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Chapter 1

Background and Objectives

1.1 Introduction

An operational ampli er is a high-gain direct-coupled amplier that is normally used in
feedback connections. If the ampli er characteristics are safactory, the transfer function
of the ampli er with feedback can often be controlled primaity by the stable and well-known
values of passive feedback elements.

The term operational ampli er evolved from original appli@ations in analog computation
where these circuits were used to perform various mathematiggerations such as summa-
tion and integration. Because of the performance and econanaidvantages of available units,
present applications extend far beyond the original ones, amdodern operational ampli ers
are used as general purpose analog data-processing elements.

High-quality operational ampli ers were available in the early 1950s. These ampli ers
were generally committed to use with analog computers and veenot used with the exi-
bility of modern units. The range of operational-ampli er usge began to expand toward
the present spectrum of applications in the early 1960s as vauis manufacturers developed
modular, solid-state circuits. These ampli ers were smaller, naln more rugged, less ex-
pensive, and had less demanding power-supply requirements ththeir predecessors. A
variety of these discrete-component circuits are currentlyvailable, and their performance
characteristics are spectacular when compared with older s

A quantum jump in usage occurred in the late 1960s, as monolithintegrated-circuit
ampli ers with respectable performance characteristics eled. While certain performance
characteristics of these units still do not compare with those diie better discrete-component
circuits, the integrated types have an undeniable cost advaage, with several designs avail-
able at prices of approximately $0.50. This availability fequently justi es the replacement
of two- or three-transistor circuits with operational ampli ers on economic grounds alone,
independent of associated performance advantages. As processing designs improve, the
integrated circuit will invade more areas once considered @usively the domain of the dis-
crete design, and it is probable that the days of the discreteemponent circuit, except for
specials with limited production requirements, are numbered

There are several reasons for pursuing a detailed study of opeoatl ampli ers. We must

1An excellent description of the technology of this era is available in [KK56].
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2 Chapter 1. Background and Objectives

Vo

Figure 1.1: Symbol for an operational ampli er.

discuss both the theoretical and the practical aspects of thesersatile devices rather than
simply listing a representative sample of their applications. 8ce virtually all operational-
ampli er connections involve some form of feedback, a thorgh understanding of this process
is central to the intelligent application of the devices. WHe partially understood rules
of thumb may su ce for routine requirements, this design methodfails as performance
objectives approach the maximum possible use from the ampli én question.

Similarly, an appreciation of the internal structure and furction of operational ampli ers
is imperative for the serious user, since such information is ressary to determine various
limitations and to indicate how a unit may be modi ed (via, for example, appropriate con-
nections to its compensation terminals) or connected for optium performance in a given
application. The modern analog circuit designer thus needs understand the internal func-
tion of an operational ampli er (even though he may never degn one) for much the same
reason that his counterpart of 10 years ago required a knowbpsl of semiconductor physics.
Furthermore, this is an area where good design practice hasobxed to a remarkable degree,
and many of the circuit techniques that are described in the lowing chapters can be applied
to other types of electronic circuit and system design.

1.2 The Closed-Loop Gain of an Operational Ampli er

As mentioned in the introduction, most operational-ampli er connections involve feedback.
Therefore the user is normally interested in determining thelosed-loop gairor closed-loop
transfer function of the ampli er, which results when feedback is included. As wshall
see, this quantity can be made primarily dependent on the chacteristics of the feedback
elements in many cases of interest.

A prerequisite for the material presented in the remainder ofhis book is the ability
to determine the gain of the ampli er-feedback network comation in simple connections.
The techniques used to evaluate closed-loop gain are outlinidthis section.

1.2.1 Closed-Loop Gain Calculation

The symbol used to designate an operational ampli er is shown inigure/1.1. The ampli er
shown has a di erential input and a single output. The input teminals marked { and +
are called theinverting and the non-inverting input terminals respectively. The implied
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Figure 1.2: Inverting operational-ampli er connection.

linear-region relationshipo among input and output variat€ is

Vo = a(Va Vb) (1 . 1)

The quantity a in this equation is the open-loop gainor open-loop transfer functionof
the ampli er. (Note that a gain of a is assumed, even if it is not explicitly indicated inside
the ampli er symbol.) They dynamics normally associated with his transfer function are
frequently emphasized by writinga(s).

It is also necessary to provide operating power to the operatiahampli er via power-
supply terminals. Many operational ampli ers use balanced (el positive and negative)
supply voltages. The various signals are usually referenced toetcommon ground connec-
tion of these power supplies. Ther power connections are nortyahot included in diagrams
intended only to indicate relationships among signal variabk, since eliminating these con-
nections simpli es the diagram.

Although operational ampli ers are used in a myriad of con guations, many applications
are variations of either the inverting connection (Fig.. 1.por the noninverting connection
(Fig. [1.3). These connections combine the ampli er with impgances that provide feedback.

The closed-loop transfer function is calculated as followsrfthe inverting connection.
Because of the reference polarity chosen for the intermediatariable V,,

Vo= aVi (1.2)

2The notation used to designate system variables consists of a symbol and a swiipt. This combination
serves not only as a label, but also to identify the nature of the quantity as fdlows:
Total instantaneous variables:
lower-case symbols with upper-case subscripts.
Quiescent or operating-point variables:
upper-case symbols with upper-case subscripts.
Incremental instantaneous variables:
lower-case symbols with lower-case subscripts.
Complex amplitudes or Laplace transforms of incremental variables:
upper-case symbols with lower-case subscripts.
Using this notation we would write v; = V, + v;, indicating that the instantaneous value of v, consists of
a quiescent plus an incremental component. The transform of/; is V;. The notations V;(s) is often used to
reinforce the fact that V; is a function of the complex variables.
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v () —o Vo

V Zy
Va VWA

3%
v

Figure 1.3: Noninverting operational-ampli er connection.

where it has been assumed that the output voltage of the amplireis not modi ed by the
loading of theZ, Z, network. If the input impedance of the ampli er itself is highenough
so that the Z; Z, network is not loaded signi cantly, the voltageV; is

Z; Z;
V, = V + V, 1.3
TZi+v Zy ' 2+ Zp (13)
Combining Eqgns.[ 1.2 and 1.3 yields
az, az;
Vo = i 14
T Zy+ 2, Z1+ 2, ° (14)
or, solving for the closed-loop gain,
E = azlz"'zzz (1 5)
\/i 1 + azlilzz l

The condition that is necessary to have the closed-loop gain dap primarily on the char-
acteristics of theZ, Z, network rather than on the performance of the ampli er itselfis eas-
ily determined from Eqn.|/1.5. At any frequencyw where the inequalityja(j! )Z.(j! )9Z1(j! )+
Z,(j' )li 1lis satised, Egn. 1.5 reduces to

Vo(it ) . Za(j!)

Vi(it) Z4(j')

The closed-loop gain calculation for the noninverting coneéon is similar. If we assume
negligible loading at the ampli er input and output,

(1.6)

az1_\, (1.7)

Vo= a(Vi V,) = aV Z.+ 7, o

or

Vo _ a
Vi 1+[aZ;=(Zy + Z))]

(1.8)

This expression reduces to
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Vo ) . Za(it )+ Za(jt )

Vi) Z:G1) (1.9)
whenja(j! )Z.(j! )=Z1(! )+ Z2(' )] 1.
The quantity
_ aZ;
= 5y (1.10)

is the loop transmissionfor either of the connections of Fig.| 1.2 or 1.3. The loop traA
mission is of fundamental importance in any feedback system besea it in uences virtually
all closed-loop parameters of the system. For example, the pegling discussion shows that
if the magnitude of the loop transmission is large, the closeddp gain of either the in-
verting or the noninverting ampli er connection becomes vtually independent of a. This
relationship is valuable, since the passive feedback comporgettat determine closed-loop
gain for large loop-transmission magnitude are normally consichbly more stable with time
and environmental changed than is the open-loop gamn

The loop transmission can be determined by setting the inputs of feedback system
to zero and breaking the signal path at any point inside the fedgck Ioop@ The loop
transmission is the ratio of the signal returned by the loop to a & applied at the point
where the loop is opened. Figure 1.4 indicates one way to deténe the loop transmission
for the connections of Fig.| 1.2 and 1.3. Note that the topologghown is common to both
the inverting and the noninverting connection when input pots are grounded.

It is important to emphasize the di erence between the loop Bnsmission, which is de-
pendent on properties of both the feedback elements and thparational ampli er, and the
open-loop gain of the operational ampli er itself.

1.2.2 The Ideal Closed-Loop Gain

Detailed gain calculations similar to those of the last sectiorra always possible for operational-
ampli er connections. However, operational ampli ers are fquently used in feedback con-
nections where loop characteristics are such that the closeabp gain is determined primarily
by the feedback elements. Therefore, approximations thatdacate the ideal closed-loop gain
or the gain that results with perfect ampli er characteristics simplify the analysis or design
of many practical connections.

It is possible to calculate the ideal closed-loop gain assuminglprwo conditions (in
addition to the implied condition that the ampli er-feedback network combination is stablé)
are satis ed.

1. A negligibly small di erential voltage applied between tlke two input terminals of the
ampli er is su cient to produce any desired output voltage.

3There are practical di culties, such as insuring that the various elements in the loop remain in their
linear operating regions and that loading is maintained. These di culties complicate the determination of
the loop transmission in physical systems. Therefore, the technique described heishould be considered a
conceptual experiment. Methods that are useful for actual hardware are introduced in lter sections.
4Stability is discussed in detail in Chapter 4.
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Signal returned by loop
Vi

Z, 7 Z

YWA YWA

Input set to zero
if inverting connection

\A 6

Test generator
Input set to zero
if noninverting connection

\V

Figure 1.4: Loop transmission for connections of Fig.| 1.2 and 1.3. Loop transmissn is
Vi=\t = aZi=(Zy + Zy).

2. The current required at either ampli er terminal is neglgibly small.

The use of these assumptions to calculate the ideal closed-loonga rst illustrated for
the inverting ampli er connection (Fig. 1.2). Since the nomverting ampli er input terminal
is grounded in this connection, condition 1 implies that

Va' O (1.11)
Kirchho 's current law combined with condition 2 shows that

la+1p' 0O (1.12)

With Eqn. 1.11 satis ed, the currentsl, and I, are readily determined in terms of the input
and output voltages.

Vi
— 1.13
_ (113)
Vo
ly' == 1.14
. (1.14)

Combining Eqgns. 1.12, 1.13, and 1.14 and solving for the ratid ¥, to V, yields the ideal
closed-loop gain

Vo _ ZZ
Vi zZy
The technique used to determine the ideal closed-loop gain iglled the virtual-ground
method when applied to the inverting connection, since in tki case the inverting input
terminal of the operational ampli er is assumed to be at groungbotential.
The noninverting ampli er (Fig. 1.3) provides a second examp of ideal-gain determi-
nation. Condition 2 insures that the voltageV, is not in uenced by current at the inverting
input. Thus,

(1.15)
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21y, (1.16)

VI
a Zl+ZZO

Since condition 1 requires equality betweeX, and V;, the ideal closed-loop gain is

Vo _ 21t 2,

Vi Z1

(1.17)

The conditions can be used to determine ideal values for chateristics other than gain.
Consider, for example, the input impedance of the two amplireconnections shown in Fig.
1.2 and 1.3. In Fig. 1.2, the inverting input terminal and, casequently, the right-hand end
of impedanceZ,, is at ground potential if the ampli er characteristics are deal. Thus the
input impedance seen by the driving source is simpl¥;. The input source is connected
directly to the noninverting input of the operational ampli er in the topology of Fig. 1.3. If
the ampli er satis es condition 2 and has negligible input curent required at this terminal,
the impedance loading the signal source will be very high. Theoninverting connection is
often used as a bu er ampli er for this reason.

The two conditions used to determine the ideal closed-loop gaare deceptively simple
in that a complex combination of ampli er characteristics ae required to insure satisfaction
of these conditions. Consider the rst condition. High open-loopoltage gain at anticipated
operating frequencies is necessary but not su cient to guaraee this condition. Note that
gain at the frequency of interest is necessary, while the high @p-loop gain speci ed by the
manufacturer is normally measured at d-c. This speci cationsi somewhat misleading, since
the gain may start to decrease at a frequency on the order of onertz or less.

In addition to high open-loop gain, the ampli er must have lowvoltage o sef referred
to the input to satisfy the rst condition. This quantity, de ne d as the voltage that must
be applied between the ampli er input terminals to make the atput voltage zero, usually
arises because of mismatches between various ampli er compuatse

Surprisingly, the incremental input impedance of an operatnal ampli er often has rela-
tively little e ect on its input current, since the voltage th at appears across this impedance
is very low if condition 1 is satis ed. A more important contribution to input current often
results from the bias current that must be supplied to the amplier input transistors.

Many of the design techniques that are used in an attempt to cormie the two conditions
necessary to approach the ideal gain are described in subsequentises.

The reason that the satisfaction of the two conditions introdued earlier guarantees that
the actual closed-loop gain of the ampli er approaches the @&l value is because of the
negative feedback associated with operational-ampli er coections. Assume, for example,
that the actual voltage out of the inverting-ampli er connection shown in Fig.|1.2 is more
positive than the value predicted by the ideal-gain relatioship for a particular input signal
level. In this case, the voltageV, will be positive, and this positive voltage applied to the
inverting input terminal of the ampli er drives the output v oltage negative until equilibrium
is reached. This reasoning shows that it is actually the nega@ feedback that forces the
voltage between the two input terminals to be very small.

50 set and other problems with d-c ampli ers are discussed in Chapter|7.
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Figure 1.5: Summing ampli er.

Alternatively, consider the situation that results if positive feedback is used by interchang-
ing the connections to the two input terminals of the ampli &. In this case, the voltageV,
is again zero whernv, and V, are related by the ideal closed-loop expression. However, the
resulting equilibrium is unstable, and a small perturbation fom the ideal output voltage
results in this voltage being driven further from the ideal vue until the ampli er saturates.
The ideal gain is not achieved in this case in spite of perfect ater characteristics be-
cause the connection is unstable. As we shall see, negative feelbeonnections can also
be unstable. The ideal gain of these unstable systems is meanisgléecause they oscillate,
producing an output signal that is often nearly independent fothe input signal.

1.2.3 Examples

The technique introduced in the last section can be used to deteine the ideal closed-loop
transfer function of any operational-ampli er connection.The summing ampli er shown in
Fig. [1.5 illustrates the use of this technique for a connectiaslightly more complex than the
two basic ampli ers discussed earlier.

Since the inverting input terminal of the ampli er is virtual ground, the currents can be
determined as

I Ziq
I Zis
Vin

Zin
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Vo
o= 22 1.18
f Zf ( )

These currents must sum to zero in the absence of signi cant curtteat the inverting input
terminal of the ampli er. Thus

lipn+ lio+  +1in + 14 =0 (1.19)
Combining Egns.| 1.18 and 1.19 shows that

Z Z Z
Vo— Zil il Zi2 i2 ZiN Vl (120)
We see that this ampli er, which is an extension of the basic inveéng-ampli er connection,
provides an output that is the weighted sum of several input vidges.

Summation is one of the \operations" that operational ampliers perform in analog
computation. A subsequent development (Section 12.3) will siwothat if the operations
of gain, summation, and integration are combined, an electal network that satis es any
linear, ordinary di erential equation can be constructed. This technique is the basis for
analog computation.

