair Q4 and Q5, resistor Ry and capacitor Cys
The MOS capacitor is included on the chip to eliminate the need for any
external compensation of the voltage reference Toop.

The power pass transistor,Qis, is actually a multiple device with individual
emitter resistors to prevent "current-hogging", increase safe operating area
thus preventing secondary breakdown, and providing up to 150 mA output current.

Performance Characteristics

The basic regulator circuit is given in Figure 7 and the typical performance
attained in Table I. Resistors R1 and R2 divide down the reference output,
VREF» to the desired output voltage value and is supplied the non-inverting
input of the error amplifier. The error amplifier is connected in a voltage-
follower configuration. Capacitor C] is used to roll off the error amplifier
and provide frequency compensation. Resistor R3 isolates Cy from the output
and balances the input divider. Capacitor Cppp may be used to reduce output
noise and ripple. Component values given in Figure 7 were used when taking
data presented in this section unless otherwise noted.

Performance is further illustrated in Figures 8 through 17. Load regulation
(Figure 8) is lower at -55°C because of the decrease in beta of Qj7 and Q12
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TABLE I
Line Regulation (Vin = +12V to Vip = +15V) 0.01% Vout
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Ripple Rejection 74dB
Temperature Coefficient of Output Voltage .002%/°C
Reference Voltage 7.15V
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Long Term Stability 0.1%/1000 hrs.
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Output Voltage Range 2 to 37 Volts
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Output Current Range 0 to 150mA
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and Tower at +125°C because the output impedance of Qo decreases at high temp-
eratures decreasing the error amplifier loop gain. This is further illustrated

in Figure 9 where the additional voltage drop across Rgc causes the load reg-
ulation to improve at -55°C and degrade at +125°C. The current limiting character-
istics vs. temperature are illustrated in Figure 10 and 11. The current

Timit value, since it depends on the Vgg of Qp, has a temperature coefficient

of approximately -0.3%/°C.

Figures 12 and 13 illustrate line and Toad regulation as a function of input-
output voltage differential and Figure 14 illustrates the pinchoff character-

istics of Q. Standby current is Towest at 125°C reducing internal power
dissipation. Figures 15, 16, and 17 show frequency response of the regulator.

Applications

Besides the basic regulator circuit given in Figure 7, the uA723 may be

used in numerous other configurations, a few of which are presented here.

A11 circuits shown here are for the TO-5 type package. The circuit shown in
Figure 18 is used for output voltages greater than 7V. For optimum temperature
tracking, a resistor equal to the parallel combination of Ry and R, should

be added between the VREF and non-inverting terminals. This resistor should
also be added if a bypass capacitor from the non-inverting input to ground

is used to reduce noise and ripple since the output impedance of the Vprg
terminal is only 1q.

A circuit increasing the maximum output current is shown in Figure 19. The
values of Ry and Ry shown will give approximately 5 volts out. To frequency
compensate the additional phase shift provided by Qy, resistor R3 has been
added, and C7 has been increased to 510 pF. Resistor Ry is selected for current
limiting at approximately 5 amps.

An alternate to Figure 19 is shown in Figure 20. This circuit uses PNP pass
element, Q7. Resistor Ry is used to reduce the Toop gain and avoid frequency
stability problems.

One of the unique features of the uA723 Voltage Regulator is the ability to
operate under "floating" conditions. This is possible because both input
terminals of the error amplifier are brought out for connection externally.
This enables the uA723 to provide not only large positive regulated voltages,
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FIGURE 11
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pA723 SC REGULATED
§R3 oL VAT quTPuT wA723 Rsc
: CL REGULATED
cs OUTPUT
< cs
NI Inv &
1 N.I. Inv
[ COMP ¢
T 1000 Ry V- COMP ]—533 :
p
= = TYPICAL PERFORMANCE = =
Regulated Output Voltage 15V
Line Regulation (AVin=3V) 1.5 mV TYPICAL PERFORMANCE
Ri R Load Regulation (A|L=50 mA) 4.5 mV Regulated Output vouage +15 Vv
Note: R; = Rll—{;Rzz for minimum temperature drift. Line Regulation (AViNn=23V) 1.5 mV

R: may be eliminated for minimum component count. Load Regulation (Alf =1A) 15 mv

