CIRCUITS WITH OPERATIONAL AMPLIFIERS

why do we study them at this point???

1. OpAmps are very useful electronic components

2. We have already the tools to analyze practical circuits

using OpAmps

3. The 1linear models for OpAmps include dependent sources

Balance/

compensation

Inverting
input

Noninverting 3
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Compensation

+V

Output

Balance
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CIRCUIT SYMBOL
FOR AN OP-AMP _ .
Noninverting input +V

T
M &
Inverting input
{ Output

LINEAR MODEL
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CIRCUIT WITH OPERATIONAL AMPLIFIER

DRIVING CIRCUIT

COMMERCIAL OP-AMPS AND THEIR MODEL VALUES

LOAD —

Ri[MOhm] Ro[Ohm]

MANUFACTURER PART No A

National LM324 100,000

National LMC6492 50,000

Maxim MAX4240 20,000
| ]
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CIRCUIT AND MODEL FOR UNITY GAIN

BUFFER r_7 .

FCC Vin g Ri

+\ = Ro +
pe—

O

- D ow v
i>' out

V
EE vﬂ ut \_

i

i — |

= WHY UNIT GAIN BUFFER?

PERFORMANCE OF REAL OP-AMPS
Op-Amp BUFFER GAIN KVL: -Vt + RoI + ApV;, =0
L e CONTROLLING VARIABLE: V,, =R.I

LMC6492 0.9998

MAX4240  0.99995 SOLVING

1
GAIN V., . R

BUFFER Vout —

Aoew:@el

Vv
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THE IDEAL OP-AMP

—

KIgL=

_ =0
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| THE VOLTAGE FOLLOWER OR UNITY GAIN BUFFER

o

+ V=V
v _

S V.=V,
O

CONNECTION WITHOUT BUFFER

Resistive
network

vV, = ﬂSHiRS

THE SOURCE SUPPLIES POWER

THE VOLTAGE FOLLOWER ACTS AS
BUFFER AMPLIFIER

THE VOLTAGE FOLLOWER ISOLATES ONE
CIRCUIT FROM ANOTHER

ESPECIALLY USEFUL IF THE SOURCE HAS
VERY LITTLE POWER

CONNECTION WITH BUFFER

Resistive

| ]

i network

Vo = Vg

THE SOURCE SUPPLIES NO POWER

GEAUX »



LEARNING EXAMPLE | 4

DETERMINE THE GAIN sz”’

APPLY KCL @ v.
V.—0 V,_ -0
+ =

out

R, R,

NEXT WE EXAMINE THE SAME CIRCUIT
. . WITHOUT THE ASSUMPTION OF IDEAL
L - OP-AMP
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REPLACING OP-AMPS BY THEIR LINEAR MODELI

LABEL THE NODES FOR TRACKING

CONNECT THE EXTERNAL COMPONENTS

b - d

Ib—a R,

DRAW THE LINEAR EQUIVALENT FOR OP-AMP
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L
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| INVERTING AMPLIFIER: ANALYSIS OF NON IDEAL CASEI USE LINEAR ALGEBRA

- EE—N\Q_? o |2 + . + 3 —(i)
¥=1- R, Ri, R R, R, v, “8
= Rl
_ ) 1 1 Vo
| 0

Us(t) Rigve v,
1 + | {v
o 5

—& O | 1 Rﬂ_

_ 1 1 1 A

NODE ANALYSIS A= (_1 "R —2) ¥ E,) - (E (E{ - R_,,)
Ul."”ﬁf_l_!’l_l_ﬂl_l’n:o (i_i)(ﬁ)
Rl Rj RZ v = ) RZ Ro 1

= e 1 1 1)(1 1) (1)(1 A)

_— =i ] — 4+ — 4+ — | = ) = =} = - ==

ﬂa [»"1 + y{; Avg — (Rl Ri' R2 RZ £ Ro .Rz Rz Ro

Rg R,;u v, —(Ry/Ry)