Integrators required for analog computation or for any otheapplication can be con-
structed by using an operational ampli er in the inverting comection (Fig. [1.2) and making
impedanceZ, a capacitorC and impedanceZ; a resistorR. In this case, Eqn.| 1.15 shows
that the ideal closed-loop transfer function is

Vo(s) _ Za(s) . 1
Vi(s)  Zius)  RCs

so that the connection functions as an inverting integrator.

It is also possible to construct noninverting integrators using ra operational ampli er
connected as show in Fig. 1.6. This topology precedes a nomrting ampli er with a low-
pass Iter. The ideal transfer function from the noninvertinginput of the ampli er to its
output is (see Eqn. 1.17)

(1.21)

Vo(s) _ RCs+1
Vi(s)  RCs

Since the conditions for an ideal operational ampli er prdade input current, the transfer
function from V, to V, can be calculated with no loading, and in this case

(1.22)

Va(s) 1
= 1.2
Vi(s)  RiCis+1 (1.23)
Combining Eqgns.| 1.22 and 1.23 shows that the ideal closed-loogrgis
+
Vo(S) 1 RCs+1 (1.24)

Vi(s) RiCis+1 RCs

If the two time constants in Eqn. 1.24 are made equal, noninvimg integration results.
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Figure 1.6: Noninverting integrator.

[ oVo

Figure 1.7: Log circuit.

The comparison between the two integrator connections hintst the possibility of re-
alizing most functions via either an inverting or a noninvering connection. Practical con-
siderations often recommend one approach in preference tcetlother. For example, the
noninverting integrator requires more external componeatthan does the inverting version.
This di erence is important because the high-quality capators required for accurate inte-
gration are often larger and more expensive that the operanal ampli er that is used.

The examples considered up to now have involved only lineareelents, at least if it is
assumed that the operational ampli er remains in its linear oprating region. Operational
ampli ers are also frequently used in intentionally nonlineaconnections. One possibility is
the circuit shown in Fig. 11.7% It is assumed that the diode current-voltage relationship is

ip = lg(e?=kT 1) (1.25)

wherel s is a constant dependent on diode constructiory is the charge of an electronk is
Boltzmann's constant, andT is the absolute temperature.

If the voltage at the inverting input of the ampli er is negligibly small, the diode voltage
is equal to the output voltage. If the input current is negligbly small, the diode current and
the current i sum to zero. Thus, if these two conditions are satis ed,

®Note that the notation for the variables used in this case combines lower-case viables with upper-
case subscripts, indicating the total instantaneous signals necessary to describbée anticipated nonlinear
relationships.
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%: ls(€MT 1) (1.26)

Consider operation with a positive input voltage. The maximurmnegative value of the
diode current is limited to Is. If vy=R >1g, the current through the reverse-biased diode
cannot balance the currentl r. Accordingly, the ampli er output voltage is driven negative
until the ampli er saturates. In this case, the feedback loop aaot keep the voltage at
the inverting ampli er input near ground because of the limied current that the diode can
conduct in the reverse direction. The problem is clearly not ih the ampli er, since no
solution exists to Eqn. 1.26 for su ciently positive values ofv; .

This problem does not exist with negative values fow,. If the magnitude of ir is
considerably larger thanl s (typical values for | 5 are less than 10°A), Eqn. reduces to

Vﬁ' "] geVo kT (1.27)

or

, kT \
Vo Fln(ﬁs) (1.28)

Thus the circuit provides an output voltage proportional tothe log of the magnitude of the
input voltage for negative inputs.

1.3 Overview

The operational ampli er is a powerful, multifaceted analg data-processing element, and
the optimum exploitation of this versatile building block requires a background in several
di erent areas. The primary objective of this book is to help he reader apply operational
ampli ers to his own problems. While the use of a \handbook" apmach that basically
tabulates a number of con gurations that others have found seful is attractive because of
its simplicity, this approach has de nite limitations. Supelor results are invariably obtained
when the designer tailors the circuit he uses to his own speci detailed requirements, and
to the particular operational ampli er he chooses.

A balanced presentation that combines practical circuit andystem design concepts with
applicable theory is essential background for the type of cridge approach that results in op-
timum operational-ampli er systems. The following chapters pvide the necessary concepts.
A second advantage of this presentation is that many of the teniques are readily applied
to a wide spectrum of circuit and system design problems, and the teaal is structured to
encourage this type of transfer.

Feedback is central to virtually all operation-ampli er applications, and a thorough un-
derstanding of this important topic is necessary in any challging design situation. Chap-
ter 2/ through'6 are devoted to feedback concepts, with emphagikced on examples drawn
from operational-ampli er connections. However, the preseation in these chapters is kept
general enough to allow its application to a wide variety oedback systems. Topics covered
include modeling, a detailed study of the advantages and litations of feedback, determi-
nation of responses, stability, and compensation techniques emtded to improve stability.
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Simple methods for the analysis of certain types of nonlineaystems are also included. This
indepth approach is included at least in part because | am comaded that a detailed under-
standing of feedback is the single most important prerequisit® tsuccessful electronic circuit
and system design.

Several interesting and widely applicable circuit-design ¢thniques are used to realize
operational ampli ers. The design of operational-ampli er acuits is complicated by the
requirement of obtaining gain at zero frequency with low diti and input current. Chapter 7
discusses the design of the necessary d-c ampli ers. The implicaisoof topology on the
dynamics of operational-ampli er circuits are discussed in Gipter 8. The design of the
high-gain stages used in most modern operational ampli ers arle factors which in uence
output-satge performance are also included. Chaper 9 illustess how circuit design tech-
niques and feedback-system concepts are combined in an illastre operational-ampli er
circuit.

The factors in uencing the design of the modern integrateducuit operational ampli-
ers that have dramatically increased ampli er usage are dis@sed in Chapter 10. Several
examples of representative present-day designs are included.

A variety of operational-ampli er applications are sprinkled throughout the rst 10 chap-
ters to illustrate important concepts. Chapter 11 and 12 focuen further applications, with
major emphasis given to clarifying important techniques antbpologies rather than concen-
trating on minor details that are highly dependent on the spacs of a given application
and the ampli er used.

Chapter/13 is devoted to the problem of compensating operatial ampli ers for optimum
dynamic performance in a variety of applications. Discussion tfis material is deferred un-
til the nal chapter because only then is the feedback, circtii and application background
necessary to fully appreciate the subtleties of compensating dern operation ampli ers
available. Compensation is probably the single most importanaspect of e ectively ap-
plying operational ampli ers, and often represents the di eence between inadequate and
superlative performance. Several examples of the way in wihicompensation in uences the
performance of a representative integrated-circuit operianal ampli er are used to reinforce
the theoretical discussion included in this chapter.
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Problems

P1.1 Design a circuit using a single operational ampli er that prowies an ideal input-output
relationship
Vo= Vi1 2V 3V

Keep the values of all resistors used between 10 and 100 k. Deteine the loop
transmission (assuming no loading) for your design.

P1.2 Note that it is possible to provide an ideal input-output relatonship
Vo= Vi1 +2V;2 +3Vi3

by following the design for Problem 1.1 with unity-gain inveter. Find a more e ecient
design that produces this relatinship using only a single operahal ampli er.

P1.3 An operatinal ampli er is connected to provide an inverting @in with an ideal value
of 10. At low frequencies, the open-loop gain of the ampli esifrequency independent
and equal toag. Assuming that the only source of error is the nite value of opemeop
gain, how large shoulda, be so that the actual closed-loop gain of the ampli er di ers
from its ideal value by less than 0.1%?

P1.4 Design a single-ampli er connection that provides the ideahput-output relationship

z
Vo= 100 (vijp+ vjp)dt

Keep the values of all resistors you use between 10 and 100 k.

P1.5 Design a singlue-ampli er connection that provides the ideahput-output relationship

Z
Vo =+100 (vip + vjp)dt

using only resistor values between 10 and 100 k . Determine thedp transmission of
your con guration, assuming negligible loading.

P1.6 Determine the ideal input-output relationships for the two onnections shown in Fig.
1.8.

P1.7 Determine the ideal input-output transfer function for the gerational-ampli er con-
nection shown in Fig.[ 1.9. Estimate the value of open-loop garequired such that the
actual closed-loop gain of the circuit approaches its ideahle at an input frequency
of 0.01 radian per second. You may neglect loading.

P1.8 Assume that the operational-ampli er connection shown in Fig. 10 satis es the
two conditions stated in Section 1.2.2. Use these conditions tetrmine the output
resistance of the connection (i.e., the resistance seen by thedpa
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Figure 1.8: Di erential-ampli er connections.
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Figure 1.9: Two-pole system.
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Figure 1.10: Circuit with controlled output resistance.
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Figure 1.11: Log circuit.
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P1.9 Determine the ideal input-output transfer relationship for te circuit shown in Fig.
1.11. Assume that transistor terminal variables are related as

whereic is expressed in amperes angg is expressed in volts.

P1.10 Plot the ideal input-output characteristics for the two cirauits shown in Fig. [1.12.
In part a, assume that the diode variables are related by, = 10 3¢*"c  whereip
is expressed in amperes ang, is expressed in volts. In parth, assume thatip = 0,
Vp < 0,andvp =0, ip > 0.

P1.11 We have concentrated on operational-ampli er connectionsvolving negative feed-
back. However, several useful connections, such as that shown ig.F1.13, use positive
feedback around an ampli er. Assume that the linear-region opeloop gain of the am-
pli er is very high, but that its output voltage is limited to 10 volts because of
saturation of the ampli er output stage. Approximate and plot the output signal for
the circuit shown in Fig. 1.13 using these assumptions.

P1.12 Design an operational-almpli er circuit that provides an iceal input-output relation-
ship of the form
Vo = Kle"' K2

whereK ; and K, are constants dependent on parameter values used in your design
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Figure 1.12: Nonlinear circuits.

v

v, = 10 sint ©
10 kW

%10 KW
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Chapter 13

Compensation Revisited

13.1 Introduction

Proper compensation is essential for achieving optimum perfoance from virtually any so-

phisticated feedback system. Objectives extend far beyond simguaranteeing acceptable
stability. If stability is our only concern, the relatively unimaginative approaches of lowing
loop-transmission magnitude or creating a su ciently low-fregqiency dominant pole usually

su ce for systems that do not have right-half-plane poles in the loop transmissions. More

creative compensation is required when high desensitivity aven extended bandwidth, wide-

band frequency response, ideal closed-loop transfer functiomish high-pass characteristics,

or operation with uncertain loop parameters is essential. Thgpe of compensation used can
also in uence quantities such as noise, drift, and the class of sgjs for which the system

remains linear.

A detailed general discussion has already been presented in Cleab. In this chap-
ter we become more specic and look at the techniques that areast appropriate in the
usual operational-ampli er connections. It is assumed that therecautions suggested in
Section 11.3.2 have been observed so that parasitic e ects résg from causes such as in-
adequate power-supply decoupling or feedback-network loagd at the input of the ampli er
do not degrade performance.

It is cautioned at the outset that there is no guarantee that pgicular speci cations
can be met, even with the best possible compensation. For exampdarlier developments
have shown how characteristics such as the phase shift from a pummé delay or a large
number of high-frequency poles set a very real limit to the m@&xum crossover frequency of
an ampli er-feedback network combination. Somewhat moreisturbing is the reality that
there is usually no way of telling when the best compensation far particular application
has been realized, so there is no clear indication when thealrand-error process normally
used to determine compensation should be terminated.

The attempt in this chapter is to introduce the types of compesation that are most
likely to succeed in a variety of applications, as well as to imchte some of the hazards
associated with various compensating techniques. The suggestedhniques for minor-loop
compensation are illustrated with experimental results.

351
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13.2 Compensation When the Operational-Ampli er
Transfer Function is Fixed

Many available operational ampli ers have open-loop transf functions that cannot be al-
tered by the user. This in exibility is the general rule in the case of discrete-component
ampli ers, and many integrated-circuit designs also includenternal (and thus xed) com-
pensating networks. If the manufacturers' choice of open-loamansfer function is acceptable
in the intended application, these ampli ers are straightfoward to use. Conversely, if loop
dynamics must be modi ed for acceptable performance, the cices available to the designer
are relatively limited. This section indicates some of the podsiities.

13.2.1 Input Compensation

Input compensation consists of shunting a passive network betwetre input terminals of
an operational ampli er so that the characters of the added riork, often combined with
the properties of the feedback network, alter the loop transission of the system advanta-
geously. This form of compensation does not change the ideads#d-loop transfer function
of the ampli er-feedback network combination. We have al@dy seen an example of this
technique in the discussion of lag compensation using the topojoghown in Figure[5.13.
That particular example used a noninverting ampli er connetion, but similar results can be
obtained for an inverting ampli er connection by shunting animpedance from the inverting
input terminal to ground.

Figure 13.1 illustrates the topology for lag compensating thiverting connection. The
loop transmission for this system (assuming that loading at the ingwand the output of the
ampli er is insigni cant) is

a(s)R; (RCs+1)
(R1+ R2) [(RijjR2+ R)Cs+1]

L(s) = (13.2)
The dynamics of this loop transmission include a lag transfer fgtion with a pole located
at s= [1=(R4jjR, + R)CJand a zero located as = 1=RC.

The example of lead compensation using the topology shown in Big'5.11 obtained the
lead transfer function by paralleling one of the feedback-tveork resistors with a capacitor.
A potential di culty with this approach is that the ideal clo sed-loop transfer function is
changed. An alternative is illustrated in Figure 13.2. Sinceamnponent values are selected
so that R;C; = R,C,, the ideal closed-loop transfer function is

Vo(s) _ Ro=A(R:Ces+1) _ Rp
Vi(s)  Ri=(R:C;s+1) R,

(13.2)

The loop transmission for this connection in the absence of loadi and following some
algebraic manipulation is

a(s)Ri1R [(RiCy1)s + 1]

"9 RiR.+ RiR + RoR) [(RuIRAIR)(C: + C)s+ 1]

(13.3)
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Figure 13.1: Lag compensation for the inverting ampli er connection.
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Figure 13.2: Lead compensation for the inverting ampli er connection.

A disadvantage of this method is that it lowers d-c loop-transiission magnitude compared
with the topology that shunts R, only with a capacitor. The additional attenuation that

this method introduces beyond that provided by theR; R, network is equal to the ratio

of the two break frequencies of the lead transfer function.

This basic approach can also be used to combine lead and lag tramsfunctions in
one loop transmission. Figure 13.3 illustrates one possibilityrfa noninverting connection.
The equality of time constants in the feedback network insurethat the ideal gain for the
connection is

Vo(S) _ R1+ Rz
Vi(s) R

(13.4)

Some algebraic reduction indicates that the loop transmissigassuming negligible loading)
is

a(s)R; (RCs+1)(R;Cys+1)

(Ry+ R,) fRR,CC;52 + [(RyjjRs + R)C + RiCils+ 19 (13.5)

L(s) =

The constraints among coe cients in the transfer function rehted to the feedback and shunt
network guarantee that this expression can be factored into add and a lag transfer function,
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Figure 13.3: Lead and lag compensation for the noninverting ampli er connection
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Figure 13.4: Unity-gain follower with input compensation

and that the ratios of the singularity locations will be identcal for the lead and the lag
functions.