FIGURE 20 FIGURE 21
POSITIVE VOLTAGE REGULATOR POSITIVE FLOATING REGULATOR
(External PNP Pass Transistor) v
IN
Vin
V+I IVC
R3 |V v
600 : REF out
vl v !
c 2N5001 T42N2580
uA723
VRer  Vour Dy 36V = > Ry ol
1N1364 1 3.0KQ Rs 10
| WA723 R OS] _
R
$h o [ NI i [
Rsc [ ar
% REGULATED §2 % ';som . e ‘
NI Inv ’ 500pF REGULATED
: : OUTPUT = QUTPUT
2 v-| comp
i 'L Cy InF =
L == l TYPICAL PERFORMANCE
Regulated Output Voltage +5V TYPICAL PERFORMANCE
Line Regulation (AVin=3V) 0.5 mV Regulated Output Voltage +50V
Load Regulation (AlL =1 A) 5mV Line Regulation (AVin=20V) 15mV

Load Regulation (AlL = 50 mA) 20 mV
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but also negative voltage outputs. In addition, an input voltage beyond the
absolute maximum rating of the voltage regulator may be regulated down to a
Tow output voltage such as 5 volts using this configuration. A circuit employing
floating operation to obtain +50 volts output is shown in Figure 21. The input
voltage for this configuration may be from 65 to 100 volts if the voltage
rating of Ty is not exceeded. The output voltage is calculated in the
following manner. Since VRgf is approximately 7V, the divider resistors

R and Ra provide 3.5 volts with respect to V- to the inverting input. Since‘
the non-inverting input voltage is approximately equal to the inverting input
(assuming Vos = 0), the voltage drop across Ry is 3.5 volts producing a
current of 1T mA through Ry. This current flows almost entirely through R3.
Since V™ is to be at +50 volts with respect to power supply ground R3 then

- must have a drop of 50 +3.5 volts across it. Therefore, R2 should be 53.5K.
For nulling, a small pot may be inserted between Ry and R2. Resistor R6 sets
the current Timiting value at approximately 600mA. Resistor R5 and D] Timit
the voltage across the uA723 to 36 volts when the output is shorted to ground.
Diode Dy used to shift the Voyr terminal of the uA723 up to provide sufficient
operating voltage to Qp. D, can be eliminated when using the DIP package by
using the V; terminal instead of the Vgyr terminal. The standby current

of the pA723 flows into the output load as does the current through R3 and R4.
Thus, the minimum load current on the output is about 7mA.

Another application of "floating" operation is a negative voltage regulator
(Figure 22 ). This capability is somewhat unique to the pA723 in that most
monolithic voltage regulators will not operate from unisolated negative D.C.
supplies. The resistors shown provide outputs of -15 volts. If R] is a
fixed 3.5KQ, then R, for various negative outputs can be calculated from:

R, = (Vo - 3.5) 103 (5)

This circuit has good line rejection because changes in the unregulated output
do not change the V* to V- voltage of the uA723. Better line rejection can

be obtained by replacing R5 by an FET current source. The current through

Rg must be greater than the maximum base current of Q.
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FIGURE 22 FIGURE 23
NEGATIVE FLOATING REGULATOR Simplified Tester Schematic
Vm V1n
Rg 10KQ
I e VT % . i
) Ve Vour R €1 "
'ZEW 12v 10KQ Tl U e v Ve /
1N1426 - in p— aNs287 CETamic Vrer Vout Requlated !
> u 2N Output (+5V
R, ng - I utput (
*Q CL
S B uA723
R L N.L. Inv 1T 2Ka o s
R QS V- COMP T~ 100pF :
nv
- Ro = :
V= Comp
REGULATED
OUTPUT 5Ka l l_j— C 1/2 W
TYPICAL PERFORMANCE = — 100pF =
Regulated Output Voltage —100V NOTE: A1l resistors 1%
Line Regulation (AViN =20V) 30 mV
Load Regulation (AlL.=100 mA) 20 mV
FIGURE 24 FIGURE 25
Calibration Circuit Thermal Resistance Measurement Circuit
+8V
v+
Comp 2
VReF Vout T.5Ko
o Lo R Lt 100pF
uA723 uA723 l"
1K@ Comp
=g N.TI.
& Decade Box
R)
1.5Mq s

V BN

||L

NOTE: A1l other pins are

not connected.
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Frequency Compensation

When used without external pass transistors, Cy = 100pF is more than adequate
to assure frequency stability of the uA723. With external pass transistors
it is usually necessary to increase Cy to about 500pF. If minimum component
count is desired, a 1InF capacitor can be used from the compensation pin to
ground instead of 100pf from the compensation pin to the inverting input.

If there is a large amount of input power supply lead inductance present,

a 0.46uF ceramic bypass should be placed across the two power supply leads

of the uA723.

Heat Sinking

Since the uA723 is normally used in high power applications, it is often
necessary to heat sink the device. Two circuits are given in Figures 24
and 25which will enable the user to evaluate the thermal resistance when
used with various heat sinks. The circuit in Figure 24 is used to calibrate
the Vgp of Q;, with temperature. Vp. is measured in an oven at the current-
sense pin as the ambient temperature is varied. After calibrating Vgg, the
circuit in Figure?25 is used to vary this power dissipation while the ambient
temperature remains fixed. The thermal resistance is calculated from the
following.

