EE 230
Lecture 23

Nonlinear Op Amp Applications
— Waveform Generators



Quiz 17

An oscillator based upon a comparator with hysteresis is shown. If
Vgerau=12V and Vg, =-12V, determine the peak value of

Vouri 3
C = N Vour2
-
v 0K
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v

Comparator with
Hysteresis



And the number is ?
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Quiz 17

An oscillator based upon a comparator with hysteresis is shown. If
Vgerau=12V and Vg, =-12V, determine the peak value of

Vouri 3
C = N Vour2
-
v 0K
2t

v

Comparator with
Hysteresis

Solution: The peak value of the V1, waveform is determined by the boundaries of the
Hysteresis window

R 2K
Y = Vamo—=—=12V-— =2V
OUT1MAX SATH R1+R2 12K



Correction from Last Lecture

Modifications of Comparator with Hysteresis

Vour ¢
V Y,
IN .—>_ VOUT SATH
' Hysteresis eVSATH
Region
AW . Vi
R, N -
R R ov
e - 1 SATL
R*R,
VsatL
ViN °—>_ Vourt Vour 4 v
SATH
1-8)V_+8V,,
AMN (1-8)V,..+6V,,

P
(1-8) Vi 8V |

VREF Hysteresis

Region
VsatL+
r' Vourt vy
+ o VsaTH
R § R, Note this is the basic PN Vin
! 5= R, inverting amplifier with op I~
R, amp terminals interchanged
V|N VsatL

Many other ways to control position and size of hysteresis window



Review frgrg Last Lecture. . . .
Comparison of basic noninverting
amplifier structures

: B Vour
\ VOUT V /
/ IN
VIN
MV
VW If ideal op amps R R
R, ? R both have gain 1 ?
R
— 2
AFB =1+-= \v4
R,
v
A . o A
VOUT VSATH Region 1 Region | > VSATH
Region 2 Region 3
VIN
| . - | I
OVeatt| OVgarn 9V7( OVsamn
Region 3 VSATL vV Region 3
SATL

» Serves as an amplifier directly

« Stable

* No hysteresis loop

 Unstable

« Serves as comparator with hysteresis

Not useful as an amplifier directly



Review from Last Lecture

Waveform Generator

V R
_|_ OUTT__ AN A Vour
C S Vourz Veath T
, R I o
eVSATH - /’_’//_/’ .......... 47/_/.’./_ ............ ’.’_/4’4/_’.._
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. VsatL + -~ T —
Comparator with
Hysteresis
V. 0-1
- -ron{ &)
SATH -VSATL
this process repeats itself
the rise time and the fall times are identical
the period of the nearly triangular waveform is thus 2t,
T=2t,=-2RC In( Veur (8-1) ] If Voar,=-Vsary » this simplifies to
eVSATH -VSATL
1 1

1 1 1

fo__ -
T 2RC (GVSATH-VSATL ] 2RC In (1 +ej
In 1-8
VSATL (9'1)




Review from Last Lecture

R
Vou M\ for Vear =-Vsath
-~ C >__VOUT2 . 1 1
\ — o
A 2RC In( ej
Y R S Re 1-0
1 o R
v R1+R2
Vouri
A Vour2
VsaTH
R N e o

VSATL ]

Square and distorted triangular output waveforms
Slope of square wave is determined by SR of Op Amp



Waveform Generator with Linear
Triangle Waveform

C A Vour

V Vour2
R ? \ OUT1 _ > R

Vin

Noninverting Comparator
Inverting Integrator wth Hysteresis

Goal: Determine how this circuit operates, the output waveforms, and the
frequency of the output



Waveform Generator with Linear
Triangle Waveform

C A Vour

V Vour2
R ? \ OUT1 _ > "

Vin

Noninverting Comparator
Inverting Integrator wth Hysteresis

Lets first check stability

Since stability is determined by the poles of a linear network, must first
assume devices are operating linearly



Waveform Generator with Linear Triangle Waveform

Lets first check stability s Cﬁ
Vout- Vourz
Since stability is determined by the poles of a linear E ED
network, must first assume devices are operating R— Noninering Compaato
linearly
A Vour A Vour

Vin
_ IN w

Noninverting Comparator

Noninverti t
e — oninverting Comparator

wth Hysteresis

What is the linear model of this comparator? Linear region is area where slope is negative

