SIMPLE CIRCUIT DESIGN TECHNIQUES APPLIED
To NEW MOSEFET PowER Orp AMPS PRODUCE
HIGH LINEARITY AND BANDWIDTH WITHOUT

SACRIFICING ACCURACY AND STABILITY.

DESIGN TECHNIQUES FOR
MOSFET POWER OP AMPS

esigners of shake table systems, function-genera-

tor output stages, and acoustic instruments re-

quire power amplifiers with wide bandwidths and

low distortion. Although industrial-type powerop

amps can operate over a wide gain range and im-

plement various transfer functions, their use in-
these applications requires compromising trade-oifs of linearity anid bandwidth
against accuracy and stability. Fortunately, recent advances in power op-amp
technology combined with a few simple circuit design principles can help maxi-
mize bandwidth and minimize distortion while maintaining aceuracy and stabil-
ity. Circuit design begins with choosing the proper amplifier, which can makea
sizeable difference in performance.

Improvements in power op-amp technology have been sparked by an increase
of demanding appliications. For example, recent growth in sonar applications
has created the need for a high power, highly linear amplifier. with a power
bandwidth of nearly 100 kHz, To supply this bandwidth with power levels in
excess of 200 W, Apex uses power MOSFETs in its PAO4 amplifier. The PA0G4, in
contrast to previous MOSFET amplifier designs, has MOSFETs in all of its

active gain stages as well as in the out-

put stage, resulting in high linearity tnout ™ ——

and bandwidth. This article focuses on O Vi

the PAO4, but the application tecn- Tk False summing nogs

niques described are useful for any .

power op amp required to perform Horizontal

with optimum distortion and band-

width characteristics. 10
The optimum combination of low =

distortion and wide bandwidth in pow-

er op amps is typified in the Apex 1. THIS SIMPLE TEST cireuit

PA04, a MOSFET-output amplifier compares the linearity of different power

with a 90-kHz power bandwidth. op amps. The false summing node and

Among this ampiifier's attributes is output are connected Lo an X-Y display.
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an architecture that uses MOSFETs
in every gain stage, with the excep-
tion of bipolar followers that drive
the output MOSFET gates. This am-
plifier design has an open-loop dis-
tortion of about 2,5%,

Quantifying ampiifier distortion
under open-loop conditions is an ex-
cellent way to compare differentam-
piifiers. This can be done by using a
simple testcircuitand an X-Y display
(Fig. 1). The summing node in the
test cireuit is actually a false sum-
ming node that multiplies the true
noninverting input by a factor of 100.
This signal s applied to the vertical
axis of the X-Y display with the hori-
| zontal axis connected to the output.
. An osciiloscope display that com-
pares the linearity of 2 bipolar
(PAGT) and a MOSZET (PA04) power
op amp cieariy favors MOSFET am-
clifiers for low distortion charaetar-
istics (Fig. 2).

To supply low distortion and wide
bandwidtk, a power op amp should
have the lowest possible closed-loop
gain. be configured as an inverting
amplifier, have external phase com-
pensation capability, and have slew-
rate-limited input signals, Distortion
is directly proportional to the ratio of
open-i00p gain to closed-loop gain:

DS‘ = DA:'/A.
where Dy = % distortion with-feed-
back, D = % distortion without feed-
back, A = open-loop gain, and Ay =
closed-loop gain.

The presence of D in the equation
illustrates the importance of low
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open-loop distortion as an amplifier
selection factor. Nevertheless, the
advantage of high open-locp zain
must be weighed against che resul-
tant decrease in speed. Most power
op amps are a reasonable compro-
mise between open-loop gain and
speed, ‘

The minimum useful_ciosed-loop
gain Ior any application is deter-
mined by the reladonship of drive
available to the power op amp and its
required ocutput voltage swing. This
drive often comes from a smalil-sig-
nai op amp with a customary output
swing capability of -10 to +10 ¥V, or
20 V ok As an example, if an ampii-
fier, such as PAQ4, operates act iis
maximum supply rails of =100V, a
gainof 10is required in the power op-
amp circuit. The low closed-lcop zain
approach may appear o introduce an
additional source of distortion by
adding this small signal op amp.
However, the op amp driving the
power amplifier operates at a low
gain. Because it drives the power op
amp’s input, it's lightly loaded and

-contributes negligible distortion to

the cireuit,

Low closed-loop gain translates to
inereased negative feedback, a con-
dition'which occasionally meets with
unfounded objections when the re-
quirement is low distortion. But the
only problem with large amounts of
negative feedback occurs under
transient conditions which will be.
discussed later.