Thermal Resistance = 4% °C/W (TC1)

The power dissipation can be calculated from the formula:

P = 712 + 30 (11 = 12) (TC2)

The user should be cautious not tu exceed a junction temperature of 150°C
in the TO-5 type package or 125°C in the DIP.

Test Circuits

A simplified tester schematic is given in Figure 23. The output voltage is

set for +5 volts. Load regulation at 50mA can be checked by closing S7 and

So and measuring the output voltage change. This may not agree exactly with
value on the data sheet since junction temperature is held constant for the

data sheet test.

Line regulation can be measured by opening So and varying the input voltage.
The short circuit current can be measured by opening S; and Sy and shorting

the output to ground through an ammeter. Other tests such as ripple rejection,
noise, temperature coefficient, etc. can be easily performad.
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LINEAR VOLTAGE REGULATORS USING A NEW MONOLITHIC CIRCUIT

by Robert D. Ricks

Introduction

A new monolithic voltage regulator has been developed by Fairchild Semi-
conductor. Through the wide range of options incorporated in the design,
the device will function over the complete range of voltages normally
required in system applications.

Figure 1 is the block diagram of the device. Unlike circuits available
up to this time, several interconnection options have been provided to
extend capability in various applications. These options include:

1. The internally generated reference voltage is buffered and brought
out for use in a variety of connections.

2. Both sides of the error amplifier are addressable to allow an
additional flexibility for use with negative supplies or high
voltages.

3. The collector of the internal power transistor is separated from
the internal circuitry and available externally.

4. An offsetting zener diode is provided for minimum external parts
count in the floating configurations when using the DIP package
versions.

Regulator Configurations

To illustrate the advantages represented by those options, several different
configurations have been designed and constructed. The following illustrations
and discussion gives a brief description of each circuit and its measured
regulation performance.

CIRCUIT #1 (2 to 8 volt, medium current)
This is the standard low voltage self-contained regulator configuration.
The resistor divider from Vp,¢ is used so that no attenuation of the
output voltage charges is required at the inverting input of the comparison
amplifier.

The frequency compensation to ground used in this configuration assures
stability with minimum part count and should be used whenever impedance
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FIGURE 1

EQUIVALENT CIRCUIT

FIGURE 3

FREQUENCY
v+ cumpegsnnon
TEMPERATURE T
COMPENSATED Ve
ZENER
INVERTING
INPUT
3 SERIES PASS
>—o VReF |+ >+ TRAKsIsToR
NON-INVERTING Vour
INPUT
VOLTAGE vz
REFERENCE CURRENT CURRENT
AMPLIFIER V- LIMIT ©  © SENSE
ERROR  CURRENT
AMPLIFIER  LIMITER
FIGURE 2
v
REF
R
Ry 1
P1 Error Amp Py
R
2

out

Error Amp
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Circuit #1

BASIC LOW VOLTAGE REGULATOR
(Voit = 2 to 7 Volts)

Vin
Vi | Ve
Vout
VREF Vz—
Rsc REGULATED

§ puA723C CL - QUTPUT
SR
1 S

NI Inv |—

CRer

=1

T Lo

= = TYPICAL PERFORMANCE
Regulated Output Voltage 5V
Line Regulation (AVin=23V) 0.5 mV
Load Regulation (Alt=50 mA) 1.5 mV
Ri Rz
Ri+4R2
R; may be eliminated for minimum component count.

Note: R; =

for minimum temperature drift.

Circuit #3

POSITIVE VOLTAGE REGULATOR
(External NPN Pass Transistor)

ViN
V+ IV(;
v v T
REF  TOUT 2N5000
V72—
pAT23C Rsc
CcL REGULATED
OUTPUT
cs
NI Inv
V- COMP T C4
l L‘—TSOOpF

TYPICAL PERFORMANCE

Regulated Output Voltage +15V
Line Regulation (AViNn=13V) 1.5 mV
Load Regulation (AlL =1 A) 15 mV

Note: R3; =

Circuit #2

BASIC HIGH VOLTAGE REGULATOR
(Voit = 7 to 37 Volts)

VIN
vi [ Ve
VRer  Vour
VZ ==
R
pA723C SC
A R s
s
NI Inv R
V- cowp |¢, .
[ 100pF 32

TYPICAL PERFORMANCE

Regulated Output Voltage

15V

Line Regulation (AVin=3V) 1.5 mV
Load Regulation (AlL.=50 mA) 4.5 mV

Ri R:
Ri+R2

for minimum temperature drift.

