Designing with Power Operational Amplifiers

While most general purpose operational amplifiers provide output currents up to
10 mA and output voltages of = 12V, power op amps now available from several
manufacturers are designed to drive inherently bigger loads, such as motors,
deflection coils, transducers, heaters and dc power buses. Higher voltages,
currents, and internal power dissipation tend to make the package and the
internal components larger, and additional design rules must be observed to
achieve reliable operation. This article deals with these design rules, goes into
the construction of the power op amps, and discusses several major control

applications.
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Power op amps are electronic compo-
nents rated for supply voltages greater
than 22 V that can source or sink output
currents in excess of £50 mA. Devices
meeting only one of these criteria are
categorized as high current or high volt-
age op amps.

In the past, only modules were avail-
able, but now several companies offer
hybrid power op amps in power transis-
tor cases. The widest product selec-
tions are available from Apex Micro-
technology Corp., Burr-Brown
Research Corp., National Semiconduc-
tor, and Teledyne Philbrick. Fairchild
and Intersil also offer a few models. At
present, second sourcing is only avail-
able between Apex Microtechnology
and Burr-Brown.

The modern power op amp is a hy-
brid or a monolithic integrated circuit.
Both will be smaller than comparable
modules and will have fewer internal
connections. Presently, hybrids pro-
vide the best performance, while
monolithic ICs cost less. To maximize
reliability when selecting a power op
amp, available monolithic devices
should be considered along with hy-
brids to meet the requirements of your
application.

As an example of a hybrid power op
amp, the first photo shows the internal
layout of the Apex PAQ7, 8 pin, TO-3
power op amp. The most prominent
components on the beryllia substrate
are the two power darlington output
transistor chips, next to the smaller cur-
rent limiting and driver transistor chips.
The monolithic dual input FET is located
near the top of the substrate. It and
most other chips are attached to the
substrate metalization with conductive
(silver) epoxy. However, the power
darlingtons are soldered to the silver
metalization pads using a special print-
ed-on high temperature solder paste.
The substrate itself is also soldered to
the metal header. Interconnections
from the top of the chips and the pins
are made with either 1 mit or 5 mil alu-
minum wire, depending on current den-

sities. Resistors and thermistors are
printed with thick film paste to a toler-
ance of + 15 percent. Two ceramic ca-
pacitors are also attached with con-
ductive epoxy, which also provides
contact with the electrodes.

Safe operating area

The safe operating criteria for general
purpose op amps are usually satisfied
if the maximum supply voltage and oth-
er absolute maximum ratings are ob-
served. Power, high current and high
voltage op amps face additional re-
straints due to limits of the output tran-
sistors. A junction phenomenon called
secondary breakdown can destroy
most power transistors without ex-
ceeding the collector-emitter break-
down voltage, the maximum collector
current, or the junction temperature
limit. Secondary breakdown results
from excess current densities in the
base region and is induced by simuita-
neous stress with high collector-emitter
voltage and high collector current sep-
arately well below their respective ab-

solute maximums. Of course, the maxi-
mum junction temperature is also
limited to between 150 and 200 C.
These operating restraints are reflect-
ed in the Safe Operating Area (SOA)
curves published by most manufactur-
ers of power op amps. A graph shows
such a set of SOA curves (for the
PA12).

These curves are easy to use. It must
be known which output transistor con-
ducts the current and how much volt-
age is dropped across the conducting
transistor. Then the x-axis of the SOA
graph is entered with the voltage drop
across the current carrying transistor
(supply to output differential voltage)
and the maximum safe current is read
on the y-axis. The schematic illustrates
the current flow and voltage stress on
the output transistors Q1 and Q2 of a
typical power op amp. The direction of
current is independent of the polarity of
the output voltage for all but resistive
loads and must be determined by prop-
er load analysis or by measurement.
Once the SOA limits are known, they
can be observed by proper selection of
the current limiting resistors.

in addition, the designer can choose
the degree of protection he wants.
Short circuit protection often requires a
substantial reduction in the current limit
due to the low maximum SOA current
with the full supply voltage dissipated
on the output transistors. Protection
against all possible reactive or EMF
loads requires even lower current limits
because one output transistor has to
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dissipate the sum of both ( =) supply
voltages during the output transitions
from one supply rail to the other.