CONTROLLING VARIABLE IN TERMS OF NODE s - [(i+i+l)(i+i)/(i)(i_£)
VOLTAGES s Ry R Ry/\R, R,/J/ \RJ\R, R,
Vs

TYPICAL OP-AMP: 4=10°, Vg
R, =10°Q,R, =10Q <] [> GEAUX >

R =1kQ, R, =5kQ = 20 = —4.9996994 4 =co = 0 =_5000




SUMMARY COMPARISON: IDEAL OP-AMP AND NON-IDEAL CASE

O
£ 4
ve [+ S
5
e .i””
v, =0
IDEAL OP-AMP ASSUMPTIONS
® NON-IDEAL CASE
R,=c0c=i =i =0 < REPLACE OP-AMP BY LINEAR MODEL
SOLVE THE RESULTING CIRCUIT WITH
A=cc=y, =v_ DEPENDENT SOURCES
KCL @ INVERTING TERMINAL GAIN FOR NON-IDEAL CASE
— — ££== '{EQ/RJ
R A SIS (SRREN WAy o)
R, R v. R R R RJ\R RJ)\RJ\R, R,

THE IDEAL OP-AMP ASSUMPTION PROVIDES EXCELLENT APPROXIMATION.
(UNLESS FORCED OTHERWISE WE WILL ALWAYS USE IT!)
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LEARNING EXAMPLE: DIFFERENTIAL AMPLIFIER

Xy

__ K, »
- 2
KCL @ NON INVERTING TERMINAL R; + R, R; + R,
3 4 R,/ R\ R, R,
R v, =— |1+ vy — Uy
R,=R,,R, =R, =>v,="2(v,— ) 1 R,/ Ry + Ry R,

R, GEAUX
KIRL= :>




| LEARNING EXAMPLE: USE IDEAL OP-AMP Wthh VOItageS are set? v+1 — vl ,v+2 — v2

. FIND vo What voltages are also known due to
o v, infinite gain assumption?
= 3 ) Use now the infinite resistance assumption
" KCL@v1
i_ T A
vV —V 4 4 Vi—V
V>0 _ V | o 1 a ] _ 2 —0
h=0= { I R, " R, ¥ Rg
e KCL@v2
—ﬁva 3RG
VZ"_va . vz_vl Vz
A R 4 <+ =0
L=0
= V2 Solve for vo
& R, 2R,
CAUTION: There could be v v, = (1 — va){ 1+ o+ 2=
currents flowing OUT of ol L ¢
the OpAmps

THE CIRCUIT REDUCES TO THIS VoV, tO be determined
<] [> [GrATx >




LEARNING EXTENSION
NONINVERTING AMPLIFIER -

IDEAL OP-AMP

2

+ 0

1

SET VOLTAGE V, =YV,
Vv, =V, > V_=V,
INFINITE GAIN ASSUMPTION

INFINITE INPUT RESISTANCE

“inverse voltage divider”

| |

R, R, +R,
V,=E———V, D>V, = ——V,
R +R, R,
> GEAUX >




LEARNING EXTENSION | FIND I,. ASSUME IDEAL OP-AMP

v, =12V

Ay =cc=v_=12V

IEVCiD : ¢ v_=12V é 10 k

R,=c=i =0
2k
v,
KeL@ v.: 2= Yo (12 ol _gap
K ok

<] [> [GrAT >




FIND GAIN AND INPUT RESISTANCE - NON IDEAL OP-AMP

w ()

+ 0O

1

DETERMINE EQUIVALENT CIRCUIT

USING LINEAR MODEL FOR OP-AMP

YATAA
+ o vO
R;
A(v, —v_)
v |
THE OP-AMP

i

v

/77
ADD THE INPUT VOLTAGE SOURCE

| |

>

4
AND THE EXTERNAL RESISTORS

A(v, —v_)

A, —v_)