R3 may be eliminated for minimum component count.

Circuit #4

POSITIVE VOLTAGE REGULATOR
(External PNP Pass Transistor)

ViN
R3
60Q
V+ Vc
Vrer  Vour
VZ =
| uA723C
2R cL
Sk
>
cs Rsc
REGULATED
! N v OUTPUT

R T comp
i 2 i 'LCI nF
I

TYPICAL PERFORMANCE

Regulated Output Voltage

+5V

Line Regulation (AVin=23V) 0.5 mV

Load Regulation (AlL =1 A)

5mv
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is not required between the output and the inverting input.

CIRCUIT #2 (7 to 37 volt, medium current)
To regulate any voltage above the internal reference voltage, a resistor
attenuator network is required as shown. The frequency compensation
uses a feedback from the output using the breakpoint provided by resistor
R].

CIRCUIT #3 and #4 (high current circuit versions #1 and #2)
These two approaches are available to increase the overall current
capability of the regulator. Any number of devices may be cascaded
to satisfy high current requirements.

CIRCUIT #5 and #6
These configurations trade off the current Timit transistor for an
increase in power supply rejection. Using the connection shown, line
rejections of 100 db may be obtained. When used as a zener, the current
limit transistor's base-emitter current should be limited to 5mA.

CIRCUIT #7 and #8 (+40 V and up)
The pA723 may be used to directly regulate hundreds of volts using
the configuration shown. When using this floating mode of operation
the current drawn from the Vppp pin should be limited to 5SmA. This
will allow voltage programming resistors of 200 ohms per volt.

CIRCUIT #9 (-9 to -40V)

Negative output voltages may be regulated using this approach. Since
the regulator in this configuration sees only the output voltage applied
across the device, the input voltage is limited by the breakdown

voltage of the PNP series pass elements.

CIRCUIT #10 (-9 to -40 high current)
Either the complementary connection shown or a darlington PNP current
gain stage may be used for additional current capability.

CIRCUIT #11 (-40 and up)
This is the complement to the floating positive regulator previously
shown. The only additional component necessary is the zener diode
which is required to 1limit the voltage seen by the device to less than
40 volts.
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Circuit #6
HIGH LINE REJECTION POSITIVE REGULATOR

Circuit #5
HIGH LINE REJECTION POSITIVE REGULATOR

VN (25 0 40V) V) (15 030V)
2.2
2 2.2k
o N V+ VC
o Vour — Vour SEB040
v, Vour Vefe Vour
WAT23C | b
& (,\ |-0——
N.L INV i
v CoMD CcComMp
i_ U -%— 3000 pF
= T

Typical Regulation Data

Parameter AChange Output Change
”VQUT s 415V

2) Line Reg. Ly <1mv

3) Load Reg. 50 mA Imv

Circuit #7

PCSITIVE FLOATING REGULATOR

\ VIN
v v
VHU Vo.,v G
i
Va ZINZSBO
Floating %
+
110 10 +40V () §R‘ nA723C  CL|
Unregulated 1.2 ko .
SuePly Cs S1a
R, 3
N.I. Inv
v comp i C.
R, % R, InF
1.2k
’ REGULATED
= OUTPUT

TYPICAL P

Regulated Output Voltage

Line Regulation (A

ERFORMANCE

+100V
ViN=20V) 15mV

Load Regulation (AlL = 50 mA) 20 mV

Typical Regulation Data

Parameter AChange Output Change
) VOUT Eeery +5V

2) Line Reg, 15V <1Imv

3) Load Reg. 50mA 10mv

Circuit #8
POSITIVE FLOATING REGULATOR

Vin
9.1k
? A
V+ VC
VREF Vour fo
v, ko '€
s pA723C C| fof
>
C»\ —-—O—J
:g o1 INV o
L V- comp
fe2 T L
1000 pF
LAAA- Yout
12k |