Resistive loads

When using resistive loads, the supply
to output voltage differential is the low-
est when the output current is at its
maximum. This condition makes it easy
to meet SOA considerations with resis-
tive loads if;

VOmax
RL B /Omax
Where A, _=Load resistor in
chms

Vomax = Max output voltage
at a given supply
volts (usually —5 V)
lomax = Max output current

from ratings without

considering SOA
For example, if the PA12 has to drive a
4 Q load, the supply voltage is +42 V
and the maximum output swing is =36
V, then the calculated output current is
8 A and the drop on the respective out-
put transistor is 6 V. At half the output
current (4 A) we calculate a 26 V drop
on the respective output transistor.
Both conditions are shown to be safe
on the SOA curve. |f that same amplifier
must be short circuit proof, then the
maximum voltage drop across the cur-
rent carrying output transistor will be 42
V. This reduces the safe currentto 3 A.
In other words, a current limit set at 3 A
would render the amplifier safe under
short circuit conditions, provided it is
properly heat sinked.

DC motors

Use with dc motor loads makes the de-
termination of the safe operating condi-
tions more complex because of the EMF
generated internally as a function of in-
stantaneous shaft speed. The second
diagram shows a PA12 power op amp
driving a dc motor, and the motor’s EMF
in series with the internal winding resis-
tance R,. The value of the EMF at a
given shaft speed or RPM can be deter-
mined as follows:

EMF=V, — IR,

Where V, = Output voltage of
the power op amp
I, = Current drawn by motor
at constant speed
R,, = Winding resistance of
the motor
Due to the effect of the EMF, the motor
will draw the least current under steady
state conditions (constant speed) and
the most current under transient condi-
tions (start, stop, reverse) especially
when reverse voltage is suddenly ap-
plied. The time lag from the instant that
the amplifier output voltage is reversed
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Safe operating area curves (here for PA12) are essential for design using power op amps.

Positive supply rail

Vspa

Negative supply rail

Circuit provides definitions for design with power op amps, see text.

+ Vg

When driving dc motors, it is necessary to
calculate the effect of back EMF on the am-
plifier’s internal voltage drop.

+Vg

1N4936 or
DT230C (GE)

1N4936 or
DT230C (GE)

External diodes are sometimes necessary
to protect power op amps against voltage
kickback of inductive loads.
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until the motor itself reverses puts the
most severe stress on the amplifier
because:

» The motor will draw the most current.
» The conducting output transistor will
current limit and, due to the back EMF, a
large voltage drop (Vi) will develop
across it (supply to output).

It is this combination of current limit-
ing and the large supply to output dif-
ferential voltage that must be checked
against the SOA. Proceed as follows:
1. Determine the value of the EMF at

max speed as previously indicated.
2. Calculate the amplifier’s internal

voltage drop.

Voo = Vg + EMF — LA,

Where V;= Supply voltage for
conducting transistor
I = Programmed current
limit

3. Determine the time required to re-
verse the motor. If it takes less than
10 msec you may take advantage of
higher transient SOA ratings, if not
use the steady state plot.

4. Enter the x-axis of the SOA curves
with Vi, on the applicable SOA
curve—interpolate if necessary.
For example, for a position control

systemusing a 24 V motor with aninter-

nal resistance of 5 @ and a maximum

current specified of 5 A:

1. Select PA12. Use a supply voltage of
+28 V.

2. Run loaded motor at max output and
measure current of 1 A.

3. Calculate EMF =24 V— 1 A .5
=19V

4. Calculate Voo = 28V + 19V — 5
A.5Q=22V

5. Enter SOA curve x-axis at 22 V and
read maximum current of 4.5 A at
T.=85Cor 6.5 Aat 7,=25 Cindi-
cating that the case temperature
must be kept well below 85 C if the
current limit is 5 A.

Inductive loads

The characteristics of inductive loads
should be well understood prior to us-
ing them with power op amps. Many
amplifiers have been destroyed be-
cause of one of three specific attri-
butes of inductive loads. First is the fly-
back (kickback) effect encountered
whenever instantaneous current
changes are forced upon an inductor.
Due to the current change, the im-
pressed voltage reverses rapidly. The
reverse voltage V, is equal to:

Vi=AIR
Where Ai= Current change in the
inductor
R = Equivalent parallel loss
resistor
From this simple equation it can be
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shown that the higher the equivalent
parallel resistor, the higher the flyback
voltage. In a low loss inductor, such as
an ignition coil, the flyback voltage can
reach a level 10 to 100 times higher
than the voltage applied prior to the
current interruption. Like all active
electronic devices having an internal
breakdown mechanism, power op
amps will be easily destroyed by these
flyback voltages.

The next diagram shows two diodes
as a simple protection, clipping off the
flyback voltage in excess of = V;. If the
amplifier does not have these protec-
tion diodes incorporated internally, two
external high speed diodes (D1 + D2)
must be used whenever the lead has a
significant inductive component. Long
wires or cables are often inductive and
can destroy an unprotected power op

amp.
If the degree of damping of the lcad

inductance is not known, it is recom-
mended to connect the diodes initially
and drive a low frequency square wave
into the circuit. If the output shows tran-
sients one diode drop above the supply
voltage, the diodes should be leftin the
circuit. Each diode should be rated for
a reverse voltage equal to the sum of
the supply voltages, and current equal
to the limit set. Both diodes must be
fast recovery types unless op-amp
speed is not critical.