The way that topologies of the type described above are used @gpls on the dynamics
of the ampli er to be compensated and the load connected to ittor example, the HA2525
is a monolithic operational ampli er (made by a process morenvolved than the six-mask
epitaxial process) that combines a unity-gain frequency of 2dHz with a slew rate of 120
volts per microsecond. The dynamics of this ampli er are suchat stability is guaranteed
only for loop transmissions that combine the ampli er open-lgo transfer function with an
attenuation of three or more. Figure 134 shows how a stable, ibrgain follower can be
constructed using this amplier. Component values are seleateso that the zero of the
lag network is located approximately one decade below thernpensated loop-transmission
crossover frequency. Of course, the capacitor could be replkhdwy all short circuit, thereby
lowering loop-transmission magnitude at all frequencies. Howay advantages of the lag
network shown include greater desensitivity at intermediaterad low frequencies and lower
output o set for a given o set referred to the input of the ampli er.

There are many variations on the basic theme of compensatingtivia network shunted
across the input terminals of an operational ampli er. For eample, many ampli ers with
xed transfer functions are designed to be stable with direct tglback provided that the
unloaded open-loop transfer function of the ampli er is not kered by loading. However, a
load capacitor can combine with the open-loop output resistae of the ampli er to create
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a pole that compromises stability. Performance can often be proved in these cases by
using lead input compensation to o set the e ects of the second e in the vicinity of the
crossover frequency or by using lag input compensation to fora@ssover below the frequency
or by using lag input compensation to force crossover below theefuency where the pole
associated with the load becomes important.

In other connections, an additional pole that deteriorates ability results from the feed-
back network. As an example, consider the di erentiator showmiFigure[13.5. The ideal
closed-loop transfer function of this connection is

Vo(S) _
Vi(s)

It should be noted at the outset that this connection is not reammended since, in addition
to its problems with stability, the di erentiator is an inher ently noisy circuit. The reason is
that di erentiation accentuates the input noise of the amplier because the ideal gain of a
di erentiator is a linearly increasing function of frequeng.

Many ampli ers are compensated to have an approximately singdpole open-loop transfer
function, since this type of transfer function results in excédnt stability provided that the
load element and the feedback network do not introduce addbnal poles. Accordingly, we
assume that for the ampli er shown in Figure 13.8

10
001s+1

If loading is negligible, the feedback network and the ampdir open-loop transfer function
combine to produce the loop transmission

(13.6)

a(s) = (13.7)

10°
(0:01s+1)(s+1)

The unity-gain frequency of this function is 316 1C° radians per second and its phase
margin is less than 2.

Stability is improved considerably if the network shown in Figre 13.5f) is added at
the input of the amplier. In the vicinity of the crossover frequency, the impedance of
the 10 F capacitor (which is approximately equal to the Thevenin-agvalent impedance
facing the compensating network) is much lower than that of th network itself. Accordingly,
the transfer function from V,y(s) to Vi(S) is not in uenced by the input network at these
frequencies. The lead transfer function that related/,(s) to V,(S) combines with other
elements in the loop to yield a loop transmission in the vicinitypf the crossover frequency

L(s) = (13.8)

106(1:8 10 3s+1)
s?(1:8 10 4s+1)

(Note that this expression has been simpli ed by recognizing that frequencies well above
100 radians per second, the two low-frequency poles can besidared located at the origin
with appropriate modi cation of the scale factor.) The unity-gain frequency of Equation 13.9
is :8 10° radians per second, or approximately the geometric mean ofetsingularities of
the lead network. Thus (from Equation 5.6 the phase margin ohts system is 55.

L(s)" (13.9)
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Figure 13.5: Di erentiator. ( a) Uncompensated. @) With input lead compensation.

One problem with the circuit shown in Figure 13.5is that its output voltage o set is
20 times larger than the o set referred to the input of the ampler. The output o set can
be made equal to ampli er input o set by including a capacitorin series with the 10 k
resistor, thereby introducing both lead and lag transfer fun@bns with the input network. If
the added capacitor has negligibly low impedance at the crosso frequency, phase margin
is not changed by this modi cation. In order to prevent condional stability this capacitor
should be made large enough so that the phase shift of the negatofethe loop transmission
does not exceed 180 at low frequencies.

13.2.2 Other Methods

The preceding section focused on the use of a shunt network at timput of the operational
ampli er to modify the loop transmission. In certain other casesthee feedback network can
be changed to improve stability without signi cantly altering the ideal closed-loop transfer
function. As an exampe, consider the circuit shown in Figure 1&. The ideal closed-loop
transfer function for this circuit is

Vo(S) _ S

= 13.10
Vi(s) 3 104s+1 ( )

and thus if functions as a di erentiator at frequencies wellbelow 33 10° radians per
second. The transfer function from the output of the operatioal ampli er to its inverting
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Figure 13.6: Di erentiator with feedback-network compensation

input via the feedback network includes a zero because of thé 3 resistor. The resulting
loop transmission is

a(s)(3 10 “s+1)
s+1

If it is assumed that the ampli er open-loop transfer function § the same as in the previous
di erentiator example [a(s) = 10°=(0:01s + 1)], Equation 13.11 becomes

L(s) = (13.11)

. 10(3 10 “s+1)
L) >

in the vicinity of the unity-gain frequency. The unity-gain frequency for Equation 13.12 is
approximately 4 1C° radians per second and the phase margin is 50rhus the di erentiator
connection of Figure 13.6 combines stability comparable that of the earlier example with a
higher crossover frequency. While the ideal closed-loop gamtiudes a pole, the pole location
is above the crossover frequency of the previous connectioimce the actual closed-loop gain
of any feedback system departs substantially from its ideal vatuat the crossover frequency,
this approach can yield performance superior to that of the i@uit shown in Figure|/13.5.

In the examples involving di erentiation, loop stability was compromised by a pole in-
troduced by the feedback network. Another possibility is that acapacitive load adds a pole
to the loop-transmission expression. Consider the capacitivelydded inverter shown in Fig-
ure|13.7. The additional pole results because the ampli er hasonzero output resistance
(see the ampli er model of Figure 13.B). If the resistor valueR is much larger thanR, and
loading at the input of the ampli er is negligible, the loop ransmission is

(13.12)

a(s)
2(R,CLs+1)

The feedback-path connection can be modi ed as shown in Figaid.3.& to improve stability.
It is assumed that parameter values are selected so tiat R+ Rc and that the impedance
of capacitor C¢ is much larger in magnitude thanR, at all frequencies of interest. With
these assumptions, the equations for the circuit are

L(s) = (13.13)

Vi + Vo(RCr =2)s
Va = + 13.14
2 2[(RC=2)s+1] (RCg=2)s+1 (13.14)
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Figure 13.7: Capacitively loaded inverter. (a) Circuit. ( b) Ampli er model.

a(s)Va(RcCrs+1)
Vy = 13.15
> = (Ro* Ro)CLs+1 (13.15)
V,
V, = a(s)Va (13.16)

(Ro+ Rc)Crs+1

These equations lead to the block diagram shown in Figure 1B.8

Two important features are evident from the block diagram ofrom physical arguments
based on the circuit con guration. First, since the transfer fugtions of blocks 1 and 2
are identical and since the outputs of both of these blocks are mmed with the same
sign to obtain V,, the ideal output is the negative of the input at frequenciesvhere the
signal propagated through path 1 is insigni cant. We can argu¢he same result physically,
since Figure 13.8 indicates an ideal transfer functionV, = V, if feedback throughCr is
negligible.

The second conclusion involves the stability of the system. If theop is broken at the
indicated point, the loop transmission is

[(RCE=2)s] (RcCLs+1) a(s)

[((RC=2)s+1] [(Ro+ Rc)CLs+1]  2[(Ro+ Rc)Crs+1][(RCE=2)s +1]
(13.17)

L(s)= a(s)
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Figure 13.8: Feedback-network compensation for capacitively loaded inverter. ) Circuit.
(b) Block diagram.
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At su ciently high frequencies, Equation [13.17 reduces to

because path transmission of path 1 reaches a constant value, whiat of path 2 is progres-
sively attenuated with frequency. If parameters are chosen shat crossover occurs where
the approximation of Equation|13.18 is valid, system stabilityis essentially una ected by
the load capacitor. The same result can be obtained directlydm the circui of Figure 13.5.

If parameters are chosen so that at the crossover frequericy

(13.18)

1 1
. RotRcandRo &

N |0

the feedback path around the ampli er is frequency indepersht at crossover.

Previous examples have indicated how dynamics related togleedback network or the
load can deteriorate stability. Stability may also su er if an ative element that provides
voltage gain greater than one is used in the feedback path, sinthis type of feedback element
will result in a loop-transmission crossover frequency in excesstbé unity-gain frequency
of the operational ampli er itself. Additional negative phaseshift then occurs at crossover
because the higher-frequency poles of the ampli er open-ftransfer function are signi cant
at the higher crossover frequency.

The simple log circuit described in Section 11.5.4 demonstratéhis type of di culty. The
basic circuit is illustrated in Figure13.%. We recall that the ideal input-output transfer
relationship for this circuit is

kT V|
Vo = q In Rls (13.19)
where the quantity I s characterizes the transistor.

A linearized block diagram for the connection, formed assungrthat loading at the input
and the output of the ampli er is negligible, is shown in Figue/13.%. Since the quiescent
collector current of the transistor is related to the operatig-point value of the input voltage
V| by I = V, =R, the transistor transconductance is

_ oM
Om = TR (13.20)
Consequently, the loop transmission for the linearized system is
- av
L(s)= a(s) T (13.21)

If it is assumed that the maximum operating-point value of thenput signal is 10 volts, the
feedback network can provide a voltage gain of as much as 400s clear that few ampli ers
with xed open-loop transfer functions will be compensated ewservatively enough to remain
stable with this increase in loop-transmission magnitude.

A method that can be used to reduce the high voltage gain of theddback network
is illustrated in Figure [13.10. By including a transistor emiter resistor equal in value to
the input resistor, we nd that the maximum voltage gain of the esultant common-base
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(b)

Figure 13.9: Evaluation of log-circuit stability. ( a) Circuit. ( b) Linearized block diagram.

ampli er is reduced to one. Note that the feedback e ectivelyconstrains the voltage at the
emitter of the transistor to be logarithmically related to input voltage independent of load
current, and thus the ideal transfer relationship of the circit is independent of load. Also
note that at least in the absence of signi cant output-current dain, the maximum voltage
across the emitter resistor is equal to the maximum input voltag so that output-voltage
range is often unchanged by this modi cation.

It was mentioned in Section 11.5.4 that the log circuit can ébit very wide dynamic
range when the input signal is supplied from a current source, sm the voltage o set of the
ampli er does not give rise to an error current in this case. Figre|13.1® shows how input
lag compensation can be combined with emitter degeneratioa tonstrain loop-transmission
magnitude without deteriorating dynamic range for currentsource inputs.

13.3 Compensation By Changing the Ampli er Trans-
fer Function

If the open-loop transfer function of an operational ampli e is xed, this constraint, com-
bined with the requirement of achieving a specied ideal cloddoop transfer function,
severely restricts the types of modi cations that can be madeot the loop transmission
of connections using the ampli er. Signi cantly greater exbility is generally possible if the
open-loop transfer function of the ampli er can be modi ed. There are a number of available
integrated-circuit operational ampli ers that allow this type of control. Conversely, very few
discrete-component designs are intended to be compensated bg tiser. The di erence may
be historical in origin, in that early integrated-circuit ampli ers used shunt impedances at
various nodes for compensation (see Section 8.2.2) and thegkrcapacitors required could
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Figure 13.10: Reduction of loop-transmission magnitude for log circuit. @) Use of emitter
resistor. (b) Emitter resistor combined with input lag compensation.

not be included on the chip. Internal compensation became mtical as the two-stage design
using minor-loop feedback for compensation evolved, since mwmaller capacitors are used
to compensate these ampli ers. Fortunately, the integratediocuit manufacturers choose to
continue to design some externally compensated ampli ers aft¢he technology necessary
for internal compensation evolved.

In this section, some of the useful open-loop ampli er transfeuhctions that can be ob-
tained by proper external compensation are described, and amber of di erent possibilities
are analytically and experimentally evaluated for one partular integrated-circuit ampli er.

13.3.1 General Considerations

An evident question concerning externally compensated ampédrs is why they should be
used given that internally compensated units are available. le answer hinges on the wide
spectrum of applications of the operational ampli er. Sincehis circuit is intended for use in
a multitude of feedback applications, it is necessary to chooge open-loop transfer function
to insure stability in a variety of connections when this quanty is xed.

The compromise most frequently used is to make the open-loop tisfer function of the
ampli er dominated by one pole. The location of this pole islwosen such that the ampli-
er unity-gain frequency occurs below frequencies wherelar singularities in the ampli er
transfer function contribute excessive phase shift.

This type of compensation guarantees stability if direct, frguency-independent feedback
is applied around the ampli er. However, it is overly conservave if considerable resistive
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attenuation is provided in the feedback path. In these cases,dlcrossover frequency of the
ampli er with feedback drops, and the bandwidth of the resultat circuit is low. Conversely,
if the feedback network or loading adds one or more intermede-frequency poles to the loop
transmission, of if the feedback path provides voltage gain, $t#ity su ers.

However, if compensation can be intelligently selected as a fiion of the specic ap-
plication, the ultimate performance possible from a given antiger can be achieved in all
applications. Furthermore, the compensation terminals makavailable additional internal
circuit nodes, and at times it is possible to exploit this availkility in ways that even the man-
ufacturer has not considered. The creative designer workingtiwv linear integrated circuits
soon learns to give up such degrees of freedom only grudgingly.

In spite of the clear advantages of user-compensated designsgeinally compensated
ampli ers outsell externally compensated units. Here are some thfe reasons o ered by the
buyer for this contradictory preference.

(a) The manufacturers' compensation is optimum in my circuit. (Tls is true in about 1 %
of all applications.)

(b) It's cheaper to use an internally compensated ampli er since ogonents and labor
associated with compensation are eliminated. (Several manafarers o er otherwise
identical circuits in both internally and externally compensated versions. For example,
the LM107 series of operational ampli ers is identical to th& M101A family with the
single exception that a 30-pF compensating capacitor is inadad on the LM107 chip.
The current prices of this and other pairs are usually identad. However, this excuse
has been used for a long time. As recently as 1970, unit pricesgad from $0.75 to
$5.00 more for the compensated designs depending on temperature range. loA of
30-pF capacitors can be bought for $5.00.)

(c) Operational ampli ers can be destroyed from the compensatingrminals. (Operational
ampli ers can be destroyed from any terminals.)

(d) The compensating terminals are susceptible to noise pickup sintey connect to low-
signal-level nodes. (This reason is occasionally valid. For emple, high-speed logic
can interact with an adjacent operational ampli er through the compensating termi-
nals, although inadequate power-supply bypassing is a far moreduent cause of such
coupling.)

(e) Etc.

After su cient exposure to this type of rationalization, it is d i cult to escape the con-
clusion that the main reason for the popularity of internally ompensated ampli ers is the
inability of many users to either determine appropriate opefoop transfer functions for var-
ious applications or to implement these transfer functions @e they have been determined.
A primary objective of this book is to eliminate these barries to the use of externally com-
pensated operational ampli ers.