Typical Requlation Data

Parameter AChange Qutput Change
1) V_OUT —— +100V

2) Line Reg. 20V 15mv

3) Load Reg 100 mA 20mV



-3. 6-

Circuit #9 Circuit #10
NEGATIVE VOLTAGE REGULATOR NEGATIVE HIGH CURRENT VOLTAGE REGULATOR
= VI N (20 to 30V}
Vin (-20t0 30V)
= R, é v Ve R,
2 ko
Vier Vou—
T, 2N5000
\' SE8540 SE8540
WA723C CL f—
R,
3k § Csp—
N ——N.I Inv
R R, v compj-llco’o e
3 ko P
o -V Req.
REGULATED our "%
OuTPUT
TYPICAL PERFORMANCE Typical Regulation Data
Regulated Output Voltage —15V Parameter AChange Output Change
Line Regulation (AViNn=3V) 1mV D Vot 15V
Load Regulation (AlL = 100 mA) 2 mV 2) Line Reg. 10V 4mv
3) Load Reg. Lamp 2mV
Circuit #11 Circuit #12
NEGATIVE FLOATING REGULATOR NEGATIVE FLOATING REGULATOR
V) (7150 to 160) (-1N0to —150V)
Vin
20V ,ARAL
n
_L 30 ko v T TV 4
{’_ ) Uiis Ve — R.
i v 10 ke
c v, l J/ T
—to— VREF Vour o S 10k = 2N5287
R)
v, §R, . k”g WA723C CL
nA723C €| fo -
L Cot°
3'(?’ —O— N. L. INV R Nt i ‘:C——
L v- comp %R' 1.5 kx;% v COMP T 5nf
7 P -
[ REGULATED
OUTPUT
L—AAA~ > ‘VOUT Reg.
3k
Typical Regulation Data .
Parameter AChange Output Change TYPICAL PERFORMANCE
bV o 100V Regulated Output Voltage —100V
out . ) o "
2) Line Req. 20V 30mv Line Regulation (AVin =20V} 30 mV

3) Load Reg. 100 mA 20mV Load Regulation (A1:=100 mA) 20 mV
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CIRCUIT #12 (-40 and up)
Another negative regulator in which the base-emitter junction of the
internal current 1imit transistor is used as a zener diode and added

to the Vppp output to achieve a 14 volt stabilized voltage source for
the control portion of the regulator.

CIRCUIT #13 (-15V High Line Rejection)
In those cases in which the normal 65 to 70 db line rejection is not
sufficient, the addition of the FET constant. current source results in

the complement to the positive voltage 100 db 1ine rejection regulator
(circuit #5).

CIRCUIT #14 (Remote Shutdown)
Where remote shutoff capability is required, the compensation pin may
be pulled down as shown by an external transistor. Where current
limiting is not required, the internal transistor may be used by

grounding the C| pin and driving the C; pin with approximately 1
mA base current.

CIRCUIT #15 (Fold-Back Current Limiter)
In many cases the dissipation which occurs under current Timited short
circuit conditions is excessive and, if accounted for, results in excessive
heat sink area. The enclusion of positive feedback as shown in the
current 1imit circuitry produces short circuit currents which approach
zero. Table II provides the formula for calculation of the short
circuit current knee.

CIRCUIT #16 (Low Voltage Negative Regulator)
The LA723 requires a minimum voltage across the device for satisfactory
operation. Therefore, when regulating negative voltages less than nine
volts it is necessary to connect the device as shown to any available
positive source such that the voltage across the unit is always in
excess of the required nine volts.



NOTE: Qj 1s FEO654A or

Circuit #13
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HIGH LINE REJECTION NEGATIVE REGULATOR

“VIN (-20 to -40)
750
v, Qp SE8340
pA723 €y jo
C o=
—Oo—f N. 1 INV
‘Rl v- comp
; =
%n T 200pF
3k
A Vout Reg.
Typical Regulation Data
Parameter AChange Output Change
FEO654B Vg - 15V
2) Line Reg. 20V <1lmv
"3) Load Reg. 100 mA 2mv

Circuit #15

FOLDBACK CURRENT LIMIT

ING

Vi
v Ve Rsc REGULATED
30 OUTPUT
VRE‘ vDIt’ ’_>

v
§R. WA723C CL
cs
N.I. Inv

R, v-{comPL C,
IlnF

TYPICAL PERFORMANCE
Regulated Output Voltage

+5V
Line Regulation (AVin=3V) 0.5 mV

Load Regulation (AlL = 10 mA)
Current Limit Knee

1 mV
20 mA

Circuit #14

REMOTE SHUTDOWN REGULATOR WITH
CURRENT LIMITING

\ le
Vv Ve
REGULATED
Vaer Vou § oA OUTPUT
sC
Vz }—
>
3R uA723C CL
<
cs
NI Inv
S R, vV [comp] 23846 cest
c.L i LOGIC
1 nFI 2 ko INPUT

TYPICAL PERFORMANCE

Regulated Qutput Voltage +5V
Line Regulation (AVin=3V) 0.5 mV
Load Regulation (Ali=50 mA) 1.5 mV

Note: Current limit transistor may be
used for shutdewn if current
limiting is not required.

Circuit #16

LOW VOLTAGE NEGATIVE REGULATOR

Yin Vin,
(+3 to +34) (-10 to -30)
(Reg. or Un Reg.)
—TI__ Vit Ve
VREF Vourfo  $2k
v, SE8540

pA723
”

INV

COMP

T g

1000 pF

“‘9V0UT Reg.