Recall, in this region,

Vour= Ko Vi
|+
Vi Kovy

J7 Linear Comparator Model




Waveform Generator with Linear Triangle Waveform

Lets first check stability

Since stability is determined by the poles of a linear

network, must first assume devices are operating
linearly

>~ 0

R§ /_7\;1

?Ebﬁ

Inverting Integrator

=

Noninverting Comparator
wth Hysteresis

Vour

-K0V1 %

o=

Inverting Integrator

Linear Comparator Model

Linear circuit model

>~ O

V4

R§ /—7\;

-KOV‘I%

VIN
J7 Linear Comparator Model

Inverting Integrator

Linear Circuit Model with Excitation

(Recall do not need to provide excitation to find poles but details will be discussed later)

Vour




Waveform Generator with Linear Triangle Waveform

Lets first check stability

>~ O

Vi

NI |V ca

Vi ?

Inverting Integrator

J7 Linear Comparator Model

Linear Circuit Model with Excitation

Vi (sC+G) = V,;sC+V ;G
Vour =KoV,

Vour

| C

fgbﬁ

Inverting Integrator

Noninverting Comparator

Single pole at

K,

S=—2

RC

. The system is unstable !




Waveform Generator with Linear
Triangle Waveform

VOUT1

Inverting Integrator

A Vour

Vin

Noninverting Comparator
wth Hysteresis

Vourz

Since the comparator will be in one of two states, the current in the resistor
will be constant when V5 ;1,=Vgary and will be constant when V5 15=Vgar,.

Analysis strategy: Guess state of the V1., solve circuit, and show where valid

when Vg 1,=Vgarn Ir Will be positive and V14 will be decreasing linearly

when Vg 1,=Vgarn Ir Will be positive and V14 will be increasing linearly



Waveform Generator with Linear
Triangle Waveform

IR C A Vour VSATH ; VDD
T V,, =V
\V/ _ Vout2 =
R % \ OouT1 . ’ . SATL SS
-

VSATH: VSATL: VHYH: VHYL

Inverting Integrator _ _
Noninverting Comparator

wth Hysteresis

AVOUT‘I

Vsath 7 e e e

Vihvh __K_l__/‘\ .......... 7<___>_t
Ve L N NS N

VSATL T

Observe T = t,-t, = (t,-t,) + (t;-t,)



Waveform Generator with Linear
Triangle Waveform

Vour1

I C
R% ™~
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Inverting Integrator

\

A Vour

V

VSAT

Noninverting Comparator

wth Hysteresis

H; VSATL: VHYH: VHYL

V

SATH

VDD
VOUT2 V ; VSS

SATL
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Vouri
$ Vourz
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Waveform Generator with Linear

Triangle Waveform

C 4 Vo VSATH VDD
V

112

— AY
/1

R§ S VouT _ \iOUT \/SATL =
/

<V

Noninverting Comparator
Inverting Integrator wth Hysteresis

= i ' A Vour
Vsatk R R
y 7 7
HYH L e e — e — L — e — s — t
OUT1 SATH OuUT1 (t ) /\ l /\ >

V ('t1 ) =V Veart T \_\\_\’

OuUT1 HYH

valid fort,<t<t,



Waveform Generator with Linear
Triangle Waveform

I C A Vour VSATH — Yop
— AY|
/1 V ~
é \ VouTs - Vourz SATL — ~SS
R | Vi -
"
Noninverting Comparator
Inverting Integrator wth Hysteresis
Guess VOUT2=VSATH valid fort, <t<t,
OUT1 SATH OUT1 ( ) VOUT1 (t1 ) VHYH

at t=t,, V14 Will become Vg,

Substituting into integral expression for V1, we obtain

jV dT+V._

SATH

VHYL = - 1
RC



Waveform Generator with Linear

Triangle Waveform

I C A Vour

IR \|

I /1
S VouTi - Vourz
R —> Vin >
I
Noninverting Comparator

Inverting Integrator wth Hysteresis

Guess V5 15=Vearn valid fort, <t<t,

VHYL = - 1 t.f VSATHd T+VHYH
RC:
VHYL = - 1 VSATH tJ% 1 d T+VHYH
RC !
VHYL = - 1 VSATH (T‘tz ) + VHYH
RC :
V. = - 1y (t,—t)+V,,

V

SATH

V

SATL

112

N/

VDD
VSS



Waveform Generator with Linear
Triangle Waveform

A Vour

Noninverting Comparator

wth Hysteresis

VOUT2

Guess Voyr=Vsark

VHYL = - 1 SATH
RC

V. -V

V,,.(t,-t)+V

)

t2 _t1 —_ RC ( HYH HYL

SATH

HYH

valid fort, <t<t,
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Waveform Generator with Linear
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Inverting Integrator

VOUTW

A Vour

Noninverting Comparator
wth Hysteresis

VOUT2

Guess Voyr=Vsart

will obtain t,-t,

Triangle Waveform

V. =

SATH
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Veath ]

Vi /\ v /\ !

