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ABSTRACT
Outof-Loop Compensation Method for €gmps Driving Heavy Capacitive Loads
ShubhantGandhi

It is well known that reabp-amps do not share most of tthesirable
characteristics of an ideal one, particularly thosgain and output impedance. When
presented with a capacitive loaaich as a MOSFET or AD@&edback in an ecpmp
circuit can quickly become unstabl€his thesisstudies and characterizas opa mp 6 s
output impedance and how its interaction wtitls type of loactreates a parasitic pole
which leadsto instability. Applying ideas from feedback control thepsgymodel for
studying the problem is developed from whichemeralized metholdr compensating
the undesirableircumstances formulated.

Even ina zereinput state, many real egmpsdriving capacitive loadsan
experience unforcedscillations A case tdy isperformedwith three commonly used
devicesFirst, the output impedance is determined by its dependence on thegaimty
bandwidth loadcapacitanceand oscillation frequencit is fitted into a seconarder
feedbackcontrolmodel that allows for an analytical study of the problns then
shown that &arefully designegassive network can ietroducedbetween the load and
op-ampto obtaina properlydamped system free of oscillatiand weltbehaved

Using a shunt reéstor is a known and commonly used method for lowering an op
amps output impedand® gain stability.This workconsiderghe converseadditionof a
series capacitdo insteadower the load capacitance sdsnthe opamp, a seemingly
complementary methibthat achieves the same goal. A generalizenhposite
compensation methad developedhat uses both the shunt resistor and series capacitor
a strategy not yet found in literatuRelevant formulas folamping raticandnatural
frequencyare derivedhat allowthe design of a passie®@mpensation network.
Furthermore, tradeoffs between compensation, voltage swing, current consumption, and
power usage are considered.

An emphasis is placed @omparing simulated versus real circaashighlight the
fact that any problem is much worse in ¢Bf@ than in a simulation. SPICE models and
programs aim to delealizecertaindevice characteristics, baften cannot account for
environmental conditions and manufacturing variaitels, anmportance is placed on
experimental verification guided by simulations.

Keywords: opamp, capacitive loadutputimpedancestability, feedback, compensation,
passive networkSPICE
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Chapter 1: Introduction
1.1  Motivation
Operational amplifiers have come a long way siRobert Widar 6 s or i gi nal
design of the pA702 n t h e thelP&iStGcéne of modern electronitise
competitive nature of design and iterative improvemenphalgferated theavailability
of options and has made finding the right part akin to finding a needlgile af
needlesAlthough the origin story of campshas a remarkable retrospective appied
work is moreconcernedvith the currenstate of affairs and particular issue that many
engineers are faced with when dealing with this typatefyrated circuit (1C)
The ideal characteristics of an-amp are weltlefined anduinderstoodInfinite
gain, infinite input impedance, zero output impedance indirectly imply infinite slew rate,
zero input currengzero offset voltage, and infinite bandwidtdbwever, it is also well
understood that real eggmps do nosharemany of these charaistics. Semiconductor
fabrication processes refined over the decades have enabled input impedance to approach
infinity (for practical purposes) through the uge=ET inputs Yet, the ideality of gin
and output impedander real devices hastobelobsy def i ned by fAgood e
depending on the applicatiowith the IC already fabricated and possibly selected for
use, the curious cases of @reworthsayviogpwith e nough

proper analysis.

Vsy Vs+
Vo Vout Vi Vout
V_o— - V_o— -

Vs Vg_

Ideal Real
Av = H, Rin =H5, Rout =0 Av < Hp, Rine Hp, Rout>0

Figurel. Real opamps have finite gain and naero output impedance.



Most general purpose egmps are carefully designed to drive largely resistive
loads that may be minimally capacitvd0d s or 1006s of pF at most
when the load is heavily capacitivéRe type of load isisuallynot a matter of choice.
Capacitance may noecessarilyome fromanactualcapacitor, but magome from a
device that is capacitivie constitutionsuch as the gate of a FET, the length of a coaxial
cable, or it may actually be the holding capacitor of an ADC. These can easily be well

into the nF range.

—— CL

N

Figure2. Attempting to drivea large enough capacitarieads to instability.

Unsurprisingly, this i® case when even tlstrongesof feedback will experience
instability. The output impedance and load capacitance &dow-pass filter with a cut
off frequencythatcouldbe less than the un#yain freqency Q) of the opamp
effectively addinpapar asi t i ¢ p ol e-lodpoesporséds adesult,ipltased s o p e
margin becomes eliminated turning the circuit into an oscillator. Dealing with this

consequence is the main focus of this thesis.

1.2 Background
The opeAoop response of most eggmps contains two main poles: the dominant
and the secondargain begins to roll off at 20 dB/dec at the low frequency dominant

pole, and another 20 dB/dec is added at the high frequency secondary pole.
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Figure3. Secondary pole beyond the ungsin frequency gets pulled in.

By design, the secondary poleon moskomps i s carefully placed

unity-gain frequency. As a result, it introduces minimal phase sh#flarge phase
margincan be maintained.he portion of th@penloop response beyond the ugdin
frequency is typically omitted in datasheassit becomes irrelevant while the amplifier
operated within the | oad capaciThugitise r atin
important to examine what happens in the unavoidable situations when operation is out of
spec (loads in the nF range).

It turns out that the location tfie secondargole depends on the capacitance
presenton he ampl i fierés output node. A fAheavyo
inwards such that it becomes parasitic to the dpep response. This occurs beacatise
output impedance and load capacitance fotawapass filterwell below the unitygain
frequency. Examining the magnitude and phase response of a generic amplifier that is

capacitively loaded, it becomes clear thisreause for concern, as illusegdtbyFigure4.
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Figure4. Secondary pole becomes parasitic because it reduces phase margin.

Op-amps are typicallgesigned to maintain a phase margin of greater than 60° when
loaded at the maximum rating/ith heaviedoading, he new parasitic pole contributes
enough phase shift that the amplifier has a gain greater than 0 dB when the input signal
has shifted byalmost180° (inverted)at the outputlf this output signal is fed back into

the noninverting input, negative feedback actually becomes positive feedback which

causes the circuit to oscillate even when the input is Zéis.is known as the Nyaqist

Staibilty Criterion.

1.3  Where Output Impedance Comes From
To fully grasp the extent of the problernmay be prudent to examine where the

output impedance actually comes frdfigure5 shows the transistor level schematic of
the popular LM358 ommpwith the output stage outlined in red. Assumingte be
small in value, the output node looks into a pair of BJT emitter terminals.



INPUTS

Figure5. Output impedance is determined by the bias currnet of the output stage.

Recall that, from the small signal model of a BJT, the i@st&t looking the emitter is
1/gn, where @ is the transconductance of the transistor set by the bias current. This
would imply that the output impedande, of the opamp is a small signaheasurdhat is
relatively smallin magnitudelt is this intangible quantity that ends apeating a pole
with the load capacitance to compromise feedback stability.

It should be noted that althoughhas a reactive component, it is largely resistive.
For the purposes of this study, it is refdrte asmpedancebut is taken to be only

resistive.

1.4  Problem Statementand Procedure Summary

Sofar it has been established that capacitive loading displacesanip
secondary pole in a turn for the worsa. phase margin regresses toward 0° feedback
begins to wobbleand the system produces undesirable oscillatigrnen with no input
(i.e. tied to ground), the output can haveoa-mero, periodic steady stafEhe rest of this
studytakes on an analytitreatment of this problem that is concluded by experimentally
verifying a generalized solution.

Fist, a methodor measuringpenloop response and gaibbandwidth (GBW)

product of a real device are discussed followed by a method for determininggbe out



impedancej . Next,a case study presents lab experiment data for three commonly used
op-amps where impulseesponse and oscillation frequency due to instability are
captured. Using this frequency and a formula derived in adhtmten is esimated.
For any experiments performed, actual results are also compared with simulated results
and any disparity is discussed.

Furthermore, a feedback model is developed by taking #asmpto be a
summing junction, integrator, and a resistor (outpytddance) in a control loop loaded
by a capacitor After deriving equations for the natural frequency dathping ratigit is
shown that a passivw®mpensatiometwork inserted between the load and output
impedance can be designed to critically dampeinttability. A general compensation
strategy is theformulated for any given epmp and load.