Any detailed and speci c discussion of ampli er compensating metids must be linked to
the design of the ampli er. It is assumed for the remainder of tlsi chapter that the ampli er
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Figure 13.11: Operational ampli er compensated with a two-port network.

to be compensated is a two-stage design that uses minor-loop fegck for compensation.
This assumption is realistic, since many modern ampli ers sharéé two-stage topology, and
since it is anticipated that new designs will continue this trad for at least the near future.

It should be mentioned that the types of open-loop transfer fustions suggested for
particular applications can often be obtained with other tlan two-stage ampli er designs,
although the method used to realize the desired transfer funoth may be di erent from that
described in the material to follow.

Figure 13.11 illustrates the topology for an ampli er compesated with a two-port net-
work. This basic con guration has been described earlier in &ons/5.3 and 9.2.3. While the
exact details depend on speci cs of the ampli er involved, th important general conclusions
introduced in the earlier material include the following:

(&) The unloaded open-loop transfer function of a two-stage amm@r compensated this way
(assuming that the minor loop is stable) is

Ve, K
A= T e Ye® (13.22)

over a wide range of frequencies.

The quantity K is related to the transconductance of the input-stage transists, while
Y.(s) is the short-circuit transfer admittance of the network.

In(s)
Vin (S) Vi =0

This result can be justi ed by physical reasoning if we rememberhtt at frequencies
where the transmission of the minor loop formed by the second staged the compen-
sating network is large, the input to the second stage is e ectily a virtual incremental
ground. Furthermore, the current required at the input to the second stage is usually

Ye(S) = (13.23)
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very small. Thus it can be shown by an argument similar to that usetb determine
the ideal closed-loop gain of an operational ampli er that inremental changes in cur-
rent from the input stage must be balanced by equal currents iotthe compensating
network. System parameters are normally selected so that majlmop crossover occurs
at frequencies where the approximation of Equation 13.22 vwalid and, therefore, this
approximation can often be used for stability calculations.

(b) The d-c open-loop gain of the ampli er is normally independe of compensation. Ac-
cordingly, at low frequencies, the approximation of Equatin|13.22 is replaced by the
constant valueay. The approximation fails because the usual compensating netike
include a d-c zero in their transfer admittances, and at low fopiencies this zero de-
creases the magnitude of the minor-loop transmission below one.

(c) The approximation fails at high frequencies for two reasons.iE minor-loop transmis-
sion magnitude becomes less than one, and thus the network nader in uences the
transfer function of the second stage. This transfer function mmally has at least
two poles at high frequencies, re ecting capacitive loadingt the input and output of
the second stage. There may be further departure from the appimation because
of singularities associated with the input stage and the bu er sige that follows the
second stage. These singularities cannot be controlled by minoop since they are
not included in it.

(d) The open-loop transfer function of the compensated ampli eran be estimated by plot-
ting both the magnitude of the approximation (Equation' 13.2) and of the uncom-
pensated ampli er transfer function on common log-magnituderersus log-frequency
coordinates. If the dominant ampli er dynamics are associatedith the second stage,
the compensated open-loop transfer-function magnitude is pqoximately equal to the
lower of the two curves at all frequencies. The uncompensatetgli er transfer func-
tion must re ect loading by the compensating network at the inut and the output
of the second-stage. In practice, designers usually determingerimentally the fre-
guency range over which the approximation of Equation 13.48 valid for the ampli er
and compensating networks of interest.

Several di erent types of compensation are described in thelmving sections. These
compensation techniques are illustrated using an LM301A opei@nal ampli er. This in-
expensive, popular ampli er is the commerical-temperatureange version of the LM101A
ampli er described in Section 10.4.1. Recall from that discussn that the quantity K is
nominally 2 10 %0 for this ampli er, and that its specied d-c open-loop gain istypi-
cally 160,000. Phase shift from elements outside the minor lo@gprimarily the lateral-PNP
transistors in the input stage) becomes signi cant at 1 MHz, and &dback connections that
result in a crossover frequency in excess of approximately 2 MHxgeally are unstable.

A number of oscilloscope photographs that illustrate variousspects of ampli er per-
formance are included in the following material. A single LM3LA was used in all of the
test circuits. Thus relative performance re ects di erencesn compensation, loading, and
feedback, but not in the uncompensated properties of the amgr itself. (The fact that this
ampli er survived the abuse it received by being transferred éim one test circuit to another
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Figure 13.12: Open-loop transfer function for one-pole compensation.

and during testing is a tribute to the durability of modern integrated-circuit operational
ampli ers.)

13.3.2 One-Pole Compensation

The most common type of compensation for two-stage ampli erswolves the use of a single
capacitor between the compensating terminals. Since the shaitcuit transfer admittance
of this \network" is C.s whereC; is the value of the compensating capacitor, Equation 13.22
predicts

a(s) " (13.24)

C.s

The approximation of Equation|13.24 is plotted in Figure 13.2 along with a represen-
tative uncompensated ampli er transfer function. As explaind in the previous section, the
compensated open-loop transfer function is very nearly equal the lower of the two curves
at all frequencies.

The important feature of Figure|13.12, which indicates the eneral-purpose nature of
this type of one-pole compensation, is that there is a wide rge of frequencies where the
magnitude ofa(j! ) is inversely proportional to frequency and where the angld this open-
loop transfer function is approximately 90 . Accordingly, the ampli er exhibits essentially
identical stability (but a variable speed of response) for manyi@rent values of frequency-
independent feedback connected around it.

Two further characteristics of the open-loop transfer functin of the ampli er are also
evident from Figure 13.12. First, the approximation of Equabn 13.24 can be extended to
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zero frequency if the d-c open-loop gain of the amplier is lawn, since the geometry of
Figure[13.12 shows that

do
(a0Ce=K)s+1
at low and intermediate frequencies. Seconds, if the unity-mafrequency of the ampli er
is low enough so that higher-order singularities are unimpant, this frequency is inversely
related to C; and is

a(s) ' (13.25)

o= K
ey
Stability calculations for feedback connections that use th type of ampli er are simpli ed
if we recognize that provided the crossover frequency of themsbination lies in the indicated

region, these calculations can e based on the approximationEduation 13.24.

Several popular internally compensated ampli ers such as theM107 and the A741
combine nominal values oK of 2 10 “0 with 30-pF capacitors for C.. The resultant
unity-gain frequency is 67 1C° radians per second or approximately 1 MHz. This value
insures stability for any resistive feedback networks connecteround the ampli er, since,
with this type of feedback, crossover always occurs at frequees where the loop transmission
is dominated by one pole.

The approximate open-loop transfer function for either of thse internally compensated
ampliers is a(s) = 6:7 1(P=s. This transfer function, which is identical to that obtained
from an LM101A compensated with a 30-pF capacitor, may be optum in applications that
satisfy the following conditions:

(13.26)

(a) The feedback-network transfer function from the ampli er otput to its inverting input
has a magnitude of one at the ampli er unity-gain frequency.

(b) Any dynamics associated with the feedback network and output éaling contribute less
than 30 of phase shift to the loop transmission at the crossover frequency.

(c) Moderately well-damped transient response is required.
(d) Input signals are relatively noise free.

If one ore more of the above conditions are not satis ed, perfmance can often be
improved by using an externally compensated ampli er that abws exibility in the choice of
compensating-capacitor value. Consider, for example, a féaadk connection that combines
a(s) as approximated by Equation 13.24 with a frequency-indepdent feedbackfy. The
closed-loop transfer function for this combination is

" #
_ as) _ 1 1
A(s) = T+ a(s)f o (CoKfo)s+1 (13.27)
The closed-loop corner frequency (in radians per second) is
| = Klo (13.28)

Ce
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This equation shows that the bandwidth can be maintained at te maximum value consistent
with satisfactory stability (recall the phase shift of terms ignoed in the approximation of
Equation[13.24) if C, is changed withf to keep the ratio of these two quantities constant.
Alternatively, the closed-loop bandwidth can be lowered to mvide improved Itering for
noisy input signals by increasing the size of the compensating eagtor. A similar increase
in capacitor size can also force crossover at lower frequenciekeéep poles associated with
the load or a frequency-dependent feedback network from @eiorating stability.

Figure [13.13 shows the small-signal step responses for the LM30B&ttampli er con-
nected as a unity-gain follower f(o = 1). Part a of this gure illustrates the response with
a 30-pF compensating capacitor, the value used in similar, imtglly compensated designs.
This transient response is quite well damped, with a 10 to 90 % risene of 220 ns, implying
a closed-loop bandwidth (from Equation 3.58) of approximatg 10’ radians per second or
1.6 MHz2

The response with at 18-pF compensating capacitor (Figure 1313 trades considerably
greater overshoot for improved rise time. Comparing this respee with the second-order
system responses (Figure 3.8) shows that the closed-loop transientsimilar to that of a
second-order system with = 0:47 and!, = 13:5 1P radians per second. Since the
ampli er open-loop transfer function satis es the conditionsused to develop the curves of
Figure 4.26, we can use these curves to approximate loop-transsion properties. Fig-
ure[4.2@ estimates a phase margin of 50and a crossover frequency of 11 10° radians
per second. Since the value df is one in this connection, these quantities correspond to
compensated open-loop parameters of the ampli er itself.

Figure [13.12 illustrates the step response with a 68-pF compensating capacitoThe
response is essentially rst order, indicating that crossover nowcours at a frequency where
only the dominant pole introduced by compensation is importat. Equation 13.27 predicts
an exponential time constant

Ce
Kf o

(13.29)

under these conditions. The zero to 63% rise time shown in Figur8.1Z is approximately
300 ns. Solving Equation 13.29 foK using known parameter values yields

C. _ 68&F

K= —=
fo 30Ons

=2:3 1040 (13.30)
We notice that this value for K is slightly higher than the nominal value of 2 10 “0,
re ecting (in addition to possible experimental errors) a somehat higher than nominal
rst-stage quiescent current for this particular ampli er? Variations of as much as 50%

1If the ampli er open-loop transfer function were exactly rst order, the closed-loop half-power frequency
in this connection would be identically equal to the unity-gain frequency of the ampli er itself. However, the
phase shift of higher-frequency singularities ignored in the one-pole approximatiorintroduces closed-loop
peaking that extends the closed-loop bandwidth.

2The quiescent rst-stage current of this ampli er can be measured directly by connecting anammeter
from terminals 1 and 5 to the negative supply (see Fiugre 10.19). The estima&d value ofK is in excellent
agreement with the measured total (the sum of both sides) quiescent current of 24 A for the test ampli er.
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10 mV

(b) 100 ns*{ Io——

Figure 13.13: Step response of unity-gain follower as a function of compensating-capacitor
value. (Input-step amplitude is 40 mV.) (a) C. = 30pF. (b) C. = 18pF. (c) C. = 68pF.
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Figure 13.13: Continued.

from the nominal value for K are not unusual as a consequence of uncertainties in the
integrated-circuit process.

The ampli er was next connected in the noninverting con guation shown in Figure 13.14.
The value ofR; was kept less than or equal to 1 k in all connections to minimie the loading
e ects of ampli er input capacitance. Figure 13.1% shows the step response for a gain-of-ten
connection R; =1k, R,=9k)with C,=30pF. The 10 to 90% rise time has increased
signi cantly compared with the unity-gain case using identicacompensation. This change
is expected because of the changefip (see Equation 13.27).

Figure 13.1%is the step response when the capacitor value is lowered to getamershoot
approximately equal to that shown in Figure 13.18 While this change does not return rise
time to exactly the same value displayed in Figure 13.&3the speed is dramatically improved
compared to the transient shown in Figure 13.25 (Note the di erence in time scales.)

Our approximate relationships predict that the e ects of chaging fo from 1 to 0.1 could
be completely o set by lowering the compensating capacitordm 30 pF to 3 pF. The actual
capacitor value required to obtain the response shown in Figuds.1% was approximately
4.5 pF. At least two e ects contribute to the discrepancy. First the approximation ignores
higher-frequency open-loop poles, which must be a factor ifdre is any overshoot in the
step response. Second, there is actually somesitive minor-loop capacitive feedback in the
ampli er. The schematic diagram for the LM101A (Figure 10.19pshows that the ampli er
input stage is loaded with a current repeater. The usual mindeop compensation is con-
nected to the output side of this current repeater. However, #input side of the repeater
is also brought out on a pin to be used for balancing the ampli erAny capacitive between
a part of the circuit following the high-gain stage and the inpt side of the current repeater
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Figure 13.14: Noninverting ampli er.

provides positive minor-loop feedback because of the inversiof the current repeater. An
excellent stray-capacitance path exists between the amplreutput (pin 6) and the balance
terminal connected to the input side of the current repeaterpin 5).2 Part of the normal
compensating capacitance is \lost" cancelling this positiveeedback capacitance.

The important conclusion to be drawn from Figure 13.15 is thatby properly selecting
the compensating-capacitor value, the rise time and bandwidtof the gain-of-ten ampli er
can be improved by approximately a factor of 10 compared to ¢éhvalue that would be
obtained from an ampli er with xed compensation. Furthermore, reasonable stability can
be retained with the faster performance.

Figures 13.16 and 13.17 continue this theme for gain-of-10R; = 100, R, = 10 k)
and gain-of-1000R; = 10, R, =10 k) connections, respectively. The rise time for 30-pF
compensation is linearly related to gain, and has a 10 to 90%lwa of approximately 350
microseconds in Figure 13.2/ implying a closed-loop bandwidth of 1 kHz for an internally
compensated ampli er in this gain-of-1000 connection. Congmsating-capacitor values of 1
pF for the gain-of-100 ampli er and just a pinch (obtained wit two short, parallel wires
spaced for the desired transient response) for the gain-of-10@Mheection result in overshoot
comparable to that of the unity-gain follower compensated wh 30 pF. The rise time does
increase slightly at higher gains re ecting the fact that the mcompensated ampli er high-
frequency open-loop gain is limited. However, a rise time of pgoximately 2 s is obtained
in the gain-of-1000 connection. The corresponding closeaobandwidth of 175 kHz rep-
resents a nearly 200:1 improvement compared with the value pected from an internally
compensated general-purpose ampli er.

It is interesting to note that the closed-loop bandwidth obtaned by properly compen-
sating the inexpensive LM301A in the gain-of-1000 connectiocompares favorably with
that possible from the best available discrete-component, xedompensation operational
ampli ers. Unity-gain frequencies for wideband discrete un# seldom exceed 100 MHz; con-

3A wise precaution that reduces this e ect is to clip o pin 5 close to the can when the amplier is used in
connections that do not require balancing. This modi cation was not made to the demonstrdaion ampli er
in order to retain maximum exibility. Even with pin 5 cut close to the can, there i s some header capacitance
between it and pin 6.
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Figure 13.15: Step responses of gain-of-ten noninverting ampli er. (Input-step amplitude
is 40 mV.) (a) C; = 30pF. (b) C. =4:5pF.
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sequently these single-pole ampli ers have closed-loop bandttis of 100 kHz or less in
the gain-of-1000 connection. The bandwidth advantage coraped with wideband internally
compensated integrated-circuit ampli ers such as the LM11&ieven more impressive.