>
w
xz
=
=

Typical Regulation Data

Parameter Change Output Change
1) V_OUT e -6V

2) Line Reg. v 4mv

3) Load Reg. 100 mA 2mv
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Circuit #17 Circuit #18
CONSTANT CURRENT SOURCE SHUNT REGULATOR

v)N
VIN ——Y

R,
élOO o
| | REGULATED
f—j— V‘ch OUTPUT
Vs Vc Vier Voo [
Veer  Your SE8040 R, T
. R v, —«N\,_Kszaoao
2° 100
Ry npA723C €| }o uA723C CLy—
4.9kQ e lo £
4 cs — B
N. L INV —OT
) Inv N.I.
RZ V- COMF 3 Rp
G i k3 ; 7 R, v [comP[ c,
TN I 5 nF
RL = b= -l
TYPICAL PERFORMANCE TYPICAL PERFORMANCE
O'ufpuf Curfenf mA Regulated Output Voltage +5V
Line Regulation (AViNn = 5V) 0.3 mV Line Regulation (AViN=10V) 2 mV

Load Regulation (Al.=200£) 0.2mV

CIRCUIT #17 (Current Regulator)
Current regulator may be constructed as shown. Line regulation deter-

Load Regulation (AlL=100 mA) 5 mV

jorates with programmed currents under 10mA as both the programmed
current and the quiescent device current flow through the load. See
Table II for the necessary formulas.

CIRCUIT #18 (Shunt Regulator)

Shunt regulation is accomplished as shown. Care should be executed in
the power dissipation calculation of the current 1imiting resistor as
this is the only circuit presented in which a passive element éutdide
the load resistor dissipates high power.

Output Voltage Levels

Table I and II have been provided to assist the user in his applications.

Table I Tists the most commonly used system supply voltages and the appropriate
divider values. In case a voltage level outside of those listed in Table I

is required, then the formulas given in Table II may be used to generate

the proper divider values.

Conclusion

A new monolithic voltage regulator has been presented with sufficient circuit
configurations to demonstrate the flexibility of the device.

Using the information presented in this paper, power supplies of any voltage
and/or current level may be quickly and conveniently constructed.
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RECOMMENDED RESISTOR DIVIDER VALUES

Fig. #

W W W W W W W W W W W W W W wWwWw Ww M MND MNDMN

Table 1

Circuit Numbers

140

1,6

1,6

150
2,3,4,5
AR
2,3,4,5
2,3,4,5
7,8

7,8

7,8

1,8

16
9,10,13
9,10,13
92,10,13
9.,10,13
11,12
11,12
11,12

Resistor Value for *10% VOUT

R

1.8K
1.5K
750
500
750
2K

3. 3K
5.6K

o O O O

1.2K
1.2K
2K
1.2K
152K

P

500
500
500
500
1K

1K

1K

1K

10K
10K
10K
10K
500
500
500
500
500
10K
10K
10K

R2

1.2K
1.5K
2.2K
2.7k
2y K
3K

3K

2K

39K
68K
91K
240K
750
2.0K
3.3K
4.3K
10K
33K
91K
240K
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TABLE II
Parameter Circuits Formula
Short Circuit 0.7
current L im = Rec  (in ohms)
Fold back
current limit #15 ILim = (Knee)
_ 1.0
Rsc
Current regulator #17 Iout = ﬁﬁ- (in ohms)
Vin (miné) =V + R Iyt
_ R (Where
Vout 1,6 Vout = R7+R5 X 7V R1 + R2
> 1.5K)
Ry +R2
v 2,3,4,5 v = — X 7V
out out Ro
3.5 (R2 + Ry
Vout 7,8 Vout = (R1 )
3.5 (R2 + Ry
Vout 16 Vout = (R1 )
R
Vout 9,10,13 Vout = 3.5 (Rf 2 )
. Ro + R
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SWITCHING REGULATOR DESIGN USING THE nA723
MONOLITHIC INTEGRATED VOLTAGE REGULATOR

by Michael J. English

The switching mode voltage regulator offers the advantage of high efficiency
over the more common series or shunt regulation schemes. This is particularly
apparent when there is a large difference between the input voltage and the
regulated output voltage. Consider, for example, a voltage regulator with
28 volts input and an output of 5 volts at one ampere. A conventional

series regulator would require a drop of 23 volts across the pass transistor.
Thus, 23 watts would be wasted, and the efficiency would be only 18%.
Switching regulators, however, can be simply designed to give efficiencies
greater than 75% under the same input and output restrictions. As with
series regulators, greater efficiencies can be realized when there is less
of a difference between input and output voltages.