The inverting amplifier configura-

tion forces common-mode potentials
at the amplifier inputs o zero (Fig.
4).-This insures the eiimination of
any nonlinearity or distortion due to.
common-mode effects in the amplifi-
er. The only advantages of the nonin-
verting configuration are the lack of
inversion (which may or mav not be
important}, and greater flexipility in
terms of ampiitier input impedance.

The noninverting contiguration sup-

plies the leeway to design for high
input impedances, oTten into the
megohm region, thus enabling the
amplifier to be driven from zimost
&ny sgurce.

Although'the inverting configura-
tion reduces input impedance, using
the two- amolifier approach for low
distortion reiaxes the requirements
for input {mpadance. Furthermore,
caseading two inverting ampiifiers
creates an overail noninverting con-
figuration. The summing node of an
inverting amplifier is also usefu] for
sensing deviations from linear oper-
ation. Any voltage appearing at the

.node indicates nonlinearity, over-

load, or some other fault condition.

PHASE CoMPENSATION

For maximum overall high-fre-
quency performance, a power op
amp should be externally phase-com-
pensated. Because distortion is a
function of loop gain, 2 minimum
amount of external compensation is
necessary to stabilize the amplifier
and get the best combination of gain
and bandwidth. The ampiifier

PE DISPLAYS of the linearity tess results for the PAOT bipolar power op amp tedt) and PAO4 HOSFET amolifier
{rignt} clearly favors the latter for low discortion.
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restricting the rise
times of input sig-
nals to fall within the
amplifier's slew ca-
pability. When the
source of these sig-
nals can’t be con-
trolled, a low-pass fil-

3. COMMON-MODE effects differ between amplifier

configurations. [n the noninverting cireuit, boch input
terminals experience large voitage swings. In the inverting
mode, both inputs ace always at 0 ¥, even when the input

ter is required at the
~amplifier input to
control input slew
rate.
The filter time con-

and oniput voltagesareat =10V,

doesn’t have to be stable at unity
gain. Because power amplifiers usu-
ally have larger output-voltage
swings than their driving circuits
could normally accommodate, they
must operate at a gain well above
unity.

A small-signal response curve for
the PAO4 illustrates the advantage
of using external phase compensa-
tion over compensation for unity-
gain stability (Fig. ;). One improve-
ment is better open-loop bandwidth
as a result of reduced phase compen-
sation. The straight line at 20 dB is
the bandwidth plot.of a closed-loop
amplifier with 20 dB gain. Slew rate
and power bandwidth also rise ac-
cordingly. In addition, loop gain at 20
kHz is only 20 dB for unity gain com-
pensation, while compensation for a
gain of 10 produces about 28 dB of
"loop gain. This loop-gain increase re-
duces distortion by a factor of 2.5.

Low closed-loop gain in op-amp cir-
cuics results from a large amount of
negative feedback, which is normal-
iv 2 desirabie condition. But when a
step function is appiied to the amopli-
fler input, the largs feedback pre-
vents che output irom responding in-
stantaneously. During the time re-
quired for the output to cateh up to
the input, the input exveriences a
large differential input (F7g. 3). This
causes the ampiifier 1o enter a non-
linear or oven-loop condition during
this siew-rate-dependent waiting pe-
riod. The resultant overload also in-
duces a slow and poorly behaved re-
covery while the ampiifier returns o
linear operation alter the siew inter-
val,

This proolem s avoided by simpiy

stant is based on the
rated slew rate of the
amplifier and the gain of the circuit,
and it's selected to limit the maxi-
mum possible rate-of-change of the
inpus signal to less than or eaqual to
the amplifier slew rate. The maxi-
mum acceptable rate-of-change at
the input is determined by dividing
the amplifier slew rate by the ampli-
fier gain. With 2 known maximum
step function input, the maximum
rateof changeattne low-pass filter's
output oceurs at t=0 and is deter-
mined by:
dv/dt=(V/R)/C
The RC time constant ty required
at.the amplifier input is:
toe = (Viedv)/Sg

where V;; = peak-to-peak input volc-
age, Ay = closed-loop gain. and Sg=
specified amplifier slew rate.