The second problem with inductive
loads (essentially the reverse of the
first problem) is that the change of the
current through the inductor is gov-
erned by the relationship:

di AV

dt L
which means the larger the inductive
load, the slower the current changes
after voltage is applied.

Again this imposes the greatest
stress on the amplifier during reversal
of its output voltage, because the cur-
rent carrying transistor will remain on,
but must now sink the current generat-
ed by the inductor while developing a
very large voltage fromits supply to the
output. As the current decays and the
voltage on the current sinking transistor
drops, the stress on the amplifier will
subside. Here is the eguation to check
if a given inductive load is indeed safe:

Voot
b = loape
Where V., = Amplifier output voltage
immediatley following
reversal
/. = Programmed current limit
Values for tand / must be found on the
SOA curve by first finding the voltage
drop on the transistor sinking the induc-
tive current on the x-axis and the cur-

Lmax =

rent limit on the y-axis. The first SOA
curve below the intersection of these
two points will give the values of t
(read on curve) and e (read on y-
axis). If the only SOA curve below the
intersection is the steady state curve,
then all values of inductance are safe
with the programmed current limit.

The third and last problem with in-
ductive loads relates to steady state
output conditions after the current in
the inductor has stabilized at:

/L = Vou( / RS
or hm

whichever is smaller. This condition

can be checked against the SOA in the

same fashion as a resistive load equal
to the series resistance of the inductor.

The following is an example of an
electron beam deflection coil with a dc
resistance of 2.5 @ and an inductance
of 5 mH requiring 8 A for full deflection
to be driven by a PA12 at a supply volt-

age of 35 V:

1. Flyback protection is automatically
provided with the PA12 because two
protection diodes are built in, as
shown on the schematic. Other op
amps, such as the Apex PAO8, PA83,
and PAB4, may require external di-
odes when driving inductive loads.

2. Calculate the maximum inductance:

Vot
Lmaxﬁ/

M Isare

_30V.5X10-%s
T 8BA-—-4A

Note: The SOA curve below the inter-
section of Vg + V, = 65 V and
I = 8 A is for 5 msec transients
and intersects 65 V at 4 A.

3. Under steady state conditions the
limiting current of 8 A will cause a
drop of 20 V on the internal resis-
tance of the coil, leaving 15 V to be
dissipated by the amplifier output
transistor. The SOA curve shows this
to be safe at T, = 25 C.

Capacitive loads
The current / required to change the
voltage V on a capacitor is:

) dv

i=Cgr

This means that a fast reversal of the
output voltage will cause a large cur-
rent to flow into the capacitor. If the
conducting transistor current-limits, it
will develop a large voltage drop be-
tween its supply and the output. To de-
termine the maximum safe capacitive
load, use the following equation:

= 37 mH

/LIM 3 ts
Ves — Vaare

Cmax =

Where /,, = Programmed limit

CONTROL ENGINEERING/MAY 1982



Vs = Supply voltage
rait to rail

The values of & and Vg, must be
found on the SOA curve by entering the
x-axis with |, and the finding the next
SOA curve under the intersection of
these two points. Read f; on the curve,
and read Vg, On the x-axis where that
SOA line crosses /.

Short circuits

As mentioned before, under short cir-
cuit conditions, the amplifier will cur-
rent limit, and the current carrying tran-
sistor will dissipate the full supply
voltage. This condition can easily be
checked against the SOA by entering
the x-axis with the supply voltage and
entering the y-axis with the pro-
grammed current limit. The thermal
(not the secondary breakdown) limit of
the SOA may be exceeded if the power
op amp has a thermal shutoff circuit
built in.

Thermal considerations

The data sheet of most power op amps
specifies the maximum case tempera-
ture, the maximum junction tempera-
ture,,and the thermal resistance from
junction to case. These considerations
are generally part of the SOA curves but
should also be considered separately.
Generally the internal power dissipa-
tion is the difference between what
comes out (output power) and what
goes in (supply voltage times supply
current). For dc or instantaneous
values:

P=(Vs — Voo + Ves- 1o

Where P =Internal power
dissipation
V; = Supply voltage, 1 rail
and other terms are as previously
defined.