Finally, a lab experiment is performed with the same threaropswhich are

compensated to successfully drive capacitive loads ranging from 1nF to 100nF.



Chapter 2: Characterization Methods and Case Study
2.1  Method for Characterizing OpenLoop Gain and GBW
Figure6 illustrates the test circuit used to do determine the -tpemresponse
and GBW of a real device. Weak feedback is applied with large resistors configured to

deliver a closedoop gain of [10|, andsmaltsignal input sinusoid stimulates the system.

R2
Vn 100 kQ

R1
10 kKQ

LM358

%

Figure6. Vn is nonzero in a real circuit, and Vo/Vn can be used to determine open loop gain.

Ideally, the inverting and neimverting terminals should both be at the sgratential, or
virtually shorted however this is not teiof a real deviceA commonly used
characterizatiotechniqueto determine opefoop gainat the input frequency is measure
the ratio of the output magnitude to that of the inverting terminal (for this configuration)

Measuring this ratio while sweepingetinput frequency, a graph of gain versus
frequency came generatedzurthermore, as the expression suggegtinbandwidth
(GBW) product can be calculated by the product of gain and the frequency at which it is
measured.

wEé

-— @ Qzo0 (2.1)
WE

2.2  Method for Determining »
It is of greater importance that -@mp output impedance tiseated as a small
signal value and is properly characteriZEde elusive nature of this quantity often makes

it difficult to pin down because it depends on things such as operating frequrehcy



output stage bias currefithough, to obtain eeasonabl@pproximationa very simple

circuit is requiredan opampconfigured as a voltage follower with a load capacitor

— Vout

———CL

N

Figure?. Oscillating Vout can be used to determine output impedance.

Feedback instability can be observed at Vout, which will osciiagefrequency within a
very narow bandwidth dictated by the output impedance and load capacitence.
simulations will show in the following sections, there is a sharp, resofiieqeeaking
in the AC response dlis circuit

Examiningin more detaithe opeAoop response with a parasitic pode

interesting relationship can be derived betwieesnd other measurable quantities.

Figure8. Shifted secondary pole adds another 20dB/dec decrease that also shifts tgmnifigquency.

Figure8illustrates theconsequence dhe secondary pol&Q , being displaced t® ,
Here,"Q ,the GBW frequencyrom themethod in82.1, gets relocated to a new unity

gain frequency denoted B8, whichis the geometric mean ® and™Q .



Q Q z7Q (22)

As previously discussed, the parasitic p@lsults from the low pass filter formed

byi and6 , which would imply'Q Furthermore, it may be a reasonable

suspicion that the output will oscillate at approximat@gincephaseshift is highest
here (Q "Q ). Fitting these two pieces of the puzzle into the equation above and
rearranging termshe following formula can be used to determine the value dfiat
cooperates witlx knownd to become parasitic.

. Q

i ET TN (2.3)
It was also previously hinted th& hasdoublesignificanceas simulations will lsow
resonance at thfsequency as wellalthoughreal device measurements are likely to be

dissimilar to simulated predictions.

2.3  Op-amp Case Stulies

This section presents case studies for threanopsthat aregpopularamong
product designers and developérs358, LMC662, and [another] attempting to drive
capacitive loadd.oads arevaried from 1nF to 100nF and instabilisyviewedusing
simulationsand oscilloscopeapturesThen, the procedurdéom 82.1and §2.2 are used
to characterize the opdoop reponse, GBW, and of thereal devicesActual
measurements are also compared against predictions from simulation and what is claimed

in datasheets.

2.3.1 LM358
ThepopularLM x58 product lineis only surpassed by thgA741 in ubiquity
given itsextremely low cost paired with mediocre characteristic by modern standards. As
a general purpose egmp, its works well enough for most applicais of capacitive
loads up to around 100 pRny load abovehisrating can cause feedback to become

unstable.



Investigating Stability

Simulations below present the-apmp 6 s

loads under unity feedback.

V[wout)

frequency

VY[vout]

and

32dB 500mY

24dB-| 100 HE a50my—-

16dB— 10 nF 400mV-{ /\ 100 nE

GdB— 350mY—

1nF ﬂ
- P AAS
-8dB 250mV- \/ \/
-16dB- 200mv-|
-24dB— 150mY—
-32dB-{ 1 100my-
-ADdB 0 T E0mv-
-46dB V4 ~ Omy———
-56dB T f -50mVy f f f f f f f f f
10KHz 100KHz 1MHz Ops  5ps 10ps 15ps 20ps 2bps 30ps 35pus 40ps 45ps 50ps
Figure9. Gain peaksta t h e | ofeeguérsy, at whiclitheaihging oscillates.

Looking overthree decades of heavy loading from 1 nF to 1QGanRncreasing

step

magnitudeof instability rangesrom aslight overshoot to severe ringing. Resonalilee
gain peaking in the frequency domamanfests itselfas ringing in time domain. By
noting the gain peak locatidhe parasitic pole and can be calculated using Equations
2.2 and 2.3, the results of which are tabulatébaiblel. GBW is assumed to 1.0 MHz as

claimed by datasheet.

C,load (nF) | f,peak (kHz) | f,pole (kHz) | » ( Y)
1 910.4 828.8 192.0

2.2 880 774.4 93.4

4.7 713.5 509.1 66.5

10 528 278.8 57.1

22 369 136.2 53.1

47 256.6 65.8 514

100 177 31.3 50.8

Tablel. Simulation data of a voltage follower with the LM358 to determine its output impedance.

As the load is made heavier, the geometric gap betWeenand™Q gets broader

while i

settles toward an idealized valuesory .

It may sound reasonable to lookFagure9 andjudgethe overshoofroma 1 nF

load as acceptable, but would be a misguided approach to solely rely on simulation data.

10



Performing this experiment in a lab with an actual device tells a completely different

story.

2.000=/ Auto

Joad = 4.7nF

10.0:1
1001

— Cload

200.0% 5.000%/

Figure10. LM358 powered fromt5V supplyconfigured as follower with grounded input (abovey. s
probedwith loads 4.7 nF (tofeft) and 47 nF (bottom left).

Oscilloscope captures show theamppattempting to drive 4.7n and 47n load
capacitances where the output is oscillating witha gfoeird | nput . It 6s
a virtual short between the input termindige tolow phase margirso negative feedback

becomes positive feedback.

Characterizing th&eM358 Op-Amp

To characterizgain and bandwidttithe device isonfigured as a neimverting

amplifier with weak feedback and closkabp gain of-10, as shown ifrigure6. The
input frequency is swept from 1 kHz to 25 kHz and at each data poiHapgegain and
GBW are calculated using Eqimt 2.1.Below 1 kHz, the inverting terminabltage w,

is imperceptible due to oscilloscope accuracy and above 25 kHz, the loetpatesoo

11
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distorted for a reliable measuremenedo the oga mp 6 s

averaged ovemeasurerants where distortiois minimal.

i nlimeantye GBW i 0 n

To characterize , the device is placed in a voltage follower configuration with

varying capacitive loads at the output, as showfignre7. The oscillation frequency is

observedvhichallows™Q andi to becalculated using Equations 2.2 &@h8.

LM358 Oper_oop Gain LM358 GBW
80 15
*®
60 ., = e
o %o, z 1
= 40 : —
E N =
0.5
20 ©
0 T T T O T T T
0.1 1 10 100 0.1 1 10 100
f,in (kHz) f,in (kHz)

Figurell. Open loop gain drops at 20db/dec as expected. Average GBW is 1.18 MHz.

LM358: Load vs Oscillation Frequency
1000
4
~N
<
= L3 a
§_ 100 = s .
10 T 1
1 10 100
C,load (nF)

LM358: Load vs,r
3010

.
2510

2010 Y

1510
o)
= 1010

510

10 ‘

*

1 10
C,load (nF)

100

Figurel12 Oscillation frequency and output impedarcenuch higher than predicted by simulations.

C,load (nF) | f,0sc (kHz) | f,pole (kHz) | » (Y)
1 450 171.6 927
4.7 120 12.2| 2775
10 100 8.5| 1878
47 79.1 5.3 639
100 67.7 3.9 410

Table2. The secondary pole is displaced tceatremely low frequency.