VHYL—/»»—»-—

VSATL T

Following the same approach observe (valid fort,<t<t,)

OUT1

V

OuUT1

It thus follows that

Vo=

HYH RC
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HYL

s ()
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Waveform Generator with Linear
Triangle Waveform

I C A Vour
—= ) V. =V
ATH — DD
|—- VouTi - Vourz S
R ; VIN :
! V. =V
Noninverting Comparator SATL — SS

Inverting Integrator wth Hysteresis

T = (tty) + (t5-ty)

t2 't1 =RC (VHYH -VHYL )

SATH

t 't =RC (VHYL -VHYH)
3 2 V

1 1
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Waveform Generator with Linear

(@]

l

VOUTW

Inverting Integrator

»

4

>

Noninverting Comparator
wth Hysteresis

Triangle Waveform

VOUT2

1 V.,V

—_ SATL SATH

) RC (VHYH -VHYL ) (VSATL -VSATH )

If we use the noninverting comparator with hysteresis circuit developed previously

and if
It Vsarn=Voo:

then
0

R1
Vstal=Vss=Vop 9=R R
VDD VHYL : e VDD
1-6
1 1-6




Example:

Obtain an expression for and plot the transfer characteristics of the

following circuit. Assume R,=2K, R,=8K, R=10K, V5+15V, V s=-15V

R1 R2
5V VWA VWA
>R
vin A ‘ V
t ouT
/
5V —AMW A\
R;



Example:

Solution:
Obtain an expression for and plot the transfer characteristics of the

following circuit. Assume R,=2K, R,=8K, R=10K, V5+15V, V s=-15V

R; R,
5V VWA VWA
~ \V2
>'w
Vin
YWW = Vour
> "
+ V2
5V NN AAAY
R; R,
V =V1 +V2
ouT 2




Example:

Solution:
Obtain an expression for and plot the transfer characteristics of the

following circuit. Assume R,=2K, R,=8K, R=10K, V5+15V, V s=-15V

R; R,
5V —\ WA Vv _V+V,
+ V1 OUT_ 2
>w
ViN
VWA = Vour
> "
+ V2
5V MW NN
Ri R2
R
=———=0.2
R+R,
Upper Circuit Lower Circuit

=&V, +(1-8)V,=3V+4V=7V V., =&V, +(1-8)V,=3V-4V= -1V

VH YH SATH HYH SATH
VHYL

=&V, +(1-6)V, =-3V+4V=1V vV, =&V, +(1-8)V, =-3V-4V=-7V

SATL HYL SATL



Example:

Solution:

V,, =V, +(1-8) V. =3V+4V=7V
V,, =&V, +(1-8)V,=-3V+4V=1V

SATL

V., =V, +(1-8)V,=3V-4V= -1V
Vv

N, +(1-8)V,=-3V-4V= -7V

HYL SATL

V1 A
- VsarH
" Vi
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VsatL
V2‘
P VsaTH
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HYL Ay
\\ 1 |N
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Voo
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Vour 4

B VSATL



Example:

Solution:
Vi A
VsatH
-t
7
1
\ | V"J
=g o
4
>
VsaTL
V, 4
VsatH
4 ——
V, 1

<
Y=z

VsatL

Assuming Vg =-Vsary

VOUT A

T Vsatn

VSATL




Poles of a Network

XIN _ Xout

— " Linear
Network
L X,,-(8)

T(s)=—=
7% (s

T(s) can be expressed as

N(s
(5-N
(s)

where N(s) and D(s) are polynomials in s

* D(s) is termed the characteristic equation or the characteristic
polynomial of the network
+ Roots of D(s) are the poles of the network



Poles of a Network

XIN , XouT
— Linear

Network

Theorem: The poles of any transfer function of a linear system are

independent of where the excitation is applied and where the response is
taken provided the dead networks are the same

Equivalently, the characteristic equation, D(s), is characteristic of a network
(or the corresponding dead network) and is independent of where the
excitation is applied and where the response is taken.