NOW RE-DRAW CIRCUIT TO ENHANCE
CLARITY. THERE ARE ONLY TWO LOOPS

GEAUX »




NON-INVERTING OP-AMP. NON IDEAL OP-AVN i COMPLETE EQUIVALENT

FOR MESH ANALYSIS
Y% ER,--

%

g v, EER_ ig _ Av;
§R1 1 C | ‘

l|f—'

MESH 1 vy = EI(RE + Rl) — ‘EERI

MESH 2

-Av; = —ii R, + i,(R, + R, + R,)

CONTROLLNG VARIABLE IN TERMS OF LOOP

CURRENTS )
v; = R;i

vo =—Ryi, + R (i) — i)
COMPLETE EQUIVALENT CIRCUIT

<l > [GrAT >




MATHEMATICAL MODEL THE SOLUTIONS

MESH 1 g, = EI(R:‘ + Rl) — i, R, |:i1:|=l|:(Rl+R2+R0) R, }{‘ﬁ}

| Al —(AR;—R,) (R +R,)]| 0
MESH 2 R +R,+R (AR, - R))
. \ . _ I TR+ Ky . _ — (AR — K
'AL’I' — '_“Il R1 + ;Z(Rl + RE + Rﬂ) L= A 41 I, = A
CONTROLLNG VARIABLE IN TERMS OF LOOP v, (R +R)(R +R,+R,) + R(AR, — R))
CURRENTS R R"‘lez ’ T E LR R
[ — . 1 1 2 o
Vi il _ R +R1(R2+RO+AR,-)
vo =—Ryi, + R (i, — i) - R, + R, + R,
INPUT RESISTANCE R, zﬁ GAIN ~_"Yo v, =R, — (R, + R,)i,
g Vi _Rl(R1+R2+R0)v +(R1+R2)(AR,-—R1)V
REPLACE AND PUT IN MATRIX FORM a A ! A :
|:(R1 +R,) — R, }{’1 _ {Vl}
AR, - R, (Ri+R,+Rp) |5, | |0 A —> 0777
THE FORMAL SOLUTION A—>c0o=>A>ARR;, R, —

: -
ho|_ (R, +R,) — R 4 G.Yo R+R
| |[AR;—R, (R +R,+Ry)| |0 v, R,

A=(R +R,+Ry)(R +R,) + R (AR; — R))

. |(Ri+Ry+Ryp) R,
Adj =
—(AR; —R;) (R +R,) r<]
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Sample Problem ‘

i@ O,

Find the expression for Vo. Indicate
where and how you are using the Ideal
OpAmp assumptions

? —
Set voltages? V. Vg
Use infinite gain assumption V_ = Vg

Use infinite input resistance assumption
and apply KCL to inverting input

= v, — Ri

| |

GEAUX »




Sample Problem DRAW THE LINEAR EQUIVALENT CIRCUIT AND WRITE THE LOOP EQUATIONS

R .
AN 4. Place remaining components

il

Y
)

V_
O 0 IS<A> § R.
10 !
S
— o N
1. Locate nodes % s <
"

0

R
A(Vy-V)

2. Place the nodes in
linear circuit model

+

Vo
§RO TWO LOOPS. ONE CURRENT SOURCE. USE MESHES

3. Place linear model §Ri MESH 1 i =i,
v jﬁ

CONTROLLING VARIABLE V,—V =R;(i,—i))

’ <] > [GrAT >




LEARNING EXTENSION

FIND GAIN AND ¥,
:hhx
v, =V . O
V_ = VS { 4
i =0
‘—M"‘—
702 1 mV CD 100 kO Vo
1 k) “INVERSE VOLTAGE DIVIDER” V
0
o
O , ESRz
s
- 00ksik, T3]
1k L
Vg
Ve =1mV =V, =0.101V 2

<] > [GrAT >




COMPARATOR CIRCUITS
Vee
g Ve
—F s
Vin p + g 0
p Vout =,
<+> VEE = B
V+ — V. i O: VEE
| - ~ -1.5 -1 -0.5 © 0.5 1 1.4
Some REAL OpAmps require Input voltage (V,-V_)
a “pull up resistor.”
— |
6 = [nput
5V 331( 4 = (Jutput
9 =
-+ w 2
- + 8o
out % 0
-3V - =
I

= - —6

ZERO-CROSSING DETECTOR Time
GEAUX »




LEARNING BY APPLICATION

O »

OP-AMP BASED AMMETER

NON-INVERTING AMPLIFIER

I

_h.