12



The operoop gain Bode plot shows the expected linear decline in gain versus
frequency. GBW fluctuates with a slightly better than expected average of 1.18 MHz.
However, the observed oscillation frequency, pole frequencypdpdt resistance are
wildly divergent from what simulations had predictestealing the situation to be much

worse than expected.

2.3.2 LMC662
Investigating Instability

Simulations below presentthe-am@p s f requency and step re

1448 V[wout] ¥[vo_1n)
7dB 1nF
0dB
-7dB—
1nF V[wvo_10n]
-14dB
-21dB~ 10-nF 10 nF
-28dB-
3548 100nF
Rl ! Vjwo_100n]
-42dB- 0
J 1.1V~
-49dB | @ Cload 1 i
56dB-] i 0.5V
N
-63dB ——— —— 0.1V i . . .
10KHz 100KHz 1MHz Ops 14ps 28ps 42ps 56ps 70ps
Figurel3. Gain peaks at the | oopbés natural frequen

An increasing magnitude of instability can be seen over three decades of heavy loading
from 1 nF to 100 nF. Resonanlike gain peaking in the frequency domain manifests
itself asunforced oscillationg time domain where th&equency of ringing is

appoximately where the peak occuide feedback continues to oscillate even after
impulse ocurs at 5Qus. By noting thisfrequencythe parasitic pole and can be

calculated using Equations 2.2 and 2.3, the results of which are tabul@edulas.

GBW is assumed to 1.4 MHz as claimed by datasheet.

13



C,load (nF) | f,peak (kHz) | f,pole (kHz) | » ( Y)
1 862 530.7| 299.9

2.2 630 283.5| 255.2

4.7 472 159.1| 212.8

10 354.6 89.8| 177.2

22 262 49.0| 1475

47 193.3 26.7| 126.9

100 140.1 14.0f 1135

Table3. Simulation data of a voltage follower with the LMC662 to determine its output impedance.

As the load is made heavier, the geometric gap betiGeenand™Q gets broader
whilei settles toward an idealized valueanbund 100r .

It may sound reasonable to lookFagure13 and judge the overshoot from a 1 nF
load as acceptable, bititvould be a misguided approach to solely rely on simulation
data. Perfornmg this experiment in a lab with an actual device teisghtly different

story.

200.08

1.0005/

Channels
OC 10.0:1
oC 10.0:1

—— Cload

Figure14. LMC662 powered fromt5V supplyconfigured as follower with grounded input (above).:\6
probed with loads 4.7 nF (top left) and 47 nF (bottom left).

14



Characterizing theMC662 OpAmp

Gain and bandwidth are characterized using aineerting configuration, as

shown inFigure6. The input frequency is swept from 1 kHz to 1.4 MHz (claimed GBW)

and operoop gain and GBW are calculated using Equation@B\W is averaged over

measurements where distortion is minimal. To characterjzbe device is placed in a

voltage followerconfiguration with varying capacitive loads at the output, as shown in

Figure?. The oscillation frequency is observed which allé&sandi to be calculated

using Equations 2.2 and 2.3.

LMC662 OpethLoop Gain

80
*

. 60 *,
a KR
=40 *
S *
< %o,

20 *, .

O T T T ‘\‘é
0.1 1 10 100 1000
f,in (kHz)

N

LMC662 GBW

=
al

R el 2

L 3

GBW (MHz)
H

©
o

o

©
=

1 10 100
f,in (kHz)

1000

Figure15. Open loop gain drops at 20db/dec as expected. Average GBW is 1.79 MHz.

LMC662: Load vs Oscillation Frequency
1000

*
N .
o 100
0
Q.
10 T 1
1 10 100
C,load (nF)

LMC662: Load vg r
1010
*
810 .
& 610 *>
© 410
210 ¢ *
10 T 1
1 10 100
C,load (nF)

Figure16. Oscillation frequency and output impedance is much higher than predicted by simulations.
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C,load (nF) |f,osc (kHz) | f,pole(kHz) | » (Y
1 570 181.5 877

4.7 286 45.7 741

10 217 26.3 605

47 157 13.8 246

100 129 9.3 171

Table4. The secondary pole is displaced to an extremely low frequency.

The operoop gain Bode plot shows the expected linear decline in gain versus

frequency. GBWs relatively flat over frequencyith a better than expected average of

1.79 MHz. However, the observed oscillation frequency, pole frequency, and output

resistace arevery differentfrom what simulations had predicted revealing the situation

to be much worse than expected.

2.3.3 LTC6084

Investigating Instability

Simulations below present the-apmp 0 s

Y(vo_1n] ¥Y[vo_10n) ¥Y[vo_100n)
30dB-
21dB-
12dB-
3dB-
6dB 1nF
-15dB
-24dB— 10.n
-33dB
_42dB_ @ —— Cload 100 nF
-51dB-
N N
-60dB . e i
10KHz 100KHz 1MHz
Figurel?. Gain peaks at

720mv

280my—

-160mV

frequency

¥Y[vo_1n)

and

1nF(MNw/M———~'M

¥Y[vo_10n]
¥[vo_100n]

100 nF

T
Ops T14ps

t he

f
28ps

|l oopbs

f
2us

f
56ps

70ps

natur al

step

The transient simulation shows @ereasing magnitude of instability can be seen over

three decades of heavy loading from 1 nF to 10@mRthe contrary, only the 1 nF load
exhibitsgain peaking in the frequency domavhile the other two have a slight hump,

yet theirfeedback continue® oscillate even after an impulse occurs a150By noting

this frequency the parasitic pole anctan be calculated using Equations 2.2 and 2.3, the

16
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results of which are tabulatedTable5. GBW is assumed to3MHz as claimed by

datasheet.

C,load (nF) | f,peak (kHz) | fpole (kHz) | » ( Y)

1 1000 666.7| 238.7

2.2 739 364.1| 198.7

4.7 521 181.0| 187.1

10 356 84.5| 1884

22 240 38.4 188.4

47 172 19.7 171.7

100 133 11.8| 135.0

Table5. Simulation data of a voltage follower with the LTC6084 to determine its output impedance.

As the load is made heavier, the geometric gap betieenand™Q gets broader
whilei settles towara possiblyidealized value of around 100

It may sound reasonable to lookFagurel17 and judge theinging from a 1 nF
load as acceptable, bititvould be a misguided approach to solely rely on simulation
data. Performing this experiment in a lab with an actual device twiteeent story.

—— Cload

N

LTC6084

250%

KEYSIGHT

Figure18. LTC6084powered from:2.5V supplyconfigured as follower with grounded input (above).V
is probed with loads 4.7 nF (top left) and 47 nF (bottom left).
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Characterizing the TC60840p-Amp

Gain and bandwidth are characterized using aineerting configurationas

shown inFigure6. The input frequency iswept from 1 kHz to .5 MHz (claimed GBW)

and operoop gain and GBW are calculated using Equation 2.1. GBW is averaged over

measurements where distortion is mininfal.characterize , the device is placed in a

voltage follower configuration with vaiyg capacitive loads at the output, as shown in

Figure?. The oscillation frequency is observed which allé&sandi to be calculated

using Equations 2.2 and 2.3.

LTC6084 Opehoop Gain LTC6084 GBW
80 2.5
* —~ 2 %‘ i *®

60 *s :'E‘ .
) to, =15
40 . g
= e
5 ’, m 1

20 * © 0.5

*
O : ¢ ®e : 0 T T
100 10000 1000000 100 10000 1000000
f,in (Hz) f,in (Hz)

Figure19. Open loop gain drops at 20db/decexpected. Average GBW is MHz.

LTC6084: Load vs Oscillation Frequency LTC6084: Load vg r
1000 & 2510
Ti; . 2010 *
% 100 L 2 8 1510 . >
g * * © 1010 *
- 510 +
10 ‘ \ 10 ‘ ‘
1 10 100 1 10 100
C,load (nF) C,load (nF)

Figure20. Oscillation frequency and output impedance is much higher than predicted by simulations.
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C,load (nF) |f,osc (kHz) | f,pole (kHz) | » (Y
1 834 331.2 481

4.7 240 27.4 1235

10 130 8.0 1978

47 70.5 2.4 1431

100 58 1.6 994

Table6. The secondary pole is displaced to an extremely low frequency.