We should realize that obtaining performance such as that shown Figure 13.1b re-
quires careful adjustment of the compensating-capacitor s because the optimum value is
dependent on the characteristics of the particular ampli erused and on stray capacitance.
Although this process is di cult in a high-volume production situation, it is possible, and,
when all costs are considered, may still be the least expensive wayobtain a high-gain
wide-bandwidth circuit. Furthermore, compensation becongeroutine if some decrease in
bandwidth below the maximum possible value is acceptable.

13.3.3 Two-Pole Compensation

The one-pole compensation described above is a conservativenegal-purpose compensa-
tion that is widely used in a variety of applications. There arehowever, many applications
where higher desensitivity at intermediate frequencies thathat a orded by one-pole magni-
tude versus frequency characteristics is advantageous. Ingseng the intermediate-frequency
magnitude of a loop transmission dominated by a single pole necésgs a corresponding
increase in crossover frequency. This approach is precludedsystems where irreducible
phase shift constrains the maximum crossover frequency for staldperation.

The only way to improve intermediate-frequency desensitiwt without increasing the
crossover frequency is to use a higher-order loop-transmissiotiaoat frequencies below
crossover. For example, consider the two ampli er open-loopansfer functions

: 10°
a(s) = 1025+ 1 (13.31)
and
6
aYs) = 10U0 s+ 1) (13.32)

(10 4s+1)?

The magnitude versus frequency characteristics of these twatrsfer functions are compared
in Figure 13.18.

Both of these transfer functions have unity-gain frequenciesf 10’ radians per second
and d-c magnitude of 18. However, the magnitude ofaqj! ) exceeds that ofa(j! ) at all
frequencies between 100 radians per second and t&dians per second. The advantage
reaches a factor of 100 at Oradians per second.

The same advantage can be demonstrated using error coe cients.f ampli ers with
open-loop transfer functions given by Equations 13.31 and.B2 are connected as unity-gain
followers, the respective closed-loop gains are

a(s) _ 10
1+a(s) 102s+1+105

A(s) = (13.33)

and
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Figure 13.16: Step responses of gain-of-100 noninverting ampli er. (Input-step amplitude
is 40 mV.) (a) C. = 30pF. (b) C. = 1pF.
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Figure 13.17: Step responses of gain-of-1000 noninverting ampli er. (Input-step amplitude
is 4 mV.) (a) C. = 30pF. (b) Very small C..
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Bode Diagram
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Figure 13.18: Comparison of magnitudes of one- and two-pole open-loop transfer functions.

_ A _ 10°(10 Ss+1)
AYs) = 1+aYs) (10 4s+1)2+105(10 6s+ 1) (13.34)
The corresponding error series are
10 2s+1
1 A v = 1 5 + 1 7 + 1 .
(5)" 1g2s+105 10 "*10's (13.35)

and

, 108s2+2 104%s+1 _ . 0
1 AYs) 105710 15 7105 =10 °+2 10°9%+ + (13.36)

Identifying error coe cients shows that while these two systemdhave identical values for
€, the error coe cient e; is a factor of 50 times smaller for the system with the two-pole
rollo. Thus, dramatically smaller errors result with the two-pole system for input signals
that cause thee; term of the error series to dominate.

It is necessary to use a true two-port network to implement this ampensation, since
the required s?> dependence ofY; cannot be obtained with a two-terminal network. The
short-circuit transfer admittance of the network shown in Figue 13.19,

|n(S) _ RC1C252
Va(s)  R(Ci+ Cp)s+1

has the required form. The approximate open-loop transfer figtion with this type of com-
pensating network is (from Equation 13.20)

(13.37)

ag K KY s +1)

> > (13.38)
C
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Two-port network

This side from output : C, C, : This side to input
of high-gain stage | ) [l . of high-gain stage
- | I
V, R I,
Yo = 1V,

Figure 13.19: Network for two-pole compensation.

where = R(C;+ C,) and K°= K=RC,C,.

An estimation of the complete open-loop transfer function basesh Equation 13.38 and
a representative uncompensated transfer function are shown ingkre 13.20. We note that
while this type of transfer function can yield signi cantly improved desensitivity and error-
coe cient magnitude compared to a one-pole transfer functio, it is not a general-purpose
compensation. The zero location and constari ® must be carefully chosen as a function
of the attenuation provided by the feedback network in a partular application in order
to obtain satisfactory phase margin. While lowering the frequey of the zero results in
a wider frequency range of acceptable phase margin, it also veds desensitivity, and in
the limit leads to a one-pole transfer function. This type of pen-loop transfer function
is also intolerant of an additional pole introduced in the fedback network or by capacitive
loading. If the additional pole is located at an intermedia¢ frequency below the zero location,
instability results. Another problem is that there is a wide rang of frequencies where the
phase shift of the transfer function is close to 180. While this transfer function is not
conditionally stable by the de nition given in Section 6.3.4 the small phase margin that
results when the crossover frequency is lowered (in a describiingction sense) by saturation
leads to marginal performance following overload.

In spite of its limitations, two-pole compensation is a powerfuechnique for applications
where signal levels and the dynamics of additional elementsthe loop are well known. This
type of compensation is demonstrated using the unity-gain inver shown in Figure 13.21.
The relatively low feedback-network resistors are chosen todce the e ects of capacitance
at the inverting input of the ampli er. This precaution is particularly important since the
voltage at this input terminal is displayed in several of the osioscope photographs to
follow. An LM310 voltage follower (see Section 10.4.4) was ustdisolate this node from
the relatively high oscilloscope input capacitance for thesedts. The input capacitance of
the LM310 is considerably lower than that of a unity-gain passes oscilloscope probe, and
its bandwidth exceeds that necessary to maintain the delity bthe signal of interest.

The approximate open-loop transfer function for the ampli @ with compensating-network
values as shown in Figure 13.21 is (from Equation 13.38 usingetpreviously determined value
of K =2:3 10 “0)
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Bode Diagram
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Figure 13.20: Open-loop transfer function for two-pole compensation.
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Figure 13.21: Unity-gain inverter with two-pole compensation.
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1.7 10809 10 s+1)
82

Since the value off; for the unity-gain inverter is 1/2, the approximate loop transmission

for this system is

a(s)’ (13.39)

., 0:85 10%(9 10 's+1)
L(s) ~

The crossover frequency predicted by Equation 13.40 is77 10° radians per second,
and the zero is located at 1. 1(P radians per second, or a factor of 7 below the crossover
frequency. Consequently, the phase margin of this system is taif1=7) = 8 less than that of
a unity-gain inverter using one-pole compensation adjustedrfthe same crossover frequency.

Figure 13.22 compares the step responses of the inverter-casted LM301A with one-
and two-pole compensation. Part of this gure was obtained with the lower end of the 15-
k resistor removed from ground as indicated in Figure 13.21.1 this case the compensating
element is equivalent to a single 15-pF capacitor. Note that Egtion 13.24 combined with
the valuef, = 1=2, which applies to the unity-gain inverter, predicts a 77 1(°-radian-per-
second crossover frequency for 15-pF compensation. The same tesah be obtained by
realizing that at frequencies beyond the zero location thegpallel impedance of the capacitors
in the two-pole compensating network must be smaller than thatfahe resistor, and thus
removing the resistor does not alter the ampli er open-loop &insfer function substantially
in the vicinity of crossover.

The response shown in Figure 13.22s quite similar to that shown previously in Fig-
ure 13.1%. Recall that Figure 13.1%& was obtained with a unity-gain follower {o, = 1) and
C. = 30 pF. As anticipated, lowering fo, and C.; by the same factor results in comparable
performance for single-pole systems.

There is a small amount of initial undershoot evident in the trasient of Figure 13.22.
This undershoot results from the input step being fed directlyd the output through the
two series-connected resistors. This fed-forward signal can drithe output negative initially
because of nonzero output impedance and response time of the &map The magnitude of
the initial undershoot would shrink if larger-value resistors ere used around the ampli er.

The step response of Figure 13.B2esults with the 15-k resistor connected to ground
and is the response for two-pole compensation. Three e ects doime to speed the rise
time and increase the overshoot of this response compared to thagse-pole case. First,
the phase margin is approximately 8less for the two-pole system. Second, thE network
used for two-pole compensation loads the output of the second géaof the amplier to a
greater extent than does the single capacitor used for one-paompensation, although this
e ect is small for the element values used in the present exampl@he additional loading
shifts the high-frequency poles associated with limited mindoop transmission toward lower
frequencies. Third, a closed-loop zero that results with twogbe compensation also in uences
system response.

The root-locus diagram shown in Figure 13.23 clari es the thd reason. (Note that
this diagram is not based on the approximation of Equation 130, but rather on a more
complete loop transmission assuming a representative ampli er ngi these compensating-
network values.) With the value ofagf, used to obtain Fiugre 13.2B one closed-loop pole is

(13.40)
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Figure 13.22: Step responses of unity-gain inverter. (Input-step amplitude is 40 mV.)
(a) One-pole compensation. ) Two-pole compensation. €) Repeat of part b with slower
sweep speed.
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Figure 13.22: Continued.

Root Locus

Imaginary Axis

Real Axis

Figure 13.23: Root-locus diagram for inverter with two-pole compensation.
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quite close to the zero at 1:1 1C° sec ! regardless of the exact details of the diagram. Since
the zero is in the forward path of the system, it appears in the ated-loop transfer function.
The resultant closed-loop doublet adds a positive, long-duriah \tail" to the response as
explained in Section 5.2.6. The talil is clearly evident in Gure 13.22, a repeat of partb
photographed with a slower sweep speed. The time constant of thailtis consistent with
the doublet location at approximately 10° sec .

We recall that this type of tail is characteristic of lag-comgnsated systems. The loop
transmission of the two-pole system combines a long-¢ region with a zero below the
crossover frequency. This same basic type of loop transmission resulith lag compensation.

The root-locus diagram also shows that satisfactory damping riatis obtained only over
a relative small range ofagf o. As agf ¢ falls below the optimum range, system performance
is dominated by a low-frequency poorly damped pole pair asditated in Figure 13.23. As
aof o is increased above the optimum range, a higher-frequency plyodamped pole pair
dominates performance since the real-axis pole closest to th&gm is very nearly cancelled
by the zero.

The error-reducing potential of two-pole compensation islilstrated in Figure 13.24.
The most important quantity included in these photographs is lhe signal at the inverting
input of the operation ampli er. The topology used (Figure 131) shows that the signal at
this terminal is (in the absence of loading) half the error b&teen the actual and the ideal
ampli er output. Part a of this gure indicates performance with single-pole compeaation
achieved via a 15-pF capacitor. The upper trace indicates ¢hampli er output when the
signal applied from the source is a 20-volt peak-to-peak, 16k triangle wave. The signal
is, to within the resolution of the measurement, the negative ahe signal applied by the
source. The bottom trace is the signal at the inverting input teminal of the operational
ampli er.

The approximate open-loop transfer function from the inveihg input to the output of
the test amplier is

23 10 15 10

1.5 10 s s
with a 15-pF compensating capacitor. The input-terminal sigal illustrated can be justi ed
on the basis of a detailed error-coe cient analysis using thisalue for a(s). A simpli ed
argument, which highlights the essential feature of the errocoe cients for this type of
compensation, is to recognize that Equation 13.41 implies dh the operational ampli er
itself functions as an integratoron an open-loop basisSince the ampli er output signal is
a triangle wave, the signal at the inverting input terminal (goportional to the derivative
of the output signal) must be a square wave. The peak magnitude tife square wave at
the input of the operational ampli er should be the magnitudeof the slope of the output,
4 10 volts per second, divided by the scale factor3 10’ volts per second per volt from
Equation 13.41, or approximately 27 mV. This value is con rmé by the bottom trace in
Figure 13.24 to within experimental errors.

Part b of Figure 13.24 compares the output signal and the signal apgdi to the inverting
input terminal of the operational ampli er with the two-pol e compensation described earlier.
A substantial reduction in the ampli er input signal, and thus in the error between the actual
and ideal output, is clearly evident with this type of compesation. There are small-area

a(s) = (13.41)
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Figure 13.24: Unity-gain inverting-ampli er response with triangle-wave input. (Input am-

plitude is 20 volts peak-to-peak.) (@) One-pole compensation upper trace: output; lower
trace; inverting input of operation ampli er. ( b) Two-pole compensation upper trace: out-
put; lower trace: inverting input of operational ampli er. ( ¢) Repeat of lower trace, part b,

with faster sweep speed.
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Figure 13.24: Continued.

error pulses that occur when the triangle wave changes slopehéke pulses are di cult to
observe in Figure 13.24 The time scale is changed to present one of these error pulsesidie
in Figure 13.24. Note that this pulse is e ectively an impulse compared to the the scale
of the output signal. As might be anticipated, when compensatiothat makes the ampli er

behave like a double integrator is used, the signal at the amm@r input is approximately

the second derivative of its output, or a train of alternatingpolarity impulses.

Equation 13.39 shows that

1.7 108
2

a(s) ' (13.42)

at frequencies below approximately FOradians per second for the two-pole compensation
used. A graphically estimated value for the area of the impulse @lwn in Figure 13.24 is

5 10 @ volt-seconds. Multiplying this area by the scale factor:¥ 10" volts per second
squared per volt from Equation 13.42 predicts a change in slope€85 1 volts per second
at each break of the triangle wave. This value is in good agment with the actual slope
changing of 8 1 volts per second.

We should emphasize that the comparisons between one- and twalgp compensation
presented here were made using one-pole compensation tailotedhe attenuation of the
feedback network. Had the standard 30-pF compensating-capiaci value been used, the
error of the one-pole-compensated con guration would havesbn even larger.
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13.3.4 Compensation That Includes a Zero

We have seen a number of applications where the feedback networ capacitive loading at
the output of the operational ampli er introduces a pole inb the loop transmission. This
pole, combined with the single dominant pole often obtainedia minor-loop compensation,
will deteriorate stability.

Figure 13.25 shows how capacitive loading decreases the sigbif the LM301A when
single-pole compensation is used. The ampli er was connectesl @ unity-gain follower and
compensated with a single 30-pF capacitor to obtain these resp@s. The load-capacitor
values used were 0.01F and 0.1 F for parts a and b, respectively.

These transient responses can be used to estimate the open-looppatitresistance of
the operational ampli er. We know that the open-loop transfe function for this ampli er
compensated with a 30-pF capacitor is

a(s) " 778106 (13.43)

in the absence of loading. This transfer function is also the naiijve of the unloaded loop
transmission for the follower connection. When capacitive loing is included, the loop
transmission changes to

, 77 10
L(s) SR.C.5+1) (13.44)
whereR, is the open-loop output resistance of the ampli er andC, is the value of the load
capacitor.

The ringing frequency shown in Figure 13.2bis approximately 11 10° radians per
second. Since this response is poorly damped, the ringing frequy must closely approximate
the crossover frequency. Furthermore, the poor damping alsddicates that crossover occurs
well above the break frequency of the second pole in EquatioB.44.