The dissipation for dc and sine wave
outputs is calculated easily. For com-
plex waveforms, it is difficult, and often
easier to measure. Once the internal
power dissipation Pis known, it is sim-
ple to select a heat sink with the re-
quired thermal resistance & since it is
generally specified. The required ® can
be calculated as follows:

Iy =T
P

Where T,=Maxjunction temperature
7. = Max ambient temp.
$ . = Amplifier thermal
resistance
For power op amps without thermal
shutoff, the power dissipation P must
be calculated for the worst-case nor-
mal and abnormal operating condi-
tions, such as maximum output and
short circuit. However, thermal shutoff,
now available with power op amps re-

¢ = — &y
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+52V

10K

V=48V
EMF=<4V
Ry=129

Unidirectional speed control circuit uses unsymmetrical power supply to reduce total power

dissipation, yet provide deceleration braking.

duces heat sink requirements because
the heat sink needs only to be calculat-
ed for worst case operating conditions.
Often this means a size reduction by a
factor of 5 to 10, because at increased
internal power dissipation such as en-
countered during a short circuit, the
output stage of the amplifier protects
itself by reducing output and dissipated
power.

Applications

Power op amps can be used in all appli-
cations that general purpose op amps
are used in. Many volumes have been
written about the subject. The books by
Jerold Craeme of Burr-Brown are high-
ly recommended to any engineer using
op amps. This article covers two con-
trol applications that are the forte of the
power op amp.

Single or dual supplies

The first choice important for any appli-
cation, is whether a dual ( ) or a sin-
gle supply should be used. Obviously, if
the load requires a bidirectional drive,

such as for a motor position control cir-
cuit or a deflection amplifier, there is
little choice. However, often only a sin-
gle direction of output swing is neces-
sary for applications such as tempera-
ture control. In these cases a single
supply should be considered to mini-
mize power consumption and
dissipation.

A different solution of optimizing out-
put power and minimizing power con-
sumption is the use of a nonsymmetri-
cal power supply. In such a setup, each
supply will provide just enough voltage
to allow the output to swing the load to
the required level.

Speed control

Speed control circuits for dc motors
are easily implemented with power op
amps. Diagrams depict two different
circuits. One shows a unidirectional
speed control implemented with a non-
symmetrical dual power supply where
the positive supply voltage of 52 V pro-
vides for full speed control of the 48 V
motor, while the negative supply biases
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14V 6V

Bidirectional speed control circuit uses two power op amps in a differential connection, so
load is shared by both amplifiers.

s e
+Vg=28V
J R,
1Q
at =
MJ14000
Rgix= 229
emr=12v [
Ry =49
Q2
MJ14001

r
-Vvg=28V

External power transistors can always be added to power op amps to raise the output
current capabilities as necessary, see text.
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the amplifier input stage and allows for
deceleration (braking) of the motor.
With the specified motor, the SOA of the
PA73 requires the current limit to be
programmed for =2 A with R, and
R of 0.33 Q. The transfer function of
the circuit is set by:

s U, _F
-+ (1~ %)

Where S = Motor speed in krpm

K = Tach EMF in V per krpm
The feedback capacitor C: helps to fil-
ter the tachometer output and prevents
oscillation due to play in the shaft, as
well as the dynamic lag of the motor
speed behind applied voltage. The ca-
pacitor must be selected for the individ-
ual application. It is best to start with a
capacitor of 1uF or so and then reduce
its value until the feedback loop has the
proper damping in response to a step
change at the input.

The second diagram shows a bidi-
rectional speed control operating from
a single 30 V supply. The circuit config-
uration is generally referred to as a dif-
ferential or bridge output. It allows for
the load to be shared by two amplifiers,
thereby increasing the available output
voltage and power. Amplifier A1 oper-
ates in a noninverting configuration
while A2 is a unity gain inverter. At
maximum input, the motor can be driv-
en in each direction with the supply
voltage less the sum of A1’s and A2's
saturation voltages. As in the previous
circuit, capacitances G, and Cg, must
be chosen for optimum damping in the
individual application, while the current
limiting resistances A, were selected
to protect the amplifier. Amplifier A2 is
biased to half the supply using R1, R2,
and bypass capacitor C1. Resistors R3
and R4 provide dc operating point
feedback. The transfer function of the
circuit is:

Increased output current

As explained previously, motors are
very demanding loads because they
store energy. For example, the PA12 at
a supply voltage of +28 V with a motor
that has an EMF of 12 V and an internal
resistance of 4 Q, requires the current
limit to be set at +3 A to make the load
safe under instant reverse conditions.
However, if more current is required,
two external transistors can supply ex-
tra current when needed. The circuit
shows an example where Q1 and Q2
provide up to + 3 A in addition to what
the PA12 can provide. Note that the
MJE 14000 and 14001 are rated for 70
A, but due to SOA limitations can only
supply +3 A under the mentioned con-
ditions of supply and load. O
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