The operoop gain Bode plot shows the expected linear decline in gain versus
frequency. GBWs relatively flat over frequencyith a better than expected average of
2.1 MHz. However, the observed oscillation frequency, pole frequency, and output
resistane arevery differentfrom what simulations had predicted revealing the situation
to be much worse than expected.

2.4  Summarized Results and Discussion

Follower and gain circuits assembled using three diffeypatimps were
simulated and tested. Alldeperformed better in terms &BW thanwhat wasclaimed
in their respective datasheets, Quving capacitive loads had wildly different results
between experiment and simulation. The table below summaones of the more

interesting data collected the previous section

CL=1nF CL=10nF
Op-amp |} (MHz) [ (MH2) »(Y) »(Y) »(Y) »(Y) CL
(nominal) (measured)| simulated measured| simulated measured| rating
LM358 1.1 1.2 192 927 57 1878 50 pF
LMC662 1.4 1.79 300 877 177 605 100 pF
LTC6084 1.5 2.1 239 481 188 1978 150 pF

Table7. Expected vs. mesaured values of GBW and output imepdance (for 1 and 10 nF loads only).

The measured values thie perceive@dutput impedanceere a lot higher than expected.

More than anything, it highlights the fact SPICE models and simulations can be
unreliablein certain situationsThese ogamps are rated to driwg to a hundred or so

t h t al eFredslextremelyheavg hoot , so
It is important to recognize that SPICE assumes perfect lineapscially in AC

pFés stably wi
or frequency response simulatioiet the oscilloscope captures in Figure 10, Figure 14,
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and Figure 18 illustrate largely nonlinear behawuanichhassmall effect on measuring
the true value of gain or output impedante.make matters worse, real circuits are also
affectedby voltage supply, temperature, wiring/routing, supply noise, and many others
that simulations do not normally account fortatjether. It was noticed that the output
oscillation frequency varied slightly if the supply was changed from 5V to 10 V, for
example, but this was not the case in simulations.

But to allay any concerns, the frequency compensation techniques dslialop
subsequent chapters are relatively forgiving and cooperative with inaccuracy in

measurements.
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Chapter 3: Modeling the System
3.1 Review of Relevant Feedback Control Theory
Before diving into a model that allows an analytical study of feedback instability,
an overview of relevant feedback circuit theory may be usefglire21 illustrates a
general feedback control system whags) andF(s) are the fedforward and feedback

networks, respectively.

X(s) Y(s)

A(s)

F(s)

Figure21. Generic catrols system with A(s) forwardforward and F(s) feedback.

Since the output 6Di is equal tdOi @i , the summing junction creates an error
signalby subtractingOi @i from® i .Then,®i isthe product of the error signal
ando i 8
Oi Wi O i (3.2
Q i oOf i "Of @i (3.2
Rearranging the second equatithe closedoop transfer function can be obtained.
W i 0 i

Oi AT 33
l w1 p oi Oi (33

A(s) is typically defined as the opdwop transfer function, where if the loop is broken
then G(s) = 0, then H(s) = A(s). In a stable system, the error term is minimized because
the output of G(s) is identical to the input sigvahich would imply the system output is
also identicato the input. Note that the denominator of H(s) in this form is known as the
characteristic equatiomhen set equal to 0. It can be used to find the system, poles
natural frequency, andgamping ratio

Applying these principles to epmp circuitsthe feedforward gaimust bevery
high to ensure the closed loop transfer characteristic with negative feedback is

approximately independent of @mp gainln other words, feedback provides gain
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desensitzation so closed loop gain is insensitive to elm&p gain. This is more
apparent at low frequencies whitie closed loop transfer function becomes

p p
= — - 3.4
o 51 1 P &y (34)

whered andf are the DC gains of A(s) and F(s), respectivdfaieno is very large

the closedoop transfer will beapproximatelyp® . Even ifo varies by a factor of 20
is only affected by a small percentazgraus@fo f L p.

However, this is hardly the case at higher frequencies because the feedforward
amplifier has a singlpole response as given below, whereis the-3db frequency
associateavith an opamps dominant pole.

. 0
0 i o T (3.5
Using this, the closelbop transfefunctioncan be expressed for high frequency gain.
0 0
il p_1 l0
T P P e T

The denominator provides the pole location@t T 6 7 whichhas now increased by

0i P
p f

(3.6)

afactorof p T 0 compared to the opdnop pole.The extension in bandwidth does
come at the cost of a proportional reduction in loop gain such that thbayadmidth
product remains constant for anramp.

Another important property of closing the loop with negative feedback is
nonlinearity suppressn. Nonlinearity can be regarded as variation in the small signal
transconductance or voltage gain with respect to the input swing or DCBezaluse
negative feedback keeps clodedp gain constant and independent of efm@p gain,

distortionfromanc hange i n a transistords or amplif

3.2 Summing Junction and Integrator Model of an Op-Amp
To model the closetbop system with a parasitic pole, the voltage follower
configuration is usedsit presents the worst case scenario for stabilitys is because a

feedback factor df  p offersthe strongest possible feedback.
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Figure22. Op-amp modeled as smming junction, integrator, and output impedance.

A very large opetloop DC gaind is assumedo the closedbop gain ispff e p for a
follower. Theop-amp is taken to besumming junction, integratavith a bandwidth of
1 , and output impedande loaded byd around which the loop is closethis forms a
second order control loop because there are two integrators:-tmeppnd . Figure
22 illustrates an idealized egmp model that is used for theepent argument. It is
derived and discussed in greater detail in the Appendix.

Sincei andd have a trarfer characteristic of their own, thegn be put into a

separate cascadl@place block, where

“Yi ETErE—— 3.
1 O1 P S
wu/s > T(s)
Integrator Passive Network

Figure23. Ouput impedance and load are lumped into a transfer block.

It is known thathe transfer function of two cascaded Laplace blocks is the product of
their individual transfer functionso thefeedforwad transfercanbe easily found:

0 i —2z"Yi . Then, as derived in §3.1, the clodedp transfer functiocan be

written as
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w7 —|
0 T101 p
p 01 Oi 1 P
P T73T p

Oi

(3.9

From this transfer function, the characteristic equation of thisadobp is apparent

1 P
P TiET o 39
Rearranging the equati@md comparing it to the standard foctearly reveals a second

order system.
l 1

5 5 | . T (3.10

Now, the polesgamping ratipandnatural frequency can easily be extracted.

. p b1
3.11
"M TF e 18 (3-11)
1 l_ (312
5 '
p
- — (3.13)
¢ 1L O]

Interestingly, the natural frequeneguation 3.2 is the same asquation?.3that predicts

where the ogamp will oscillate except withQ

is substituted irand rearranged

Fortunately, botmatural frequency andamping ratiadepend on the same measurable or
known quantities. @cei has been estimated from theasuredscillationfrequency
( or’Q),the system can be shown to be underdanipedp).
Reuvisiting the characteristic equation standard form in equation 3.10, it describes
a classical secondrder homogenous system for which the poles are diyen
amo 41 - p (3.14)
where if—  p the poles forma complex conjugate paifigure24 illustrates on a pole

zero plotthe relationship between tdamping raticand how complex the poles become.

They lie in a semcircle about the origin with a radius defined by and the angle by.
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J(s)

+)|'.UJ['| \l - ;_I

s-plane

R(S)

=1

JjwnN1-C

Figure24. Poles become more complex as damping ratio decreases.

Jumpingback to opamps, frequency response can also be viewed on a@aelot
where, by design, the twaain polesare set very far apart on the reais.However,
with heavy capacitive loading, the secondary pole to the right gets pulled bagliand
into a pair of complex poleas illustratedb y t he sy s tieRgdre25 They t
then begirto cause oscillatory behavior parasitic to the control loop.