These relationships, combined with the known value fo€, , allow Equation 13.44 to be
solved forR,, with the result

77 10
e T 65 (13.45)

One simple way to improve stability is to include a zero in the uonaded open-loop transfer
function of the ampli er to partially o set the negative phase shift of the additional pole
in the vicinity of crossover. If a series resistor-capacitor netwk with component valuesR.
and C. is used for compensation, the short-circuit transfer admittarec of the network is

Ro'

Y. = Ces
R.Ces+1
The approximate value for the corresponding unloaded opeadp transfer function of the
amplier is

(13.46)

K(R.Ccs+1)

13.47
C.s (13.47)

a(s) '
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Figure 13.25: Step response of capacitively loaded unity-gain follower with one-pole com-
pensation. (Input-step amplitude is 40 mV.) (a) 0.01- F load capacitor. (b) 0.1- F load
capacitor.
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Figure 13.26: Unloaded open-loop transfer function for compensation that includes a zero.

An estimation of the complete, unloaded open-loop transfer witthis type of compensa-
tion, based on Equation 13.47 and representative uncompensatempli er characteristics,
is shown in Figure 13.26. Note that in this case the slope of the ajpgimating function is
zero when it intersects the uncompensated transfer function.h& geometry involved shows
that the approximation fails at lower frequencies than washe case with other types of
compensation.

The approximate loop transmission for the unity-gain followewith capacitive loading
and this type of compensation is

K(R.Cc.s+1)
L(s)"

&) CsReCis+1)
Appropriate R, and C; values for the LM301A loaded with a 0.1-F capacitor are 33 k

and 30 pF, respectively. Substituting these and other previoysldetermined values into
Equation 13.48 yields

(13.48)

77 10F(10 s+ 1)
L) 565 100+

The crossover frequency for Equation 13.49 is4l 10° radians per second and the phase
margin is approximately 55, although higher-frequency poles ignored in the approxirtian
will result in a lower phase margin for the actual system.

The step response of the test ampli er connected this way is shown Figure 13.2°A.
Although the basic structure of the transient response is far superi to that shown in
Figure 13.2%, there is a small-amplitude high-frequency ringing superingsed on the main
transient. This component, at a frequency well above the majdoop crossover frequency,
re ects potential minor-loop instability.

(13.49)
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Figure 13.27: Step response of unity-gain inverter loaded with 0.1 F capacitor and com-
pensated with a zero. (Input-step amplitude is 40 mV for parts a and b, 2 mV for part
c.) (a) With series resistor-capacitor compensation. ) With compensating network of
Figure 13.29. ) Smaller amplitude input signal.
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Figure 13.27: Continued.

Figure 13.28 illustrates the mechanism responsible for the ingiity. This diagram
combines an idealized model for the second stage of a two-staggh er with a compensating
network. (The discussion of Section 9.2.3 justi es this generahodel for a high-gain stage.)
When the crossover frequency of the loop formed by the compensgtnetwork is much higher
than 1=R;C;, the second stage input looks capacitive at crossover. If the cpansating-
network transfer admittance is capacitive in the vicinity ofcrossover, the phase margin of
the inner loop approaches 90 Alternatively, if the compensating network is resistive, the
input capacitance introduces a second pole into the innerdp transmission and the phase
margin of this loop drops.

The solution is to add a small capacitor to the compensating netwk as indicated in
Figure 13.29. The additional element insures that the netwkrtransfer admittance is capac-
itive at the minor-loop crossover frequency, thus improving ability. The approximate loop
transmission of the major loop is changed from that given in Eqtian 13.49 to

7.7 10P(10 bs+1)
s(6:5 10 6s+1)(10 7s+1)
The e ect on the major loop is to introduce a pole at a frequencapproximately a factor of
7 above crossover, thereby reducing phase margin by 8

The step response shown in Figure 13.R2¥esults with this modi cation. An interesting
feature of this transient is that it also has a tail with a duration that seems inconsistent with
the speed of the initial rise. While there is a zero included irhe closed-loop transfer function
of this connection since the zero in Equation 13.50 occurs ihe forward path, the zero is
close to the crossover frequency of the major loop. Consequendwgy tail that resulted from

L(s)" (13.50)



390 Chapter 13. Compensation Revisited

Two-port
compensatign
network %
Input to \V/ Output from
second stage—> © a o second stage
Ci 4 R 3oVa

v

Figure 13.28: Model for second stage of a two-stage ampli er.
3 pF
||
|

L

33KV 30pF

Figure 13.29: Compensating network used to obtain transients shown in Figures 13.2¥
and 13.2%.

a doublet formed by a closed-loop pole combining with this zemwould have a decay time
consistent with the crossover frequency of the major loop. In fadhe duration of the tail
evident in Figure 13.2D is reasonable in view of the :# 10° radian-per-second crossover
frequency of the major loop. The inconsistency stems from amitial rise that is too fast.

The key to explaining this phenomenon is to note that the outpt-signal slope reaches a
maximum value of approximately 6 10* volts per second, implying a 6-mA charging current
into the 0.1- F capacitor. This current level is substantially above the quscent current
of the output stage of the LM301A, and results in a lowered outputesistance from the
active emitter follower during the rapid transition. Conseqently, the pole associated with
capacitive loading moves toward higher frequencies duritige initial high-current transient,
and the speed of response of the system improves in this portion.

Figure 13.2¢ veri es this reasoning by illustrating the response of the capéuwely loaded
follower to a 2-mV input signal step. A gain-of-10 ampli er (ralized with another appro-
priately compensated LM301A) ampli ed the output signal to pemit display at the 5 mV-
per-division level indicated in the photograph. While this tansient is considerably more
noise (re ecting the lower-amplitude signals), the relative sped of various portions of the
transient is more nearly that expected of a linear system.

The fractional change in output resistance with output currenlevel is probably less than
25% for this ampli er because the dominant component of outguesistance is the value at
the high-resistance node divided by the current gain of the ber ampli er. Consequently,
the di erences between Figures 13.®7and 13.2°¢ are minor. It should also be noted that
the estimated value forR, (Equation 13.45 is probably slightly low because of this e ect

Many applications, such as sample-and-hold circuits or voltagregulators, apply capac-
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itive loading to an operational ampli er. Other connectiors, such as a di erentiator, add a
pole to the loop transmission because of the transfer function did feedback network. The
method of adding a zero to single-pole compensation can impegperformance substantially
in these types of applications.

The comparison between Figures 13.B5and 13.2D shows how changing from 30-pF
compensation to compensation that includes a zero can greailyprove stability and can
reduce settling time by more than a factor of 10 for a capacitdly loaded voltage follower.

It should be emphasize that this type of compensation is not suggied for general-purpose
use, since the compensating-network element values must be éallg chosen as a function
of loop-parameter values for acceptable stability. If, for>ample, the pole that introduced
the need for this type of compensation is eliminated or movead ta higher frequency, the
crossover frequency increases and instability may result.

13.3.5 Slow-Rollo Compensation

The discussion of the last section showed how compensation can begtesi to introduce a
zero into the compensated open-loop transfer function of an emtional ampli er. The zero
can be used to o set the e ects of a pole associated with other elemts in the loop. Since
the zero location is selected as a function of other loop paraters, this type of compensation
is e ectively speci cally tailored for one xed feedback netvork and load.

There are applications where the transfer functions of celitaelements in an operational-
ampli er loop vary as a function of operating conditions or a the components surrounding
the ampli er change. The change in ampli er open-loop outptiresistance described in
connection with Figures 13.2Band 13.2¢ is one example of this type of parameter variation.

Operational ampli ers that are used (often with the addition of high-current output
stages) to supply regulated voltages are another example. Thetdl capacitance connected
to the output of a supply is often dominated by the decoupling apacitors included with
the circuits it powers. The output resistance of the power stage ag also be dependent
on load current, and these two e ects can combine to produce aajor uncertainty in the
location of the pole associated with capacitive loading. Ongproach to stabilizing this type
of regulator was described in Section 5.2.2.

A third example of a variable-parameter loop involves the usaf an operational ampli er,
an incandescent lamp, and a photoresistor in a feedback loopentded to control the intensity
of the lamp. In this case, the dynamics of both the lamp and thehwmtoresistor as weel as
the low-frequency \gain" of the combination depend on lightevel.

The stabilization of variable-parameter systems is often di ¢llt and compromises, partic-
ularly with respect to settling time and desensitivity, are fregently necessary. This section
describes one approach to the stabilization of such systems andlicates the e ect of the
necessary compromises on performance.

Consider a variable-parameter system that has a loop transmission

|

L(s)= a(s)

13.51
s+1 ( )

wherek and represent the uncertain values associated with elements extat to the oper-
ational ampli er. It is assumed that these parameters can haveng positive values. If the
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ampli er open-loop transfer function is selected such that

K 0
a(s) = p—§ (13.52)

the phase margin of Equatio,g 13.51 will be at least 450r any values ofk and , since the
phase shift of the function £ sis 45 at all frequencies.

In order to obtain the open-loop transfer function indicatedy Equation 13.52 from a two-
stage ampli er, Ibt IS necessary to use a network that has a shortrcuit transfer admittance
proportional to = s. While the required admittance cannot be realized with a lumed, nite
network, it can be approximated by the ladder structure showmi Figure 13.30. The driving-
point admittance of this network (which is, of course, equal tats short-circuit transfer
admittance) is

(C= ?)s (C=)s Cs Cs 2Cs
Ye(s) =+ + + + + + +
(RC=4s+1 (RC=2)s+1 RCs+1 ©2RCs+1 “RCs+1
(13.53)
The poles of Equation 13.53 are located at
4
P2 = Re
2
P T Re
-1
= Rc
1
Pri = Re
1
Ph 2 = “iRC (13.54)
while its zeros are located at
3
Znip = RC
4 T RC
s = 1
" RC
_ 1
1
Zn 2 = Yol (13.55)
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$% 3% 32 3

Figure 13.30: Network used to approximate an admittance proportional to P S.

This admittance function has poles and zeros that alternatalong the negative real axis,
with the ratio of the locations of any two adjacent singularites a constant equal to . On
the average, the magnitude of this function will increase ppmrtionally to the square root
of frequency since on an asymptotic log-magnitude versus lagdguency plot it alternates
equal-duration regions with slops of zero and one.

If this network is used to compensate a two-stage ampli er, themapli er open-loop
transfer function

a(s)’

Y® (13.56)
will approximate the relationship given in Equation 13.52. fithe magnitude of uncompen-
sated ampli er open-loop transfer function is adequately hig the range of frequencies over
which the approximation is valid can be made arbitrarily wig by using a su ciently large
number of sections in the ladder network. Note that it is also podse to make the com-
pensated transfer function be proportional to s, wherer is between zero and one, by
appropriate selection of relative pole-zero spacing in the ropensating network.

Since the usual objective of this type of compensation is to nmaain satisfactory phase
margin in system with uncertain parameter values, guidelinesif selecting the frequency ratio
between adjacent singularities are best determined by noting how the phase of the actual
transfer function is in uenced by this quantity. If the polesand zeros are closely spaced, the
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Figure 13.31: Maximum negative phase shift as a function of for 1:p S compensation.

phase shift of the compensated open-loop transfer function wile approximately 45 over
the e ective frequency range of the network. As is increased, the magnitude of the phase
ripple with frequency, which is symmetrical with respect to 45, increases. The maximum
negative phase shift of(j! ) (see Equations 13.53 and 13.56 is plotted as a function ofin
Figure 13.31.

This plot shows that reasonably large values of can be used without the maximum
negative phase shift becoming too large. If, for example, a spag between adjacent sin-
gularities of a factor of 10 in frequency is used, the maximumegative phase shift is 58.
Since the phase ripple is symmetrical with respect to45 , the phase shift varies from 32
to 58 as a function of frequency for this value of . If an ampli er compensated using
a network with = 10 is combined in a loop with an element that produces an adibbnal

90 of phase shift at crossover, the system phase margin will vary from 5& 32 .

The performance of a £ s system is compared with that of alternatively compensated
systems using the connection shown in Figure 13.32. Providingaththe open-loop output
resistance of the operational ampli er is much lower tharR,, the R; C; network adds a
pole with a well-determined location to the loop transmissionfahe system. The LM310
unity-gain follower is used to avoid loading the network. The8.3-k resistor included in
series with the LM310 input is recommended by the manufacturéo improve the stability
of this circuit. The bandwidth of this follower is high enoudp to have a negligible e ect on
loop dynamics.

The circuit shown in Figure 13.32 has a forward-path transfeuhction equal toa(s)=(RCs+
1) and a feedback transfer function of one.

Three di erent types of compensation were evaluated with tlsi connection. One type
was single-pole compensation using a 220-pF capacitor. The eppmate open-loop transfer
function of the LM301A is
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Compensatigr
network

v v

Figure 13.32: Circuit used to evaluate slow-rollo compensation.

a(s)’ 126 (13.57)

with this compensation. The corresponding loop transmission is

10

L(s)= ———— 13.58
( ) S(R]_C]_S+ 1) ( )
The closed-loop transfer function is
Vo(s) 1
= A(s) = 13.59
vie) - A= 10eR,C7 4 10 S5+ 1 (13.59)
Second-order parameters for Equation 13.59 are
I, = p—% and = Q—%Cf

As expected, increasing thdk; C; time constant lowers both the natural frequency and
the damping ratio of the system.

The second compensating network was an 11 \rung" ladder netwoof the type shown
in Figure 13.30. The sequence of resistor-capacitor values usedthe rungs was 330 -10
pF, 1 k -33 pF, 3.3 k-100 pF 10M-0.33 F,33M-1 F.

This network combines with operational-ampli er parametes to yield an approximate
open-loop transfer function

oS

a¥s) "

over a frequency range that extends from below O.E) radian psecond to above 1Oradians
per second. The value of for the approximation is 10. The curve of Figure 13.31 shows
that the maximum negative phase shift of the open-loop transfdunction at intermediate
frequencies should be 465 , corresponding to a peak-to-peak phase ripple of.3

The approximate loop transmission that results with this compesation is

(13.60)
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Figure 13.33: Slow-rollo network.

10°
L (s)= p= 13.61
97 Prics+D (13.61)
The third compensation used the two-rung slow-rollo network sbwn in Figure 13.33.
The resultant ampli er open-loop transfer function is

o 10°(10 %s+1)
A" 10 55+ 1)

This transfer function is a very crude approximation to a ip s rollo that combines a basic
1=srollo with a decade-wide zero-slope region realized by pleng a zero two decades and
a pole one decade below the unity-gain frequency. Alternagly, the open-loop transfer
function can be viewed as the result of adding a lead networkdated well below the unity-
gain frequency to a single-pole transfer function.

The loop transmission in this case is

(13.62)

107(10 4s+1)
S(lO 5s+ 1)( RlClS + 1)

Bode plots for the three compensated open-loop transfer fuimms of Equations 13.57, 13.60,
and 13.62 are shown in Figure 13.34. Note that parameters areesséd so that unity-gain
frequencies are identical for the three transfer functions.

The step responses for the test system witR;C; = 0 are compared for the three types
of compensation in Figure 13.35. Para shows the step response for one-pole compensation.
The expected exponential response with a 1s 0 to 63% rise time is evident.

Part b shows the response with thezfaé compensation. An interesting feature of this
response is that while it actually starts out faster than that of he previous system with the
same crossover frequency (compare, for example, the times rieggh to reach 25% of nal
value), it settles much more slowly. Note that the transient showim part b has only reached
75% of nal value after 4.5 s (the input-step amplitude is 40 mV for both partsa and b),
while the system using one-pole compensation has settled to witt2% of nal value by this
time. Part cis a repeat of partb with a slower sweep speed. Note that even after 188, the
transient has reached only 95% of nal value. This type of verglow creep toward nal value
is characteristic of many types of distributed systems. Long tramission lines, for example,
often exhibit step responses similar in form to that illustrated.

