















































































































Circuits Op Amp Comparator Oscillator dynamics

Reminder The Op Amp
In its linear range the op amp ideally looks likea vers dependent source with large gain K

However the outputvoltage can onlyswing over
crenge limited by its power supply valves

VSV out langleXrt
outputvoltage
will clip with
limits between

N1V91

The symbol for an op amp
vs

0 1
vt bot

vb pm

KleftVVrightfrac1T
pm t Vout

fracT
Linear rangemodel

A prectical opamp has an open loopgain k that isvery

vVI v1
v0UT

1 negdiv
Vs

large 105 106 in practice Ideally we treat as krightarrowinfty

In practice the outputvoltage Vout is constrained to
remain within therangeofthepowersupply i e between
leftVsXsright or an ever narrower range eg V3 ar VstDeltaVrangle

Deltav out
VstDeltaVe.g if
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VST15VVS15VDeltaV3V vIleftvvright
Voet inleft1212rightv
range neg VSDeltaV


















































































































Circuits Op Amp Comparator Oscillator dynamics

One way we can use an op amp is as a comparator
there are specialversions designedspecifically for use as
comparators though we can do this function withmostop
cups

Suppose we want tocompare some input voltage
upsilon

in
to a reference voltage Vref

2 YourVst
rightharpoonup

vs
vb

tpm REF v1 vIMVREF
Vout vsXi theta

pm
overlineV5frac1TVEN

Our comparator can tell us whether or not our input
signal is greater than or less than the referencevoltage
In reality theoutput transitions over asmall but nonzes
rangeof VRer v1 but k is big so transition range is small

2 Your V0V REF v14UtV
idealv0Kv IniVREG

rceil

v57vs

tvIM
VREF

slew rate
dildtvs

vIdeal prectical

In reality the speed withwhich theoutput can switch
is finite with a limiting slew rate in outputvoltage that
depends on thedifferencebetween vtv _up to a practical
maximum that depends on the device
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A problem with comparator circuits is that theoutput
can chatter back and forth for inputvoltages near thereferencevoltage such that vt is verycloseto V especially
in the presence of noise

noisy VinNont VOUT Vst
VREF

bigtriangleup

hatz Fast
nablat hat

VOUT Vs

Such chatter can cause problems for circuits that try to
use Vout

We can fix the chatteringproblem with positivefeedback
that causes hysteresis in the switching

RB seedemo
Superposition to
find vt

mm
RA

Vst

vtRA
vb Rbetapm

tv vt
V275REF v1 pm

neg rOutVout
theta Xi

pm
DeltatoverlineV5 VRVEN

overlineneg

If v our VstleftrightarrowVlmlV REF fracRBRARBVStfracRARARB
If Vout VSleftrightarrowVINV REF cdotfracRBRDeltaRBVSfracRARDeltaRDelta

V2Delta
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VontA Deltat cdotsfracwedge

VRDeltaV2VRDelta
vs bigtriangleup nabla

l

vIMVRDeltatV
DtRvs

V2Delta
leftright a

VI
v5

The transition threshold is different for positive
and negative goingtransitions so we do notgetchatteringat the boundary Positive feedback providerhysteresis

we can also use hysteresis with both the and ve
feedback to build an oscillator e g togenerate a
clock signal RB

Vst

vtRA
vbfraclceil tv v1

v0
vdots

V5Vc

neg

CT RT

Consider v0vc as a functionof time
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Vs
bigtriangleup

DeltatfracRARARBVsttDeltafracRARARBVSVclefttrightrightharpoonup

bigtriangleup

vo utlefttright

VsvclefttrightVStleftDeltaVStrightetleftRTCTright
The oscillation period is related to the output saturation
voltages here VsVs hysteresis band size
at a determinedby RA RB and the time constant
RTCT

In practice op amps have internal dynamics yielding
response speed limits A slightly more sophisticated
model for a real opampmight look like

run
R

pmleftvvright
V t

overlineTcV
t

kVpm
V out

frac1v

e.g the LM741 opamphas K 200,000 tauRCsimeq002Sec
The open loopbandwidth is low but closed loop bandwidth
can behigh
Considering internaldynamics we can speak more

quantitatively about how opamps responddifferentlyto positiveandnegative feedback
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Consider how such a system responds to positive
and or negative feedback i.e to positive negative
inputs
We will see that positivefeedbacktends to drive the
system unstable while negativefeedbackmetac it
more stable

If we have feedback toboth and inputs whether
thesystem is stable and will attain equilibrium depends
on whetherpositive or negative feedback predominates

R2R1
frac1T

V 0tCoulddrive
with inputs
here

beginmatrixmmleftvvrightfracICTendmatrix a KV
I

pm
V out

0
div

frac1v

R4R3
frac1T
v Out kVthereforeVfracV 0

K
47

positive feedback VtfracR1R1R2cdotV out gammanu out

negative feedback VfracR2R3R4cdotV out gammav out
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Consider the dynamics of this system

Cfracdvdtfrac1RleftVVVright
RCfracdVdtVVV0

frac1kRCfracdVoutdtfrac1kcdotV out gammaiVoutgammatVout0

or fracdvdtOUT frac1RCleft1Kleftgammagammarightrightv out 0

Efb is system time
constant with feedback

This is a first order linear constantcoefficient differential
eqn with a time constant

taufbfracRC1Kleftgammagammaright

1tautb

Natural response hes form v out V0ettaufb
iddots

Voulwedge taufboleftpartialgammafrac1kright0
taufbrightarrowinftyleftgammagammafrac1krightv0

taufb0leftgammagammafrac1kright
approx0

So if feedback is net negative gamma7gamma we arestable
but if feed back is net positive gammagamma we will
become unstable
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There arealso other non idealities that can be captured
with added circuit elements

v
K2leftVVright2

rfloor

1Vt
1
BIASfrac1i
0

t

V out
downarrow R outVoffset

pmRIN KleftVVright
v overlineV

common mode rejection ratio
CMRR K Kz ideallyinfty

downarrow1Bias 1

LM 741 LF 356Typical Specs I deal

as 105

a 3200

Rout 2752

K 105
104CMRR

0.1 402
frequencydependent

1012Omega10mV100pA
Rin co 2mA

10mVV offset
Abias 2500nA

Achievable bandwidth also varies among opamps