J(s)

s-plane

Y
~

£ X

(W R(s)

Y

x n

Figure25. Root locus of oamp modeled as@ontrol system. Dominant and secdonary poles come

together and become complex.
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3.3 Compensating the Feedback

Op-amp characterization methods have beettinedto allow calculation of
transfer and loop characteristics. It has been shown that usingstakility oscillation
frequency Q¢ I'Q 1 and-can be estimated for a given deweith feedbackSo the
challenge remains of the how thgstem can be modifiegdwarda critically damped
(-~ p state. The modular nature of the control loop duegever serve possible
remedy.The contents ofYi are more easily accessible than dlieer two elements of

the loop Figure23), and currently andd occupy this Laplag block.

Network

I
VVW— -
| Compensation
I
I
I

Figure26. T(s) can be supplemented with a compensation network that could stabalize feedback.

Zooming inon“Yi , it lends itself to one possible class of solutions where a frequency
compensation network inserted between the emp and loadThe rest of this thesis is
dedicated tdurther developing this block and possibleCRhetworks that can be used.
Chapter 4 will present the commonly used method of using a shunt resistor to
lower the output impedancas well as theomplementarynethod of using a series
capacitor to lower the load capacitance, and generalizeitteracomposite method that
uses both. Relevant loop parameters will be derived and selecting right values will be
discussed. Chapter 5astepby-stepguide to degjning this compensation network that
considers tradeoff&inally, Chapter 6 summarizes results of simulations and lab
experiments of the composite compensation netwockessfullypeing used with the ep

amps from Chapter 2.

26



Chapter 4: Proposed Solutions
4.1  Method 1: Shunt Resistor

Placing a shunt resistor at the output is a commonly used tactic in an attempt to
lowertheopa mpO0s out put i mpedance. Thiclesedsect i on
loop systemlook at how he operoop response is affecteaid show gractical

implementation.

Lo
ul wuls _|_\,/\/\/\

A Integrator

Req = ro||R1

I
|
f
|
R1 —_—ocL |
|
|
I
|

B=1

Figure27. A resitor shunted to ground at theamp output biases the output stage with more current.

The compensation netwof transfer characteristic is given below. Comparing it with

Equation 3.qwithout'Y ), it is obvious thaty will influence the closedoop.

i Y At
Yioi Y i 4.1

4.1.1 ClosedLoop Analysiswith ExampleApplication

Looking into theoutput the equivalent resistance seen Y , as illustrated in
Figure27. At the device level, the shunt resisamtuallybiases the output stage at a
larger DC current, which increases its transconducthno@ducests ouput impedance
to maintain a buffer gaif2 i of 1.However,i andY form a voltage divider which
ends up changing loop dynamid$ie new characteristic equatifrom the closedoop
transfer functionrearranged into standard foris given below.

Yoio,

i ——{ — ™ 4.2
Yi O | O 42
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From here, it istraighforward to extract once again the poles, natural frequency, and

damping ratio

— Y ooi Yoo 1 43)
nm Y16 Y16 10 '
1 L (4.4)
16 :

P L
_ —Y 4.5

G 107

Equations 8 through4.5 reveah fewvery importanioutcomesThe introduction ofY
has no effecthe natural frequency amthmping ratias now tunable througly , as
compared with Equations 3.12 and 3.0B®taining wellbehaved feedbadkenbecomes
a matter of selecting the proper valueor

Considerarealworld applicationvhere a device has been characterized
i prtm, Q p0 Odandd v 1® "GFrom Equation 3.13f can be shown that
-L p

_ P I RTRAYS 4.6

MpmIw Ep T 2¢° Zp T

A real circuit so underdampesllikely to exhibitsustained oscillationg.hen with 'Y
added in;-can be se to 1 for a critically dampggstem or to 0.707 for a Butterworth
response with a maximally flat passband (frequency respo8s#fing— 1 TR

Equation 4.5an appropriate value fof can be obtained

p BT
T X — A Y p8m *.7)
CMpmmaw wpm z2¢“zp m

Although it is not practical to load an-@mp with such a smallalued resistor

(something that will be dealt with in a later section), this will dampen out the natural

frequency with minimal overshoot in the impulse response.
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4.1.2 OpenLoop Analysiswith ExampleApplication
Opening the looponly the feedforward (loop forward gain) remains, but it is

enough teevaluatesystem stabilityvith simple feedback present. Recall that
—2z"Yi , the loop gain can be written using the compensation network:
- Y
i Yioi Y i
Y
—|,—Z. —Z p,, - 4.9
LY YS ol p

From the ope#loop transfer function, it can be seen that introdutingnto the circuit

shifts the parasitic (secondary) pole to a higher frequengy— at the cosof reduced

gain by a factor of—. If the pole has been shifted far enough, wgéyn will occur at

7 8s illustrated ifrigure28 below.

% CcTRIVQC

2 p
0 1Y
f (Hz)

0 /
] /
A T ™0 &FQ Q¥

Figure28. Secondary pole is shifted out, but opeop gain is reduced.

When feedback is applied, a secardertype| control system is formedi{o
poles one integratgr With one pole near the origin, and as long a®theroccurs
beyond the unitygain, phase margin is greater thari 46d stability is maintainedhe
preferred location for the second pole is at twice the tgatg frequency, which results
in a Butterworth response. This constraint can be realized by deriving a-fdosed

expression fory .

P _r 4.9
Yg 6 S5 a7y *9
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|
Y —— 4.1
61 p 19

In fact, Equation 4.10 is a rearranged form of Equation 4.5-wittpfVi¢ (or
0.707). So once agaiopnsidering a realorld application where a device has been
characterized with p mm, Q p0 Ogandd v ® "Orhe same value foy
can be obtained with Equation 4.10.

p T

Y - p8m (4.11)
WGzpmaw ®p T 2¢"2p T P

4.13 Practical Implementation Requires an Additional Capacitor
A shunt resistor by itself is an impractical solution. Because of its small @alue,
large amount of DC current would be demanded such that taenppnight shut down
or its slewing action would never allow steady state to be rea8lhsithpleway around
this is to place a D®locking capacitor in series with the compensation resistor.
|l iterature, this is known as an AR@ Snubbe
addition to acting as ener@psorbing element used to suppress voltage transients
(overshoot, in this caselhe value of this capacitor should be large relatiiéo
frequencies of operation such that it does

action and can be ignored in the transfer function.
in)
ro out
j%m —F—CL
<

Figure29. R1 is typically small in value, so C1 prevents it from conductitagge current.

For this to be an effective strategy, the-BiBcking capacitor should act as a short

circuit at higher frequencies while absorbing or blocking lower frequencies. Thus, its
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reactance shoulde smallcompared toY atthe unitygain frequacyby at least an order

of magnitude. An inequality can be expressed under this constraint.
y R sOb 1
pTEI 3 o 17TY (412

0 pTm u (4.13
Y
Consider, this time, a compensation simulation with the LM358. Parameters
extractedrom simulated characterizatiamne™Q p0 Ocandi v pmfor 6
L & "UJsing thes@umbersvalues forshunt resistolY andDC-blocking capacitor

0 can be determinedsing Equations 4.10 add13.

v ‘ up 0 B
NWczupgumrpm zg-zpmm p
. P L @p B . L (4.19
o] % o] @ O

A reasonable standard valuetof p 6 "©@an be chosen to ensure low reactance at high
frequenciesFigure30 below shows simulations of impulse and frequency response for
an LM358 opamp that is compensated and uncompensated.

330mV ¥[uncompensated) V[compensated) 2048 Y[uncompensated] ¥[compensated)
300mY-{ 16dB+
270mVY-| 12dB
240mY{ 8dB+
210mvy{ AdB+
180mY{ E 0dB
150mY-| -AdB-|
120mY— -8dB
90mY— -12dB
60mY— -16dB
30mY— -20dB
Om¥— -24dB—
-30my T f T f i f T T f -28dB T
Ops  8pus 16ps 24ps 32ps A0ps 48ps 56ps 64ps 72ps 80ps 100Hz 1KHz 10KHz 100KHz 1MHz

Figure30. Shunt compensation eliminates ringing and gain peaking.