Poles are inherent and unique characteristics of any linear network.



Poles of a Network

K'N_, Linear Xour S T(S) _ N (S)
Network D (5 )
XIN_O—' Linear —fﬁm s D (5]
Netwaork

Dead Networ




Poles of Networks — some examples

<

7

W
Y
a

Dead MNetwork

"

T(s)=vﬁf L
V. 1+RCs
D(s)=1+RCs



Poles of Networks — some examples

Dead Network

T ()= Vor = RCS
V. 1+RCs
D(s)=1+RCs



Poles of Networks — some examples

V«DUT

‘.:{:R _?C T S —VOUT— R
i \ : (5)= | 1+RCs

N

!

|
S 1

T

Dead Network

=2  D(s)=1+RCs




Poles of Networks — some examples

your |
A C | 1
I = T(s)==r=
INdR :'l}R = T(5) | 1+RCs
I Lo
T ——2>  D(s)=1+RCs
Dead Network




Poles of Networks — some examples

2R
[ VW L Vour |
2R = —=C V ”
V @ < [ T —_ OUT — 2
N (8)=V"*1iRes
Lo
T ——2>  D(s)=1+RCs
Dead Network




Poles of Networks — some examples
2R

—A ~Vour
. V 2R
s L . T(s)=-22=
w® 2R s ~C (s) | 1+2RCs
RV
2R —~ C
—  D(s)=1+2RCs
v
Dead Network Note dead network has changed as has D(s) and

thus the pole



Stratestes {or Aehfm?n;ﬂj poles ©F networks

u.-‘-*Hr\ no 2 ¢ itatons

l) . P\?p'nl Gny excitation that does not
clLer +he dead netwo rk

e Ohta'n transfer Hunction Trs) = Wesd
Drs)

» Poles are voofs of Ds)

- Bij +}\EO‘EMJ +}¥Qh Ciye un{q__u{
Cln&.ﬁ.pan&nnj(’ o€ whare 2 xcitakion s qulZ«ad’

ot vespovse is talen

L) Devtlop hew sk rategy that does not veguire
aaiign'inﬁ evcitnkion and teduws calrwlation

Wfq_u{rfmﬁhJiS



Coﬁsfc‘iw the d.oqA ne+worle

« (sc+ n.ﬁ = 0

Vi (Res+) =0
Obsere that even though no excitation was
applied | the last equation is of the form
Vi 06s) =06



Thie method for ols"m'm?r*g D(s) is not {ust o
Coincs donce cipplim.b\e to +his example but vather
con be Qpplifd 4o an arhitvary binear network as
staked iw +]’1# ";Dilaw}ﬂg Theo rem .

Theotem ! The charactenistic ?ﬂ‘jﬂﬂrﬁfnl Des) of
o SySkem Can he obtained 55 qsaian?ﬂj Gn output
voniade o Fthe Ddead network” and wsing Circuit
onalysis *echnigues Yo obbain an expression Fhat
\Avolves Dnlz +ho O utput variable ey pressed in -[—h.p
Sotm Ko F($)=0. (Ohen Ryprested +his torm,
Fes) when writken in polynomial Lorm s Fho
Chavackerishic ?olaﬂomim\ 0% +he Sy stem ) .8,
Desd = FCsD,
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X ~ _
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Consider again +he waveform aﬁ,gnwn-}c}r. A tesictor
R¢ has been added but 1§ Ry=o0 +his becomes

+he oaveSorm goneretor Considered earlier

R o
—_ - Ve
v, I
A o = R,
?u{ i;-c: P4Ry

Obtain +he pales of 'H*is Circwld  Assume GA 19 idoa

Solving we obtain
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Detovrmine the minimum valwu of Qx —|-lf\,ﬁ‘c woill
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Must use linear mode of operation +o {ind

?ako.s. of +he Circuif

VI:I = = _" \f Sﬂ{u’ir‘i3) C;l)-{-g;n

Vo \/o(S-Rl.——B"'

Single pole a+ p= (\?\ 0

N oe PGLQ v RHP on positive veal avis
T

o

R

Ui = _*.__I__.
RCg




Stability and Waveform Generation

 Waveform generators provide an output with no
excitation

« Waveform circuits are circuits that, when
operated in quiescent linear condition, have one
or more poles in the right half-plane

* Will now investigate the pole locations of
waveform generators

— Conditions for oscillation
— Triangle/Square/Sinusoidal Oscillations