Part d and e of Figure 13.35 show the response for the system using slow-rollo ngoen-
sation at two di erent time scales. The transient consists of a 1 time constant exponential
rise to 90% of nal value, followed by a 100-s time constant rise to nal value. The reader

L%s) = (13.63)
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Figure 13.34: Comparison of approximate open-loop transfer functions for three types of
compensation.

should use Equation 13.63 to convince himself that the long tag anticipated in view of the
location of the closed-loop pole-zero doublet that results ithis case. Note that even Yyith
this tail, settling to a small fraction of nal value is substantially shorter than for the 1= s
system.

Figure 13.36 indicates responses f&;C; =1 s for the three di erent types of compen-
sation. ThisR; C; product adds a pole slightly above the resultant crossover fregucy of
the loop for all of the compensations. The phase margin of the systavith one pole compen-
satiorbis about 50, with the resulting moderate damping shown in part. The phase margin
for 1= s compensation exceeds 90n this case, and the main e ect of the extra pole is to
make the initial portion of the response (see pai) look somewhat more exponential. The
very slow tail is not altered substantially. The step response of éhsystem with slow-rollo
compensation (Figure 13.36 has slightly less peak overshoot (measured from the nal value
shown in the gure) than does the system shown in pard. The di erence re ects the 5
phase-margin advantage of the slow-rollo system. The tail is wltered by the additional
pole.

The experimentally measured step response of the system with on@gpcompensation is
shown in Figure 13.37 for a number of values of tte; C; time constant. The deterioration
of stability and settling time that results as R1C; is increased is clearly evident in this
sequence. The value for natural frequency predicted by Equan 13.59 can be veri ed to
within experimental tolerances. However, the actual system isctually somewhat better
damped than the analysis indicates, particularly in the relavely lower-damped cases. The
unity-step response for a second-order system is

q #
tsin 1 2 t+ (13.64)

1
Vo(t) = 1 pﬁe
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Figure 13.35: Comparison of step responses as a function of compﬁnsation wiR;C; = 0.
(Input-step amplitude is 40 mV.) (a) One-pole compensation. ) 1= s compensation. €)
Repeat of part b with slower sweep speed. d) Slow-rollo compensation. (€) Repeat of part
d with slower sweep speed.
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Figure 13.35: Continued.
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Figure 13.35: Continued.

where

Ilp—z#
=tan ! -

This relationship shows that the exponential time constant oftie envelope of the transient
should have a value of 2! ,, or, from Equation 13.39, R,;C,;. Thus, for example, the
transient illustrated in Figure 13.3%, which has analytically determined values of , =
3:1 10 radians per second and = 1:6 10 3, should have a decay time approximately
ve times longer than that actually measured.

The reason for this discrepancy is as follows. An extension of the@rges shown in
Figure 4.26 estimates that a damping ratio of 8 10 2 corresponds to a phase margin of
0:184 . Accordingly, very small changes in the angle of the loop trangssion at the crossover
frequency can change damping ratio by a substantial factor.

There are at least three e ects, which (in apparent violation bMurphy's laws) combine to
improve phase margin in the actual system. First, the compensategnpli er open-loop pole
is not actually at the origin, and thus contributes less than O of negative phase shift to the
loop transmission at crossover. Second, any series resistance astwatigith the connections
made to the capacitor adds a zero to the loop transmission that mibutes positive shift at
crossover. Third, the losses associated with dielectric absorptior dissipation factor of the
capacitor also improve the phase margin of the system.

The importance of the third e ect can be seen by comparing paste andf of Figure 13.37.
For part e (and all preceding photographs) a ceramic capacitor was usedhe transient
indicated in part f, with a decay time approximately three times that of parte and within
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Figure 13.36: Comparison of step responses as a function of comperbsation fenCi =1
s. (Input-step amplitude is 40 mV.) (a) One-pole compensation. ) 1= s compensation.
(c) Slow-rollo compensation.
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Figure 13.36: Continued.

60% of the analytically predicted value, results when a lows$s polystyrene capacitor is
used in place of the ceramic unit. This comparison demonstratéise need to use low-loss
capacitors in lightly damped systems such as oscillators.

It should also be noted that, in addition to very low damping, ths type of connection
can lead to inordinately high signal levels with the possibilt of saturation at certain points
inside the loop. Since the frequency of the ringing at the systeoutput is higher than the
cuto frequency of the R; C; low-pass network, the signal out of the LM301A will be larger
than the system output signal during the oscillatory period. Indct, the peak signal level at
the output of the LM301A exceeded 20 volts peak-to-peak dumg the transients shown in
Figures 13.32 and 13.37 . LongerR; C; time constants would have resulted in saturation
with the 40-mV step input. o

Figure 13.38 shows the responses of the system compensated with aslampli er rollo

as a function of theR; C; product. Several analytically predictable features of tlsi system
are demonstrated by these responses. Since the magnitude of theploransmission falls as
1=! 322 at frequencies above the pole of thR; C; network and as E! 2 below the pole
location, the loop crossover frequency decreases aRﬂClm. A factor of 10 increase in the
R: C; product lowers crossover by a factor of & = 4.64, while a three-decade change in
this product changes crossover by two decades. Comparing, faample, partscandf or d
and g of Figure 13.38 shows that while the general shapes of these remss are similar, the
speeds di er by a factor of 100, re ecting the change in crossavBfequency that occurs for
a factor of 1000 change in th&®; C; product. Part h is somewhat faster than predicted by
the above relationship because, with aR; C; value of 100 seconds, the corresponding pole
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Figure 13.37: Step response of system with one-pole compensation as a function R C;.
(Input-step amplitude is 40 mV.) (a) R;C; =10 s. (b) R;C; =100 s. (¢) R1C; =1 ms.
(d) R;C; =10 10 ms. () R;C; =100 ms. (f) R1C; = 100 ms with polystyrene capacitor.
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Figure 13.37: Continued.
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Figure 13.37: Continued.
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lies at frequencies below thei) s region of the compensation, (Recall that the longest time
constant in the compensating network is 33 seconds.) The 1s rollo could be extended
to lower frequencies by using more sections in the network, buery long times constants
would be required. The ampli er d-c gain of approximately 1®would permit a 1=" s rollo
from 10 # radian per second to unity gain at 10 radians per second.

The crossover frequencies for parts b, and c are located at factors of approximately 2.16,
4.64, and 10, respectively, above the break frequency of tRe C; network. Accordingly, the
pole associated with theR; C; network produces somewhat less than90 of phase shift in
these cases, with the result that the phase margin is above 45 his e ect is negligible in part
d through h, and the slight di erences in damping evident in these transida arise because of
the phase ripple of the compensating network. The actual ripplis probably larger that the
3 peak-to-peak value predicted in Figure 13.31 as a consequed component tolerances.

The transient shown in Figure 13.38 results from a phase margin of approximately 45
and a crossover frequency of 6 10° radians per second. The curves of Figure 4.26 indicate
that the appropriate approximating second-order system in tlsi case is one with = 0:42
and! , =2:5 10 radians per second. The two responses shown in Figure 18.88mpare
the transient shown in partd with a second-order response using the parameters developed
with the aid of Figure 4.26. The reader is invited to guess whictransient is which.

The remarkable similarity of these two transients is a further dmonstration of the validity
of approximating the response of a complex system with a far simpleansient. Note that
while the actual system includes 12 capacitors (exclusive ofuilee capacitances internal to
the operational ampli er), its transient response can be accately approximated by that of
a second-order system.

The transient responses shown in Figure 13.38 and Figure 133kustrate how 1:IO S
compensation can maintain remarkably constant relative staliy as a system pole location
is varied over eight decades of frequency. Actually, even leswalues for theR; C; break
frequencie$ yield comparable results, although di culties associated withobtaining the
very long time constants required and photographing the rediurlg slow transients prevented
including additional responses.

Since this type of compensation eliminates the relatively gh-frequency oscillations of
the output signal, the signal levels at the output of the LM301Aare considerably smaller
than when one-pole compensation is used.

The step response of the system with slow-rollo compensation is iéted in Fig-
ure 13.39 for values oR;C; from 10 s to 100 ms. The important point illustrated in
these photographs is that the response of the system remains madely well damped for
R; C; products as large as 1 ms, and that the damping is superior to thaf the system
using single-pole compensation for anR; C; shown. The reason is explained with the
aid of Figure 13.40, which is a plot of phase margin as a funati@f 1=R,C, for this system.
Note that the phase margin exceeds 3@or any value ofR;C, less than approximately 3 ms.

While the @riation in phase margin with R;C; is larger for this system than for the

system with 1= s compensation, this type of compensation can result in reasonalstability

‘While R; C; time constants in excess of about 10 seconds cause some deviation fron? E character-
istics in the vicinity of the R; C; pole, the phase margin is determined by the network characteristics at
the crossover frequency. The system phase margin will remain approximately 45or R; C; time constants
as large as 16 seconds.
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Figure 13.38: Step response of system with ip S compensation as a function ofR,C;.
(Input-step amplitude is 40 mV.) (a) R1C; =10 s. (b) R1C; =100 s. (¢c) R1Cy =1 ms.
(d) R1C1 =10 ms. (e) R;C; =100 ms. (f) R1C; =1 second. (@) R;C; =10 seconds. f)
R,C; = 100 seconds. {) Comparison of part d with second-order system.
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Figure 13.38: Continued.
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Figure 13.38: Continued.
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Figure 13.38: Continued.
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Figure 13.38: Continued.

as the location of the variable pole changes from more thanrée decades below the unity-
gain frequency of the ampli er upward. In exchange for the soewhat greater variation in
phase margin as a function of thdR; C; time constant and a more limited range of this
product for acceptable stability, the complexity of the ampler compensating network is
reduced from 22 to three components.

Simple slow rollo networks typi ed by that described above povide useful compensation
in many practical variable-parameter systems because the ran@f parameteb variation is
seldom as great as that used to illustrate the performance of tlsgstem with 1=~ s compen-
sation. Furthermore, other e ects may combine with slow-rod compensation to increase
its e ectiveness in actual systems. Consider the voltage regutatwith an arbitrarily large
capacitive load mentioned earlier as an example of a varigbparameter system. The series
resistance and dissipation characteristic of electrolytic cap#ors add a zero to the pole asso-
ciated with the capacitive load, and this zero can aid slow-lo compensation in stabilizing
a regulator for a very wide range of load-capacitor values.

It is also evident that adding one or more rungs to the compensag network can increase
the range of this type of compensation when required.

13.3.6 Feedforward Compensation

Feedforward compensation was described brie y in Section &2 This method, which di ers
in a fundamental way from minor-loop compensation, involvesapacitively coupling the
signal at the inverting input terminal of an operational ampi er to the input of the nal

voltage-gain stage. This nal stage is assumed to provide an imgon. The objective is
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Figure 13.39: Step response for system with slow-rollo compensation as a function of
R1C;. (Input-step amplitude = 40 mV.) (a) R;C; =10 s. (b Ry;C; = 100 s. (¢
Ri1C; =1 ms. (d) R1C; =10 ms. (e) R1C; =100 ms.
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Figure 13.39: Continued.
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Figure 13.39: Continued.

to eliminate the dynamics of all but the nal stage from the amfi er open-loop transfer
function in the vicinity of the unity-gain frequency.

This approach, which has been used since the days of vacuum-¢utperational ampli ers,
is not without its limitations. Since only signals at the inveting input terminal are coupled to
the output stage, the feedforward ampli er has much lower bastwidth for signals applied to
its noninverting input and general cannot be e ectively usedn noninverting con gurations.®

Another di culty is that the phase shift of a feedforward ampli er often approaches

180 at frequencies well below its unity-gain frequency. Accondgly, large-signal perfor-
mance may be poor because the ampli er is close to conditionalability. The excessive
phase shift also makes feedforward ampli ers relatively intetant of capacitive loading.

Feedforward is normally most useful for three or more stage amprs, and results in
relatively little performance improvement for many two-stge designs because the rst stage
of these ampli ers is often faster than the rest of the ampli er. The LM101A® is an ex-
ception to this generality. Recall that the input stage of ths ampli er includes lateralPNP
transistors. BecauseNPNransistors are used for voltage gain in the second stage, the rst
stage represents the bandwidth bottleneck for the entire amigr. 7 Since the input to the

5There have been several attempts at designing ampli ers that use dual feed-forward pathsota di erential
output stage. One of the di culties with this approach arises from mismatches in the feedforward paths. A
common-mode input results in an output signal because of such mismatches. The timequired for the error
to settle out is related to the dynamics of the bypassed ampli er, and thus very long duration tails results
when these ampli ers are used di erentially.

®R. C. Dobkin, Feedforward Compensation Speeds Op AmpLinear Brief 2, National Semiconductor
Corporation.

’The unity-gain output stage of this ampli er also uses lateral-PNPtransistors. However, the bu er stage
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Figure 13.40: Phase margin as a function of £R;C; for L%{s) = [10°(10 *s +
1)=5(10 5s+ 1)( R1Cis + 1)].

second ampli er stage is available as a compensating termin&edforward that bypasses the
narrow-bandwidth stage can be implemented by connecting amacitor from the inverting
input terminal of the ampli er to this compensation terminal.

The LM301A was connected as shown in Figure 13.41. Low-valwesistors and the 5-pF
capacitor are used to reduce the e ects of ampli er input capatance on loop transmission.
The 150-pF feedforward capacitor is the value recommendeg blational Semiconductor
Corporation, although other values may give better perforance in some applications. This
capacitor value can be selected to minimize the signal at thevierting input terminal (which
is proportional to the error between actual and ideal outpytif optimum performance is
required.

The step response of this inverter is shown in Figure 13.42. Thasesubstantial overshoot
evident in this gure, as well as some \teeth" on the rising porion of the waveform that are
probably at least partially related to high-speed grounding mblems in the test set up. The
10 to 90% rise time of the circuit is approximately 50 ns, or a fear of three faster than the
fastest rise time obtained with minor-loop compensation (see kige 13.13).

13.3.7 Compensation to Improve Large-Signal Performance

The discussion in earlier parts of this chapter has focused on hoampensation in uences the
linear-region performance of an operational ampli er. Theompensation used in a particular
connection also has a profound e ect on the large-signal pemoance of the ampli er, par-

has approximately unity small-signal voltage gain even at frequencies where the amumon-emitter current
gain of the lateral PNFs in this stage is zero. Thus these transistors do not have the dominant e ect on
ampli er bandwidth that the input transistors do.
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Figure 13.41: Unity-gain inverter with feedforward compensation.

Figure 13.42: Step response of unity-gain inverter with feedforward compensation. (Input-
step amplitude is 80 mV.)
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Figure 13.43: Operational-ampli er model.

ticularly the slew rateor a maximum time rate of change of output signal and how graasgly
the ampli er recovers from overload.

The simpli ed two-stage ampli er representation shown in Figue 13.43 illustrates how
compensation can determine the linear operation region oférampli er. This model, which
includes a current repeater, can be slightly modi ed to repsent many available two-stage
integrated-circuit operational ampli ers such as the LM10A. Elimination of the current
repeater, which does not alter the essential features of thdléwing argument, results in a
topology adaptable to the discrete designs that do not includinese transistors.