Unknown
current

Voltmeter

| ]

‘G=1+&‘
Rl

- Q
;?#:Ef +
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LEARNING BY DESIGN
CD player Left
speaker
Pre —-
Tape deck armip
_F.- ]
—» Power
Phono- amp  —
Phonograph preamp

i

Right

speaker
DOES NOT LOAD PRONOGRAPH [ (@)
f 3
D g P
= - [ +
—MA
v, (+ R, .
Rﬁg
+ 5
DETERMINE R,,R, SO THAT = V,
IT PROVIDES AN AMPLIFICATION OF 1000 oy——p7 _ +

| ]

>
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LEARNING EXAMPLE |

+
R Viep %5 °F
_ LED, oo
R, =57.45¢ 0T iz 65-70 °F
LED, o
70-75 °F
UNITY GAIN iz
3 V= r, | BUFFER
LED
4 75-80 °F
of ONLY ONE LED
TLEDE B0°1 IS ON AT ANY
- == GIVEN TIME
—vT
L COMPARATOR CIRCUITS
> ------- V3
: 1.% LLTTLLTLLTT ] 'V"l # "
18] o 2
g 1 A: "' = 8 C2 i !;_?‘ -ILED2 - - -
=] r s, e o B e ) LELEL
ﬁ I " P »* L‘“““ -la -------- =m -2 JLED,
R TP RO 5| o -2 I R Il v
8 1.1 R g‘ B J R o I Y N o $LED, hum
2 TF T 3 E = i
8 1 c: “‘l‘“‘ 1 L 1 O C‘l """""""""""""""""" i — [ llll...llll..lln:LEDs
R .60 65 70 75 80 85 60 65 70 75 80 85 60 65 70 75 80 85
Temperature (°F} Temperature (°F) Temperature {°F)
@ IT)) > (c) GEAUX >




MATLAB SIMULATION OF TEMPERATURE SENSOR

WE SHOW THE SEQUENCE OF MATLAB INSTRUCTIONS USED TO OBTAIN THE PLOT
OF THE VOLTAGE AS FUNCTION OF THE TEMPERATURE

»T=[60:0.1:90]'; %define a column array of temperature values

» RT=57.45%exp(-0.0227*T); %model of thermistor

» RX=9.32; %computed resistance needed for voltage divider

» VT=3*"RX./(RX+RT); %voltage divider equation. Notice “./” to create output array
» plot(T,VT, ‘mo’); %basic plotting instruction

» title("OUTPUT OF TEMPERATURE SENSOR’); %proper graph labeling tools

» xlabel('TEMPERATURE(DEG. FARENHEIT)')

» ylabel('"VOLTS")

» legend("VOLTAGE V_T")

OUTPUT OF TEMFERATURE SENSOR
T T

I
< VWOLTAGE WV

VOLTS

1 1 1 1 1
60 65 70 5 80 as 90

TEMPERATURE(DEG. FAREMNHEIT)
GEATX
=1 Gt >




J +10V EXAMPLE OF TRANSFER CURVE SHOWING SATURATION

OUTPUT CANNOT
EXCEED SUPPLY

Tv)

A
KCL @ v_ 10— p——
dv 5 — S gk
N 3 ¥ — = 5V/V o > o
I’I - (].3 I'I e i:” ([111 4 ﬁ (//
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il /”"/ B
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