Switching regulators may also be useful in applications where cost, rather
than efficiency, is the prime design criteria. The designer may trade the
cost of a high power series pass transistor for a slight increase in circuit
complexity that will allow the use of lower power switching transistors.

Operation of Switching Regulators

The operation of the switching regulator may be explained by referring to
Figure 1. The switch transistor, Q], is operated only in saturation or in
cut-off so that power dissipation is kept to a minimum. Diode Dy conducts
during the time that Q1 is cut-off, thus maintaining current flow in
inductor L].

When Q1 is turned on, D1 is reverse biased, and does not conduct. The current
in Ly will increase Tinearly according to the relation:

ML
Ein - Eout =L E;;

This current flows in the load, and charges capicitor C;. The voltage at
the non-inverting input to the error amplifier is given approximately by:
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FIGURE 1: Basic Switching Regulator Circuit
A
Ein
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FIGURE 2: A. Voltage at Point A, Figure 1
B. Inductor Current
C. Output Voltage
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FIGURE 3
SCHEMATIC DIAGRAM % ch
Ry 5000 R;KQ A:‘:Q
N

O Vour

Vz

4 03 ¢ O COMPENSATION

CURRENT
Ry Ui LT

Rg 320 Ryy CURRENT

3000Q| KQ 150Q SENSE

O
VREF NON-INVERTING V- INVERTING
INPUT INPUT

FIGURE 4
FREQUENCY
v COMPENSATION
TEMPERATURE I I
COMPENSATED s Ve
ZENER
INVERTING
INPUT
| Ve —N SERIES PASS
A TRANSISTOR
O—/ Vour
NON-INVERTING
INPUT
; v
VOLTAGE l CURRENT [ | CURRENT
REFERENCE v- LIMIT SENSE
AMPLIFIER

ERROR CURRENT
AMPLIFIER LIMITER
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: _ R
Vr@f me+Eﬂ1ﬁh
R 2
assuming R2 >> R] Ein %ld is equal to VH’ the hysteresis introduced to the
2
error amp.
When EOut reaches V vef, the error amplifier turns off transistor Q]. The

current in L] now starts to decrease, causing the voltage at point A to swing
negatively until D1 is forward biased. The inductor current now flows
through D], and decreases at a rate approximated by:

NS
¢ ] toff
When the inductor current falls below the load current, the output capacitor
will start to discharge and EOut will decrease. When EOut falls to a Tevel
slightly less than Vref’ the error amplifier turns Q] back on and the cycle
repeats. The output from the regulator ripples above and below at D.C.
level set by Vref. The peak to peak ripple is slightly greater than VH’ as
the inductor current continues to charge the capacitor for a short time

after A is switched off. The significant voltage and current wave forms

E. =L

are given in Figure 2.

Using the pA723 in Switching Regulators

The uA723 is a monolithic integrated circuit designed for use as a voltage
regulator. Although the circuit is intended primarily for use as a series
type linear regulator, it contains all the elements needed to control the

operation of a switching reqgulator. A schematic of the uA723 is shown in

Figure 3.

A simplified diagram of the device is given in Figure 4. It can be seen

from the figure that the pA723 comprises a built in reference voltage source,
an error amplifier, and the output circuitry necessary for driving various
configurations for external switching transistors. The circuit also

includes provision for Timiting the output current of the yA723 by driving
the base of Q2 from an external current sensing resistor.

Design Example

Definition of Terms:

Unrequlated D.C. input voltage
Regulated output voltage

Ein

Eout
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IOut = D.C. output current of the regulator

Imax = Maximum inductor current (hence also the maximum
non-transient switch transistor current and the
maximum non-transient "free-wheeling" diode current)

f = Switching frequency

AEout = Peak to peak output ripple

VH = Hysteresis of the error amplifier

Consider the design of a switching regulator with the following specifications:

Ein = +28 volts D.C.
Eout = +5 volts D.C.
Iout = 2 amperes
Imax = 2.1 amperes

f = 20KHz

AEout = 40mV p-p

a) Calculate the required inductance, L], using relation
_ (Ein - Eout) ton

L, = henries
1 2 (Imax - IouE7
where
o Eout 1
on Ein f

thus
_ (28-5) 5 1
Ly = J’(__lw 27-27 (28) (35 1ow) = 1.25mH

b) Choose a value for V,. (Controlling the hysterisis
provides a convenien@ means for trimming the operating
frequency as well as supplying positive feedback to enhance
switching action. A reasonable value for Vy is 10 to
20 millivolts less than the allowable peak to peak
output ripple.)