Whenuncompensated, there is severe ringing in the time domain that is reflected as a
sharp resonance in the frequency domain. When compensated, a small amount of
overshoot in time and frequency can also be ,ds&h of which are most likely artifacts

of a Buterworth response with 1@ TT.X
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However, this compensation strategy ends up being expdresagise the ep
amp must drive not only the load, but also the RC snubber neth®dimulated in
Figure31, the AC current through the Ra1 branch is about 26 dR0x) larger than the
current through the 50 nF load capaciurrent conduction has increased by a factor

approximatelyp 6 70 , which is 21 in this case.

8dB Ic1) I{Cload)

-16dB+
-24dB+
-32dB+
-40dB+
-48dB
-h6dB+
-64dB—
-f2dB
-80dB+
-88dB+

-96dB - H——
100Hz 1KHz 10KHz 100KHz 1MHz

Figure31. At lower frequencies, C1 conds0 times more current than the load.

4.2  Method 2: Series Capacitor

Placing a capacitor in series with the las@ method not found in literatyteut
the principle behind it isomplementaryo using a shunt resistor for dealing with the
pfi O parasitic pole. Instead of lowering resistance, ¢hisuit attempts to lower the
equivalent capacitance, whichrealized as the series combinationh&compensation

capacitorand load capacitor.

T2(s)

B R P i ey oy

| ro | | :
+ wu/s } \/\/\/\ | | I
— | I
Integrator

A : 1 L

| Ceq = C1||CL l

| < |

I I

B=1 [ | | | | | | | T [ 1 1 1T T TrTTrT
Figure32. A seriescapacitor reduces the load capacitance seere T i| | 0 o0 pégétf;Ta&p 00; .defines
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The compensation netwofk transfer characteristic is given below. Comparing it with
Equation 3.7 (withoud ), it is obvious that will influence the closedoop.
0

“Y i —_—— = 4.1
i00i O O 4.19

4.2.1 ClosedLoop Analysis with Example Application
Looking out of the oamp, the equivalent capacitance seen+s—, as illustrated

in Figure32. Here,0 andd forms a voltage divider where feedback is taken which
affects loop dynamics. The new characteristic equation from the dlosedransfer
function, rearranged into standard form, is given below.

6 o6 , 1

i — — T 4.1
i 00 i 6 (4.19

From Equation 4.16 the resemblance between shunt resistor and series capacitor
compensation becomes more clear. Poles, natural frequenaa@pihg raticare
extracted below using this equation.

| 0 O 0 O 1 417
i Q60 66 10 |
1 - (4.18
i0 '
0 0
_ 9 (4.19
¢ 10]
As expected, the additoin6fhas no ef fect on the | oopos

damping ratidoecomes tunable in terms of this capacitor. Obtainig-bedtlaved
feedback is now a matter of selecting a proper valué for

Consider the same reaforld application as before with p Tm, "Q
p0 'Ogandd v 1® "CFrom Equation 3.13, Was shown that @&t Y andich is
small enough for sustained oscillations in a real circuit-Bym& 1 §nd solving
Equation 4.19 fob , the control loop can be tuned for a Butterworth response that

dampens out oscillations quickly.
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LV T% TT
p — T

Mpmaw wpm 2¢* Zp T

& TX (4.20

6 x8g'C

With this value for0 , the capacitive load seen by theapp is brought down to a more

manageablé @® ¢ "®o the parasitic pole is shifted back outward by a factor of

almost 7.

4.2.2 OpenLoop Analysis with Example Application

Opening the loop, the forward gain can be written using compensation network
“Yo6s transfer funciton.

o 1 0
0 i —2—FF
i 1606i 6 ©
—|_Z 0 z - "p (42])
i o o0 , 00 . :
| =31 P

From the opeittoop transfer function, it can be seen that introdudinmnto the circuit

shifts the parasitic (secondary) pole to a higher frequerey— at the cost of reduced

gain by a factor of—. If the pole has been shiftéal enough, unitygain will occur at

as illustrated irfFigure33 below.

CMIQQC

Aol (dB)

Figure33. Secondary pole ishifted out, but opetoop gain is reduced.
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With feedback applied, a secendder, typel (two poles, one integrator) control
system si fromed. With one pole at the origin, and as long as the other occurs beyond the
unity-gain frequency, phase margingieater thad5° and stability is maintained. The
preferred location for the second pole is at twice the tgatg frequency, which results
in a Butterworth response. This constraint can be realized by deriving a-fdosed

expression fob .

P a1
1 00 p O T0 (4.22)
(0] (0]
. 0
0 — (4.23
Gl O] p

In fact, Equation 23is a rearranged form of Equatiorl@with —  pV¢ (or
0.707). So once agaiognsideringanapplication withi prtm,Q pO O¢and
0 v 1® "OThe same value far can be obtainedsingEquation 423.

VTEP T (429

0 = - X& ¢ 'C
Uczpmaw ®pm 2¢"2pm p

4.2.3 Practical Implementation Requires an Additional Resistor
A series capacitor by itself is an impractical solution because the series connetion
of 6 and0 causesv to become an isolated node with no DC path to any other node. It
does not have a detemmstic initial condition and is not capable driving dagdback.
This problem is easily alleviated by placing a resistor in parallel@vitb provide a DC
path to and from thé node.The value of this resistor should be lasgét does not
interfere with the capaciignoredirsthedcransigpens at i n

function.

: R1
+ ro —\/\/\— out

I | ———CL
C1

%

Figure34. The output node becomes isolated, so an additional R1 is needed to provide a DC path to it.
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For this to be an effectiv&rategyyY should be larger in value théme reactance af at
the unitygain frequency by at least an order of magnitude. An inequality can be

expressed under this constraint.

Y pEIW SO (4.25)

p 8718
6 76
P 00

Y 5

(4.2

Consider again a compensation simulation with the LM868 p 0 "Ocandi
v amford v 1® "QUsing these numbers for series capaditaand parallel resistor
'Y can be determined using Equationd3and 426.

. VTEP T
0 N prx e O
NCzuoFump T 2¢" 2p T P
: p LD K .
4.2
Y pﬁpﬁ(lpnzc“an 0O Ytm (4.27)

A reasonable standard value¥df p @can be chosen to ensutresistance is higher

t han t he capaci frequentissFigue2bbdoa showes siraulatiohsooiv

impulse and frequency response for an LM35&oyp that is compensated and

uncompensated.
130mV Y[uncompensated) ¥Y[compensated) 20dB ¥[uncompensated) ¥Y[compensated)
300mY— 16dB~
270my— 12dB~
240mY— 8dB-|
210mV— Py AdB
(Ve

180mY— 0dB
150mVY— -4dB~
120mY— -8dB~

90mV— -12dB+

BOmY -16dB—

30mVy— -20dB+

OmVY— -24dB+
-30mv T T T T T T T T T -28dB T T T
Ops  8ps 16ps 24ps 32)1s 40ps 48ps 56ps 6G4ps 72jis 80ps 100Hz 1KHz 10KH=z 100KHz TMHz

Figure35. Series compensation eliminates ringing and gain peaking.

When uncompensated, there is severe ringing in the time domain that is reflected as a
sharp resonance in the frequency domain. The results are nearly identical to using shunt

resistor compensation shownHkigure30. With series capaor compensation, a small
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amount of overshoot in time and frequency can be noticed, both of i dikkely
artifacts of a Butterworth response with 1 T11.X

However, this compensation strateégg ends up being very expensive because
the opamp need$o be capable of a much larger voltage swing at its ouphile
voltage across the load follows the input, voltage at thenop output is larger by a
factor of approximatelp 6 76  v& (~15 dB), & simulated irFigure36. Clearly,

this approach is inappropriate in low voltage supply environments.

164B ¥[vout] ¥[vload]

12dB
8dB—
4dB—
0dB
-4dB+
-8dB+
-12dB—
-16dB—
-20dB—
-Z24dB—

2 BB
100Hz 1KHz 10KHz 100KHz 1MHz

Figure36. At higher frequencies, the émp needs a larger output swing to maintain stable feedback.