The key to understanding the performance of this ampli er oftiis ampli er is to recognize
that, with a properly designed second stage, the input currentequired by this stage is
negligible when it is in its linear operating region. Accoraigly,

iN = ic4 icz (1365)

This relationship, coupled with the fact that the incrementa voltage change at the input of
the second stage is also small under many operating conditions,siscient to determine
the open-loop transfer function of ampli er as a function of he compensating network.
Since the second stage normally operates at current levelsgarcompared to those of
the rst stage, the limits of linear-region operation are usudy determined by the rst stage.
Note that rst-stage currents are related to the total quiescentbias current of this stage,
I s, and the di erential input voltage. For the topology shown, the relationship between the
relative input-stage collector currents and input voltage bcomes highly nonlinear when the
di erential input voltage v, exceeds approximatelkT=g At room temperature, for example,
a +25-mV value for v, raises the collector current ofQ, a factor of 1.46 above its quiescent
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level, while input voltages of 60 mV and 120 mV increase, by factors of 1.82 and 1.98,
respectively, above the quiescent value.

When a di erential input-voltage level in excess of 100 mV is@plied to the ampli er,
the magnitude of the currentic4 ic» will have nearly its maximum value ofl 5. Regardless
of how much larger the di erential input signal to the ampli er becomes, the current from
the input stage and, thus, the currentiy, remains relatively constant.

Even if series emitter resistors are included (as they are in sormepli ers at the expense
of drift referred to the input of the ampli er), or if more jun ctions are connected in the input-
signal path as in the LM101A ampli er, the maximum magnitude éthe current supplied by
the rst stage is bounded by its bias level. Since the value of, cannot exceed the current
supplied by the rst stage (at least if the second stage remains liag), the output voltage
can not have characteristics that causg, to exceed a xed limit. If, for example, a capacitor
with a value C. is used for compensation,

iy ' Cevg (13.66)

where the dot indicates time di erentiation. Thus, for the vdues shown in Figure 13.43, the
maximum magnitude ofvg is

Vo) max = (13.67)

7B
Ce

One of the more restrictive design interrelationships for a twetage ampli er is that with
single-capacitor compensation and without emitter degendran in the input stage, both
the maximum time rate of change of output voltage and the umt-gain frequency of the
ampli er are directly proportional to rst-stage bias current. Hence increases in slew rate
can only be obtained in conjunction with identical increases unity-gain frequency. Since
stability considerations generally bound the unity-gain frguency, the maximum slew rate is
also bounded.

The large-signal performance of the LM301A operational am@r used in all previous
tests is demonstrated using the connection shown in Figure 13.4Phis connection is identi-
cal to the inverter used with feedforward compensation, excefor the addition of Schottky
diodes that function as an input clamp. If clamping were not sed, the voltage at the in-
verting input of the ampli er would become approximately hdf the magnitude of a step
input-voltage change immediately following the step becauss direct resistive coupling.
This type of transient would add currents to the output of the rst stage because of signals
fed through the collector-to-base junctions of the input trasistors and because of transient
changes in current-source levels. The Schottky diodes are usedoreference to the usual
silicon P N junction diodes because they have superior dynamic charaastics and be-
cause their threshold voltage of approximately 0.3 volt is céer to the minimum value that
guarantees complete input-stage current steering for the LNO3A.

The square-wave response of the circuit of Figure 13.44 with a-BB compensating
capacitor is shown in Figure 13.4& The positive and negative slew rates are equal and have
a magnitude of approximately 0.85 volt per microsecond. Noténat there is no discernible
overshoot as the ampli er output voltage reaches nal valuejndicating that the ampli er
with this compensation recovers quickly and cleanly from theverload associated with a
20-volt step input signal.
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Figure 13.44: Inverter used to evaluate large-signal response.

The transient of Figure 13.45 is the response of a unity-gain voltage follower, com-
pensated with a 30-pF capacitor, to the same input. In this casd¢he positive transition
has a step change followed by a slope of approximately 0.8 vokrpmicrosecond, while the
negative-transition slew rate is somewhat slower. The lack of synetry re ects additional
rst-stage currents related to rapidly changing common-modsignals. Figure 13.43 indicates
that a common-mode input applied to this type of ampli er forces voltage changes across
the collector-to-base capacitances of the input transistorsd the current source. The sit-
uation for the LM301A is somewhat worse than that depicted in Fgure 13.43 because of
the gain provided to bias current source variations by the laral PN used in the input
stage (see Section 10.4.1). The nonsymmetrical slewing that rksuvhen the ampli er is
used di erentially is the reason that the inverter connectionwas selected for the following
demonstrations.

An earlier development showed that slew rate is related to inptgtage bias current and
compensating-capacitor size with single-pole compensationol8ng Equation 13.67 forlg
using values associated with Figure 13.45yields a bias current of 25.5 A, with half this
current owing through each side of the input-case di erentid connection under quiescent
conditions. The transconductance of the input-stage transister based on this estimated
value of quiescent current, is approximately 5 10 0.

Recall that the constant which relates the linear-region opeloop transfer function of the
LM301A to the reciprocal of the compensating-network transfeadmittance is one-half the
transconductance of the input transistors. The value fog,=2 of 23 10 “0 determined in
Equation 13.30 from linear-region measurements is in exeglt agreement with the estimate
based on slew rate.

Since slew rate with single-pole compensation is inversely iteld to compensating-capacitor
size, one simple way to increase slew rate is to decrease this capasize. The transient
shown in Figure 13.46 results with a 15-pF compensating capacitor, a value that yids
acceptable stability in the unity-gain inverter connection As anticipated, the slew rate is
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Figure 13.45: Large-signal response of LM301A with a 30-pF compensating capacitor.
(Input square-wave amplitude is 20 volts peak-to-peak.) &) Unity-gain inverter. ( b) Unity-
gain voltage follower.
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Figure 13.46: Slew rate as a function of compensating capacitor for unity-gain inverter.
(Input square-wave amplitude is 20 voltes peak-to-peak.) &) C. = 15 pF. (b) C; = 5 pF
and input lag compensation.
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Figure 13.47: Unity-gain inverter with input lag compensation.

twice that shown in Figure 13.4%.

In order to maintain satisfactory stability with smaller valuesof compensating capacitor,
it is necessary to lower the transmission of the elements surroundithe amplier. The
connection shown in Figure 13.47 uses input lag compensationitcrease the attenuation
from the output of the ampli er to its inverting input to appr oximately a factor of 10
at intermediate and high frequencies. It was shown in Sectior3B.2 that well-damped
linear-region performance results with a 4.5-pF compensatjrcapacitor when the network
surrounding the ampli er provides this degree of attenuatin.

The response of Figure 13.46esults with a 5-pF compensating capacitor and input lag
compensation as shown in Figure 13.47. The slew rate increasesh® value of 5 volts per
microsecond predicted by Equation 13.67 with this value foC..

The large capacitor is used in the lag network to move the twogbe rollo region that
results from lag compensation well below crossover. This loaatiimproves recovery from the
overload that results during the slewing period because largaig changes (in a describing-
function sense) are required to reduce crossover to a value thasults in low phase margin.
The clean transition from nonlinear- to linear-region perfonance shown in Figure 13.46
indicates the success of this precaution.

It should be pointed out that the large-signal equivalent of tke linear-region tail asso-
ciated with lag compensation exists with this connection, dftough the scale factor used
in Figure 13.4@ is not sensitive enough to display this e ect. The voltage/s reaches its
clamped value of approximately 0.3 volt for the slewing pertbof 4 s following a 20-volt
transition at the input. Accordingly, the 1- F capacitor charges to approximately 4 mV
during this overloaded interval. The capacitor voltage ism@pli ed by a factor of 2.2 k /270

' 8, with the result that the output voltage is in error by 32 mV immediately following
the transition. The decay time associated with the erroris 270 1 F =270 s. Note that
increasing the lag-network capacitor value decreases the ditymle of the nonlinear tail but
increases its duration.

We might suspect that two-pole compensation could improve theesk rate because the
network topology shown in Figure 13.19 has the property thathte steady-state value of the
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Figure 13.48: Large-signal performance of unity-gain inverter with two-pole compensatio.
(a) Sine-wave input. (b) Square-wave input.
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current iy is zero for any magnitude ramp ofvy. The output using a 30 pF 15 k 30
pF two-pole compensating network (the values indicated et in Figure 13.21) with the
inverter connection is shown in Figure 13.48for a 20-volt peak-to-peak, 50 kHz sine-wave
input signal. The maximum slew rate demonstrated in this photagph is approximately
3.1 volts per microsecond, a value approximately twice thatbtained with a single 15-pF
compensating capacitor.

Unfortunately, the large negative phase shift close to the crossvrequency that results
from two-pole compensation proves disastrous when saturatiomaurs because the system
approaches the conditions necessary for conditional stabylit The poor recovery from the
overload that results with large-signal square-wave excitatn is illustrated in Figure 13.4&.
The collector-to-base junctions of the second-stage transissoare forward biased during part
of the cycle because of the overshoot, and the resultant chargersige further delays recovery
from overload.

It is of passing interest to note that the circuit using two-pole ompensation exhibits a
phenomenon calledqump resonance If the frequency of the 20-volt peak-to-peak sinusoid
is raised slightly above the 50-kHz value used in Figure 13a8he output signal becomes
severely distorted. Further increases in excitation frequepaesult in an abrupt jump to a
new mode of limiting with a recognizably di erent (though eaally distorted) output signal.
The process exhibits hysteresis, in that it is necessary to loweredhexcitation frequency
measurably below the original jump value to reestablish the rstype of nonlinear output
signal. One of the few known virtues of jump resonance is that @an serve as the basis for
very di cult academic problems in advanced describing-funion analysis?

Feedforward compensation results in high value for slew rate ¢sise capacitive feedback
around the second stage is eliminated. The response of the inervith 150-pF feedforward
compensation to a 20-volt peak-to-peak, 200-kHz triangle wavs shown in Figure 13.48.
While some distortion is evident in this photograph, the amounis not excessive considering
that a slew rate of 8 volts per microsecond is achieved. The sgeawave response shown
in Figure 13.4% indicates problems similar to those associated with two-pole mpensation.
The response also indicates that the negative slew rate is substaifiy faster than the positive
slew rate with this compensation. The reason for the nonsymmetrg that with feedforward
compensation, the slew rate of the ampli er is limited by the ctrent available to charge the
node at the output of the second stage (the collector @, in Figure 10.19). The current to
charge this node in a negative direction is derived froi@,,, and relatively large currents are
possible from this device. Conversely, positive slew rate is edliahed by the relatively lower
bias currents available. The way to improve symmetry is to imease the collector bias current
of Q0. While this increase could be accomplished with an externalgent source applied via
a compensation terminal, a simpler method is available becauskthe relationship between
the voltage at the collector ofQ,9 and the output voltage of the ampli er. Level shifting
in the bu er stage raises the output voltage one diode potentieabove the collector voltage
of Qqp in the absence of load. If a resistor is connected between the dngp output and
the compensation terminal at the output of second stage, the resor will act like a current
source because the voltage across it is \bootstrapped" by the ber ampli er. Furthermore,

8G. J. Thaler and M. P. Pastel, Analysis and Design of Nonlinear Feedback Control System$/cGraw-Hill,
New York, 1962, pp. 221-225.
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the level shift in the bu er is of the correct polarity to improve slew-rate symmetry when
the resistor is used.

The square-wave response of Figure 13c4Blustrates the performance of the inverter
with feedforward compensation when a 1-k resistor is conneatefrom the ampli er out-
put to the collector side of the second stage. The positive-goirglew rate is increased to
approximately 20 volts per microsecond. Furthermore, the evload recovery characteristics
improve, probably as a result of better second-stage dynamicshagher bias currents. The
response to a 400-kHz triangle wave with feedforward compensatiand increased bias cur-
rent is illustrated in Figure 13.49). This signal is reasonably free of distortion and has a
slew rate of 16 volts per microsecond.

While the method of combining feedforward compensation witincreased operating levels
is not necessarily recommended for routing use, it does illusteathe exibility that often
accompanies the availability of external compensating terimals. In this case, it is possible to
raise the dynamic performance of an inexpensive, general-pase integrated-circuit ampli er
to levels usually associated with more specialized wideband tsnby means of appropriate
connections to the compensating terminals.

13.3.8 Summary

The material presented earlier in this section has given somedination of the power and
versatility associated with the use of minor-loop compensatioroif two-stage operational
ampli ers. We should recognize that the relative merits of vaous forms of open-loop transfer
functions remain the same regardless of details speci c to a piaular feedback system. For
example, tachometric feedback is often used around a motampli er combination to form
a minor loop included as part of a servomechanism. This type obmpensation is entirely
analogous to using a minor-loop feedback capacitor for onelp compensation. Similarly, if a
tachometer is followed with a high-pass network, two-pole mor-loop compensation results.
It should also be noted that in many cases transfer functions sirail to those obtained with
minor-loop compensation can be generated via forward-patlormpensation.

While the compensation networks have been illustrated in coentions that use rela-
tively simple major-loop feedback networks, this limitationis unnecessary. There are many
sophisticated systems that use operational ampli ers to providgain and to generate com-
pensating transfer functions for other complex elements. Theenessary transfer functions
can often be realized either with major-loop feedback arodrthe operational ampli er, or
by compensating the ampli er to have an open-loop transfer fution of the required form.
The former approach results in somewhat more stable transfer fetions since it is relatively
less inuenced by ampli er parameters, while the latter oftenrequires fewer components,
particularly when a di erential-input connection is necessgy.

It is emphasized that a fair amount of experience with a partidar ampli er is required to
obtain the maximum performance from it in demanding applicdgons. Quantities such as the
upper limit to crossover frequency for reliably stable operain and the uncompensated open-
loop transfer function are best determined experimentally. thermore, many ampli ers
have peculiarities that, once understood, can be exploitea tenhance performance. The
feedforward connection used with the LM101A is an example. Atier example is that
the performance of certain ampli ers is enhanced when the mpensating network (or some
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Figure 13.49: Slew rate of inverter with feed-forward compensation. @) Triangle-wave in-
put. (b) Square-wave input. () Square-wave input with increased second-stage bias current.
(d) Triangle-wave input with increased second-stage current.
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Figure 13.49: Continued.
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Table 13.1: Implementation and E ects of Various Types of Compensation

portion of the compensation) is connected to the output of theomplete ampli er rather than
to the output of the high-gain stage because e ects of loadingylthe network are reduced
and because more of the ampli er is included inside the minor dp. The time a system
designer spends understanding the subtleties of a particular @iner is well rewarded in
terms of the performance that he can obtain from the device.

Important features of the various types of compensation diseged in this section are sum-
marized in Table 13.1. This table indicates the open-loop @nsfer functions obtained with
the di erent compensations. The solid lines represent regionshere the transfer function is
controlled by the compensating network, while dotted linesra used when uncompensated
ampli er characteristics dominate. The minor-loop feedbdc networks used to obtain the
various transfer functions from two-stage ampli ers are also skwvn. Comments indicating
relative advantages and disadvantages are included.
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