This method of selecting compo-
nent values for an input slew-rate-
limiting filter only requires readily
available information on amplifier
data sheets. It may appear that an
input {ilter would cemgpromise high
frequency response. Howaver, a
low-pass filter designed by this
method for the PAO4 with 2 gain of
10 has a 3 dB poinc at 40 kHz, This
technique doesn’t significantly de-
grade bandwidth performance as it
enhances transient behavior,

When a power amplifier drives a
capacitive load, the interaction be-
tween output resistance and capaci-
tive reaczance loading creztes an ad-
ditional pole and atzendant phase
shift in amplifier respbonse (#1g. ).
Inductive loads produce less obvious
problems which lead to ampiifier in-
stability. Most Zollower type output
stages are immune to the effects of
inductive loads, but drainorcollector
output stages require localt feedback
loops in the cutput stages. These
lodps can cause circuit oscillation
when their impedances increase at
high frequencies. Several protective
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4. THE SMALL-SIGNAL RESPONSE far the PADL exnibits imoroved ocen-ivop
bandwidth. power dandwidth, and slew ratz resuiting from ¢xternai pnase zompe:.;ation )
usage instead of compensation for unity-gain stabiliiy. The impraved loas g2in for a gain-ot-
10 compensacion reduces distortion by 3 factar of 2-3.




measgyres can De applied to prevent
instabilicy:

1. Add a capacitor in the feedback
path to supply a compensating phase
shift to counteract phase lag that's
due to either amplifier response or
capacitive loading (Fig. 7a).

2. Add a parallel inductor-resistor
combination in series with the ampli-
fier output, plus feedback tapped
from amplifier output in front of the
inductor (Fig. 7). This technique iso-
lates the effect of the capacitive load-
ing from the amplifier response by
inserting a compensating impedance
in series with the amplifier output
and capacitive load.

3. Connect a series resistor and ca-
pacitor between the amplifier output
and ground (Fig. 7¢). This arrange-
ment ensures a low resistive load on
the ampiifier cutput at high frequen-
cies to compensate for the effects of
inductive loads.

4. Place a series R-C combination
across the amplifier inputs to in-
crease noise gain and decrease feed-
back at high freguencies to the point
where stability isn't a problem (Fig.
7d).

Methods 2 and 3 offer the best
overall bandwidth performance and
transient behavior, and they're fa-
vored for use with wideband and low
distortion designs. By contrast, the
feedback capacitor mentioned in
method 1 rolls off the amplifier at
high frequencies, resulting in 100%
feedback at these frequencies. This
requires compensating amplifiers
for unity gain stabilicy, sacrificing
high-irequency loop gain, and ac-
companying distortion reduction.
It's important to use care with this
technique, because it can be usefulin

5. HIGH YOLTAGE LEVELS

appear at the op amp input terminais
during slew-rate limiting. This loading on
the input stage forces the amplifier into
ponlinear operation uncil it's recovered
from the overload.

bandwidth fora gainof 100is 10 kHz.
This bandwidth will be the same for
an ampiifier with 2 gain of 10 and
noise-gain compensation for a gain
of 100. In addition, the amplifier re-
sponse curve peaks near the high-
irequency bandwidth limit of a
noise-gain-compensated amplifier,
and has an overshoot in the square-
wave response. 3

The ideal power op amp is toierant
of reactixe loading. Although the
PAO4 is not perfect in this regard, it
tolerates a capacitive loading of over
1 uF while operating at a gain of 10
with no stability preblems, excessive
overshoot, or ringing with square-
wave inputs.

A typical state-of-the-art design
for a low-distortion, wideband power
op amp uses a PAQ4 driven by an
OP27, with both in inverting-gain-of-
10 configurations. The PAO4’s toler-
ance of reactive loads negates the
need for additional components to
ensure stability and delivers excel-

lent bandwidth and transient perfor
mance.

With an 8-0 load, this amplifier cir-
Cuit can supply over 300 W at up to
150 kHz with the input slew-rate fil:
ter bypassed. With the filter in place,
the amplifier delivers full response
up to 40 kHz. Distortion never ex-
ceeds 0.02% THD. Power suppiies
must deliveratleast7 A to suppor: 8-
{loads in ac applications. Reguiated
supplies aren’t necessary, though
they're desirable from a reliability
standpoint.

[t's important that protective cir-
cuitry offer the required amplifier
safeguards without introducing un-
necessary distortion. A typical am-
plifier won’t withstand a short cir-
cuit from output to ground. Mors-
over, limifing current 1o a safe value
for this condition wouid severely re-
strict available power, However, the
four-wire current-limit feature of
the PAO4 makes it possible w modify
the basic current limit (Fig. 8a). For
example, assume that the low-fre-
guency response can pass a 20-Hz
square wave without distortion (this
implies a low-frequency bandwidth-
of 2 Hz). A currentlimit scheme
makes this possible as it kaeps the
amplifier saie from short circuits to
ground (Fig. 8b). This circuit is 2
combination of foldback current-iim-
iting {the combined effect of Ry, R,,
and R)), and a two-pole current-limit
de{ay (Rb R‘:! Rar . R-U Cl:
and C.).