For example, take

VH 30 millivolts
also Ry

V, 2 E. —
H in R, (R2>> R])
so if
_ Vin _ 28 (103
Rz‘w Rl = 3% 70-3
R, = 1 Meg
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c) Calculate the value of capacitor C] from

C. = (Ein -Eout) Eout
= L .
1 8L f E_in (AVout VH)
e (28 - 5) (5)
1 8 (1.25 x 10-°) (2 x 10%)< 28 (40 - 30) (10-3)
C-I = 102.5 ufd

The actual component values used were

L 1.2mH

1

C 100ufd

1
The final form of the circuit is shown in Figure 5. The 51 ohm resistor,
R5, Timits the base drive of 02 to about 15mA by using the internal current
lTimiting of the pA723. Since Eout is less than the 7.1 volt reference
voltage supplied by the uA723, the internal reference is divided down to

5 volts by R3 and R4.

If the required output were greater than Vref’ the divider would be attached
to the output voltage, the division ratio calculated to divide the desired
output down to the reference level, and the reference applied directly to
the error amplifier.

C2 maintains a constant voltage across R4. VH is provided by the resistive
divider composed of R] and RZ’

The efficiency of this circuit 73% at IOut = 2 amperes. When IOut is 1 ampere,
the efficiency is 78%.

Figure 6 shows a circuit for a switching regulator with negative output
voltage. Operation is similar to the positive regulator circuit, except
the drive signal to the switching transistors is supplied from the Vzener
output of the uA723. The zener provides the necessary level shifting
required to maintain biasing of the regulator. (uA723's in the metal can
package do not have a Vzener output. When using these devices, it would
be necessary to add an external 6.2 volt zener between VOut and the switch

transistors).

This circuit configuration is useful for output voltages more negative than
-9 volts. This is because the uA723 is operated from the output of the
regulator and requires at least 9 volts across its' power terminals for
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2N5151 1.omi Vout = 5 volts
O] =i A2.0A
(o \ 4 \ & /WY\_’_—‘}—O+
108 2N3502
02
3K
Vip = 10 - 40 . Ry p
volts 6 LA723C
r
+
——100.fd
T
C
“ O

FIGURE 5: Positive Switching Regulator

NOTE: Ly is 40 turns #20 enameled copper wire wound on a Ferrox cube

P36/22-3B7 pot core
with 0.009" air gap or equivalent

o

= CZ N
15
pf
1413121010 9 8
uB7230
15 2.3 45867
OGG{\(‘LA{J}_
I v
N 100, fd
a7vfd 3502 '»——{i
220 1:§q
1K§E EE ég [ 30
R2
8
T Ly
] 0 ————
o AR °
Vip = 18.5> -50 volts 2N5151 1.2 ml Vout

= -15 volts regulated

FIGURE 6: Negative Switching Regulator
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proper biasing. Outputs less negative than -9 volts (e.g. -5 volts) can

be had if a positive voltage is available to which the plus supply terminal
of the uA723 can be returned. This voltage must then be sufficiently
positive to allow 9 volts drop across the uA723 supply pins.

A scheme for providing output short circuit protection for the positive

5 volt regulator is shown in Figure 7. An external transistor, Q3, is
connected to detect the voltage drop across a small current sense resistor,
R7. As the Tload current increases the voltage drop across the sense
resistor turns on Q3. The collector of Q3 is returned to the compensation
terminal of the pA723. This terminal is the same point to which the internal
current limiting circuit of the pA723 is connected, thus the external
transistor shunts current that would normally be available as drive to

the output circuit. If the output current starts to increase beyond a
curtain Timit, the base drive to Q] - Q2 is drastically reduced, thus
limiting the available output current. The 1limiting load current is given
approximately by:

e

ILIM=#§' =
7 7
This current Timiting scheme is only useful for output voltages less than
about 6.5 volts because the output voltage goes to zero under short
circuit conditions. However, the reference terminal of the error amplifier
remains at a level equal to the desired output. Thus it may be possible

to bias the emitter-base junction of an error amplifier transistor into

for silicon transistors

zener breakdown causing subsequent degradation in hpp. This problem can
be eliminated by placing diodes in series with the error amplifier inputs.
The reverse breakdown voltage of the added diodes is not critical, and
anything over a few volts will be more than adequate.
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_ 1.2mH R7
1, 2NS151 ——— 0.230
1 P @ —/Wn—%i———o +
+ 10 T2 L
10 to +40V 1 Vout = 5 volts
3K
Ro ™
uA723C
8 7
3 & A R C3
B o e O 5<> 8 Eg 660pf
—C “;j 2200
12
Q5 38 = ‘;rj Fﬂ
1 I " §
51q )
"8 R4S 1.5K0
—_—1 +
1k ‘C] T 100.r
3.6kn C2
Re 0.1
uF

FIGURE 7: Positive Switching Regulator with Current Limiting