4.3  ProposedComposite Methodi Using Both

Thus far, shunt and series compensagipproachefor driving heavy capacitive
loads have been presentdthis segues into the core purpose of this thesis: a generalized
composite compensation strategy that uses both of the aforementioned methods. Since a
shunt resistor by itself requiredargercurrent, and a series capacitor requaksger
voltage swing, a compositechnique can be developesing both that makes a better

tradeoff between current, voltage, and compensation.
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wuls _i_\/\/\/‘ | |

Integrator | 1
| Rc ——CL
: Ceq =Cc||CL
|

Req =ro||Rc

Figure37. Using shunt and series comepnsation, outptut impedance and load capacitance are reduced.

A complementaryy 6 passive networkan beinserted between andd to
lower their respective influences the parasitic poléherebyeffectively pushing it
outward.Figure37 illustrates this effect. The compensation netwfkransfer function
is given belowCompared to an uncompensated loop in 83.2 and Equation 3.7, it is clear
that'y ando will affect the closeeoop response.
YO

“Y i - — _ 4.2
YL OO Y 1 O o} (4.28

43.1 ClosedLoop Analysiswith Example Application
Looking into the opamp, the equivalent output resistance has been reduced to

i Y, and looking out of the e@amp the equivalent capacitive load seer-is-. With

this passive network added in, the new characteristic equation from the-ldoped
transfer function, rearranged into standard form, is given below.
i Y 6 0 , 1

i i — ™ 4.2
YIL 0O | O (4.29

From this equatiompoles, natural frequency, addmping raticare extracted.

| i Y 0 O i Y o6 0O 1 4.30
f cY1 00 Y1 600 i 0 '
1
T 4.3
1 5 (4.39
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_ (4.32
¢ 017

The natural frequenycdoes not change as expected, butiimaping raticmow contains
two unknown variablesY and6 . Obtaining a welbehaved feedback now becomes an
optimization problem based on the given application.

To this end, aw parametersan bedescribpech s t h e fi c coefficiend s at i on

for 1 XY ando 710 .

I
- p 2 (4.33
0

- p (4.34
Following the discussions 84.1.3 and 84.2.3; will dictates how much morirrent

Os=

the opamp must supplyand- dictates how much more voltageing it must have
available Given the recent trend in electronics toward lower supply voltages, the
following example will optimize-for a low voltage supply environmerithis requires
— to carry a greater weight than. Forthe sake of argument ¢z — isset

arbitrariy and substituted ivhich simplifiesthe damping ratidormula.

- _ & &~ (4.3
¢ 617 ¢ 617 '

Once- s calculated using this formula (for a desit¢d- ,"Y , andd can be

computed.
Again, consider a situation with the LM358, p0 "Ocandi v gmfor 0
T X Dis time witha desired- T TT.X

T TUX — = X (4.39
FTXpTZC ipT

This compensation coefficiedictates thab X & ‘@andyY ¢ qn

43.2 OpenlLoop Analysiswith Example Application
Opening the loopthe forward gain can be calculated as the product of the
integrator andY i .
1 YO

0 I — 7 - — =
1 YL 0Ol Y I O 0
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1_ , Y O , P
i i Y 60 0 Yi 00 i (4.37)
Y 186 &' P

From the opetloop transfer function, it can be seen that introdudingndd  shifts the

parasitic pole to a higher frequency ———— at the cost of reduced gain by a

factor of—— . This also pulls in the unity gain frequency-te——, as

illustrated inFigure38.

g CcTRIQQC
g
0
]
0 i
P 5 P v

Figure38. Secondary pole is shifted out, but opeop gain is reduced.

When feedback is applied, the system remains secatat, typel as before. Stability is
maintained as long as the second pole is far enough to allow at3eastphase margin.
For a Butterworth response, the preferred location is at twice thegamtyrequency.
This constraint is realized by writing a closiedm equation

p ]
~ — (o = ~
Y 00 0 1 (4.39
Y 186 & P 5 P v

It turns outthatthis equation can be rearranged to take the same form as Equation
4.32 with— 1 T.if — and— are defined similarland shunt compensation is set to
carry a greater weight than series ( ¢z — ), then Equation 4.38 can be used to

calculate the same values for x @ "@ndY ¢ qu
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4.3.3 Practical Implementation Require$wo Components

Frequency compensating the-amp using justy 6 has the same issues as
using either series or shunt compensation by it¥eltiraw a large DC current arid
would create an isolated feedback (output) node with no DC path. To mitigate these
obstacles)Y and0 must be added ahown inFigure39. 6 forms a snubber network
with 'Y and will prevent conduction of a laadp>C current, an&¥ provides the feedback

(output) node with a DC path so it can be properly driven.

in) R1
ro —/\/\/\/— out

I

Ge —ocL

o ¥

Figure39. Additional DC blocking capacitor and DC conducting resistor are required.

For this to be an effective strategyshould preserlbwerimpedancehan’y athigh
frequeng, while'Y should present higher impedance tidarat high frequeng To put
Ahigh frequencyo in a relative context, i
by an order of magnituda thenew unitygain frequency

pPTEIW s Y (4.39)

Y pE D (440

Solving these inequalities for the additiodaland'Y

0 |

) P 3 P v - -

O pT vz pﬂ? (441
0 i

. P g P v - - (4.42

Following the example witfQ p0 "Odéandi v gnforé 1 ¥ 'Ot was
foundthatd x @ "@ndY ¢ qn These numbers yieldl o w&@ndyY
p ¢ m These can be rounded up to standard values of 470 nF angl EgQire40
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showssimulations of impulse and frequency response for an LM3E&shagp with this

compensation and one without compensation.

330my ¥[uncompensated) V[compensated] 3048 ¥Y[uncompensated) VY[compensated)
300mvy— 24dB+
270mvV— 18dB+
240mV— 12dB
210mvV— 1 6dB—
180mV— Y 0dB
150mV— -6dB—
120mvV— -12dB—
90mVY+ -18dB—
60mY+ -24dB—
30mV+ -30dB—
0my— -36dB—
-30mY -42dB

T T T T T T T T T o R | | L |
Ops  8ps 16ps 24ps 32ps 40ps 48ps b6ps G4ps 72ps 100Hz 1KHz 10KHz 100KHz 1MHz

Figure40. Composit compensation eliminates ringing gath peaking.

When compensated, a small amount of overshoot in time and frequency can be notice,

but they are likely artifacts of a Butterworth respor@aries damping coefficiert

p — pH @4.4dB) can also beerified. Figure4lillustratesthat at higher

frequencies the voltage at the output of theaoyp is approximately 85 dB greatey

which is very close to what was expected.

adB ¥Y[compensated) Y[op-amp]
R1
6B 1500
4dB— +
2dB— LM358 } I
0dB- Rc Cc L CL

22Q TinF 47 nF
-2dB|
-4dB| -

470 nF
-6dB|
-8dB|
-10dB e
1KHz 10KHz 100KHz 1MHz

Figure41. At higher frequencie, the egmpmust swing 4.35 dB more to maintain unity feedback.

It has been shown that a composite technique with series and shunt compensation
elementsexists and can be used successfully. The following chapter will outline a step by

step guide to using thtechnique and how it can be optimized for various applications.
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Chapter 5: Practical Designof the CompositeCompensation Network
Now that sufficient background information, modeling, and simulations have
been considered in detail, a design methodolagylbe outlined. For a known load, the
general process is:
1. Characterizetheega mp 6 s a c  u)asing @anBwerting configuration
2. Characterizetheep mp 6 s  p ie usingea fallavdr configuratiodriving ¢ .
3. Solve for theapparentdampingratio— and establish a desired
4. Consider operating environment and set relationship bete@apensation
coefficients— and- .
5. Solve for required shunt resistod¥,, and series capacitor .
6. Determinevalues forDC blocking capacitor) , andDC condudng resistorY .
7. Simulate, optimize, prototype
The following sections summaritiee Composite Compensation Technigegeloped in
this thesis. Finer points that the designer might wish to consider are highligigeces

and equationsra repeated here for convenience

5.1 Determine the ActualDevice Characteristics

The datasheet might say one thing, but more likely than not devices perform
better than theispec.In some rare cases they perform poorer than expected which is why
i tirdpertant to quantify the performance of the deatieand.