When the current limit is activated
by, for example, a short circuit to
ground, full currenc limit is delayed
by the charging of the capacitors.
During this time, current is limirted
to a value determined by Re; and the
foldback limit set by R,

controlling overshoots
and ringing. )

The noise gain compen-
sation described in meth-
od 4 reduces the amplifier
bandwicth to mateh that
of the noise zain. To illus-
trate, consider an ampli-
fier with 2 gain of 10, and
that noise-gain compen-

2-pole respanse

2nd pale due fa Ry and G,

R3, and R4. Foldback en-
ables the amplifier to de-
liver large currents when
the output is close to ek
ther supply rail (current
flows toward the rail
closest to the output),
with less currencallowed
a5 the output voltags
swings farther from zhe

|||-—i

sation for a noise gain of
~00 provides stabiiity. If
the bandwidth at a gain
of 10 is 100 kHz, then

6. CAPACITIVE OPAMP LOADS crezte an additienal
pole and a resultant phase shift ia amalifier response. which
usually means oscillztion at high (requencies.

rail suppiving :che cur-
rent. Eventually, after a
time long enough 1o keen



from interfering with a 20-
Hz square wave, but short
enough to comply with am-
plifier time-limited SOA
(safe operating area) re-
guirements, the currentis
restricted to a value low
enough for a safe sus-
tained short to ground.

cooling. However, worst

Many other types of pro-
tection schemes are possi-
ble with the PA04. For ex-
ample, connecting pin 12to
pin ¢ disables the ampiifi-

; {d)

(c}

case dissipation is unlikely
to oceur under normal con-
ditions. The calculations
are hased on maximum
values from the PAQ4 data
sheet—the typical value
for PAOQ4 thermal resis-
tanceis 0.3°C/W.

Bipolar power op amps

cost less than MOSFET
types, but at the expense
of compromises in band-
width, distortion, and
SOA. MOSFETSs are more

er. Pin 12 can also be used
as a control terminal foran
amplifier protection eir-
cuit. .

As with any power am-
plifier, the PAO4 requires
heatsinking. Worst-case power dissi-
pation Py is determined by:

Pp= Ws)gl(g'—-)z Ry

where Vg = rail-to-rail supply volt-
age and R = the load resistance.

In the case of Fig. 7,.this value is
162 W. The heatsink should be sized
to keep maximum junction tempera-
ture Ty below 150°C. For example, as-

suming 2 maximum ambient temper-

ature T, of 40°C, T =T, - T, =
110°C. :

The required thermal resistance
from the device junction to ambient

7. STABILITY-ENHANCING techniques for power op
amps can counteract the effects of capacitive loading (a or b), .
inductive loading (¢}, and naise gaia (d). Methods 2 and b deliver
the best overal| handwidlh perfarmance and transient behavior.

8}, is the temperaturerise divided by
dissipation:

Subtracting the PAO4’s thermal
resistance and heatsink-to-case ther-
mal resistance yields the reguired
thermal resistance g, for the heat-
sink;

Os4 =84 ~8)c-0cs
={(.679-04-0.1
=0179°C/W
This value of thermal resistance

will require 2 substantial heatsink,
probably with at least forced-air
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3. A HIGH-P ERFORMA.\‘CE OP'A_MP DESIGN uses an inverting PAO4
MOSFET op amp driven by 1 second op amp with a slew-fimiting fiiter at the input (a). For
added protection againss 3n outpus short to ground, curceat-{imit resistor R, can be
augmented by a 2-ogie curreaclimit circuit with loidback (b).

tolerant of stress because
they're a power-limited de-
vice with no secondary
breakdown region. The
- open-ioop distortion of a
MOSFET-based design is lower be-
cause of its more linear transfer
function. ’
' Bipolar power op amps should be
considered carefully before they're
chosen, based on low distortion or
wide bandwidth. Besides gpen-loop
tests, all of the parts should be tested
overarange of load conditions atlow
and highsignallevels (some Class A/
B amptlifiers exhibit a noteh in their
transfer function similar to cross-
over distortion). An exceilent closed
loop test is in a gain-0f-100 circuit at
10 kHz, because this high gain and
frequeney will unmask sources of
distortion that aren't obvious at low-
er frecuencies and gains. Archicec
tures of monolithic power op ames
are all compromised with respect 0
stability, principally resulting from
ron-compiementary (npn only) out-
putsiages.”
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