5.1.1 Gain Bandwidth (GBWo,)
It may still be reasonable to just use the given, nominal GBWit can be easily

determined using amverting amplifier configuratiorSweeping the ingwp to a

ik frequency whereb €has minimal distortionp €
vn 100 kQ
AV andw &should be measured at a handful of points.
R1
AT GBW {  can be determined using the formula
below.
N (6] - Q Qz0
wE

Averaging the GBW should be a sufficient measure of its approximate value.
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5.1.2 Outputimpedance &)

The output impedance of an-amp depends virtually on every environmental
and circuitparameterthe most important ones being DC output currempply voltage,
loadng, anddevice PSRRSo, when characterizirig it is important to replicate supply
voltageand loadhat will finally be used. The epmp should be placed in a voltage
follower (buffer) configuration driving the capacitive load (dsglit supply is assumed,
but in single supply operation, the positive termizaibe tied toww 7¢). The oscillating

waveform ofw  should be viewed on an oscilloscope so its approximate frequency

("Q ) can be notedl'he following formulacan be used to
determine the output impedance.
"0
C“ z9 z7°Q
g The experimentally determiné@ can be used

Vout

N

On a side notef is possible that the amplifier is walkesigned and can maintain a
DC outputon a highly capacitive load. Its step response, however, will almost certainly

exhibit ringing, in which case the ringing frequency can be used inste& of

5.2  Determine Desired DampingRatio ( )
Sustained oscillations are indicative ofexteedigly underdamped system

which can be quantified using ——— Knowing this value may give insight into

how much compensation is required. Typically, a cldseg with— & will ring
indefinitely. If & — T1@&), ringing may require aefatively long time to die out.
Although— & T pepresents Butterworth responseith wided and flattest possible
passband, it my not be realizable due to dimearity in a real circuit Finally,— p
represents a critically damped response withgthiekest convergence to an impulse in
the time domainhbutdamping upwards of ¢ may be required.
At this point itis up to the designer to choose a value-forhe range of
™ TTX — ¢ is desirable for a welbehaved system. In general, less compensation is
required for a lower value which translates into lower power and greater available voltage

swing.
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53  Consider Compensation Type for Application

The composite method relies amat modes of frequency compensation that aid in
shifting the parasitic pole outward. Using a shunt resistor to lower output impedance but
increases current consumption, while a series capacitor lowers load capacitance but

reduces output voltage swing.

53.1 Relatet -andt, Calculate F-and .
To quantify these effects, two additional parameterslefieedthat appear in the
compensatedamping raticequation.

- p —and- p —are referred to aseries and shuidkamping coefficients that

reveal how much more current and voltage is required due to the respective elements.
More importantlythoughone can belefined in terms of the othso priority can be
assigned.
For examplethe designer mighdecide that maintaining voltage swing at the

output isa more important tradeoff thaurrentso—  ¢— can be assigned.
Substituting this inthe damping ratio equation can be simplified to having only one
unknown variable.

c—
G 017

With the desired known,— can be solved for which allows a solution for, 0 , and

Y . However, the theoretical values for these components may not actually correspond
with standard valued parts. For exampl@® if x @ "@vas calculated, #n the nearest
available standard value @f g "@Will have to be chosen to keep costs I8ut to allay

any concernghe corrective property of this technique is relatively insensitive to

component tolerances.
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5.32 Determine Values foDC-Blocking  and DC-Conductingd

Lastly,a DC blocking capacitor is required to prevéntfrom conducting too

much DC current, and a parallel resistor is needed to provide the output with a DC path.

However, these additional componestiould notffect the transfer characteristic@f
and’Y that enables frequency compensation. So as the-gaityfrequency approaches,
06s i mpedance should reduceY&iopedancandr d e r
Y6s i mpedance b edeareateotmad eThe faldwingrfarrguas darube
used to realize this.
+ m 6 pr —_'YT —
Rc Ce CcL

I v oo

Once again standard valuesn be used, but

c1

<

will increase loading with the circuit thet is driving, and a larged will increase AC

should be no larger than needed. A lafyger

current through the shunt branch (which draws most of thegpoutput current).

54  Simulate, Tweak, and Prototype

Finally, the compensation network desig complete and should be simulated to
verify its utility. Figures of meriinclude the cutoff frequency amgin-peaking
suppressioin the frequency domaijimpulse overshoot and available voltage swing in
the time domainHowever, simulations may nbe entirely reliable. The designer is
encouraged to evaluate the real circuit with different numbers for damping ratio and

compensation coefficients.
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Chapter 6: Lab Experiment with Compensated OpAmps
6.1 LM358 Composite Compensation
Recalling characterization data from §2.3.1, value® faand'Y are calculated

under the constraints pand- ¢— .

Load Observed Instability Compensatiol€omponents
CL (nF) | fosc (kHz) f,pole (kHz) ro( Y Cc (nF) Rc (Y
1 450 171.6 927 1.6 414
4.7 120 12.2 2775 2.2 526
10 100 8.5 1878 4.1 320
47 79.1 5.3 639 16.4 95
100 67.7 3.9 410 31.5 56

Table8. Compensation components calculated for a critically damped response.

With precise values calculated, standard components close in value must be selected
based on availability. The additional requifédando are calculated and selected as

well, and the resulting damping and compensation coefficients are determined.

Load Compensation Component Additional Components  Stability and Coefficients
CL (nF) Cc (nF) Rc (Y R1 ( Ci(nF) | Damping(f) t4 t.
1 15 390 5.1k 22 1.07 34 17
4.7 2.2 470 15k 68 1.10 69 31
10 3.3 330 12k 100 1.14 6.7 4.0
47 15 91 3k 680 1.11 80 4.1
100 33 51 1.5k 1000 1.04 9.0 4.0

Table9. Resistors and capacitors rounded to standard values so damping ratio stays above 1.
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LM358 Compensatetinpulse Response

1200 2 1.0002 0,008/ Buto

CL=1nF
Falling Edge

Rising Edge

CL=4.7nF

Falling Edge
CL=4.7nF

Rising Edge

Figure42. Natural frequency is damped out when theneoisnput.About 15% overshoot is presesith a
1V impulse and ®me ringing is alsappearsn the falling edge of the 1 nF loabhis is likely due to the
nonsymmetric design of the output stage

LM358 Compensatetinear SignalResponse

1kHz at1 }\/pp 1kHzat1 \/Tpp

Figure43. 1 nF is driven without any noticable distroti¢tor thelarger load, 4.7 nFsome evidencef
distortion isapparenbecause obutput stage deadzones creeping in along the peaks and troughs.
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6.2

LMC662 Composite Compensation

Recalling characterizatn data from §2.2, values fod and'Y are calculated

under the constraints p and—

C— .

Load Observed Instability Compensation Components
CL (nF) | fosc (kHz) f,pole (kHz) ro( Y Cc (nF) Rc (Y
1 570 181.5 877 1.3 345
4.7 286 45.7 741 3.1 185
10 217 26.3 605 5.3 128
47 157 13.8 246 19.8 43
100 129 9.3 171 36.7 27

Table10. Compensation components calculated for a critically damped response.

With precise values calculated, standard components close in value must be selected

based on availability. The additional requirédandd are calculated and selected as

well, and the resulting damping and compensation coefficients are determined.

Load Compensation Componen| Additional Components|  Stability and Coefficients
CL (nF) Cc (nF) Rc (] R1 ( Cil(nF Damping () 4 b
1 1 330 6.8k 22 1.16 3.7 20
4.7 2.2 200 6.2k 68 1.18 47 3.1
10 4.7 120 3.6k 220 1.15 6.0 3.1
47 15 47 1.6k 680 1.13 6.2 4.1
100 33 27 820 1000 1.07 7.3 4.0

Tablell. Resistors and capacitors rounded to standard values so damping ratio stays above 1.
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LMC662 Compensatetihpulse Response

500.0%

CL=1nF

Falling Edge

Figure44. Unfortunately, LMC662 is a bit more $thiorn with its natural frequency, a greater damping
ratio is requiredThe falling edge on a 1 nF loadwell-behaved, but the rising edge rings for about 15 ps
most likely due to a nonsymmetrical output impedance.

LMC662 Compensatetinear Signal Response

Figure45. Thecompensated amplifier is able to drive capaeiloads with a linear signalithout any
noticeable distortion or ringing artifacts.
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