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Operational Amplifier

* An Operational Amplifier, or Op Amp for short, is an electronic unit that behaves like a
voltage-controlled voltage source.

* |t is an active circuit element designed to perform mathematical operations of addition,
subtraction, multiplication, division, differentiation, and integration when external
components, such as resistors and capacitors, are connected to its terminals.

* Op amps are commercially available in integrated circuit (IC) packages in several forms. A
typical one is the eight-pin dual in-line package (or DIP) as shown.

* Pin 8 is unused, and Pins 1 and 5 are of little concern to us. The five important terminals
are: inverting input (Pin 2), noninverting input (Pin 3), output (Pin 6), positive and
negative power supplies (Pins 7, 4).

%

o7
A
Balance 0 1 8 b No connection Inverting input 2 0————
o o ———0 6 Output

Inverting input o 2 7h vt Noninverting input 3 O———+
Noninverting input | 3 6 0 Output gk
(circuit symbol) | 5
Voo 4 5 p Balance V- y

Offset Null
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Operational Amplifier

* Most op-amps use two voltage sources, with a ground I. 4i, ‘j
. . .y . . 1 —_
reference between them. This gives a positive and negative Wi VUL &
: 6
supply voltage | | | | | s PpP— Tk
lp =01 tip+ip+i_ k. Lo
2 ; T Gt
~Vee < Vo < Ve bi-

* The equivalent circuit model of an op amp is shown. —
The output section consists of a voltage-controlled
source in series with the output resistance R,,.

v % R, AV o v
— : g? av,

* vy is the voltage between the inverting terminal and ground , -
and v, is the voltage between the noninverting terminal and
ground. The op amp senses the difference between the two
inputs v; = v, — v4, multiplies it by the op amp open-loop
voltage gain A, and causes the resulting voltage to appear at
the output:

V1O

Vo = Avg = A(v, — vq)
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Typical Ranges for Op Amp Parameters

Parameter Typical range
Open-loop gain, A 10° to 10° "o
Input resistance, R; 10° to 107 Q _ R
Output resistance, R, 10 to 100 Q "d+ % Ri WW 0 Yo
Supply voltage, Ve 5t024V <i> Ao
e 2
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Feedback

* Op-amps take on an expanded functional ability with the use of feedback. The idea is
that the output of the op-amp is fed back into the inverting terminal.

* Depending on what elements this signal passes through, the gain and behavior of the
op-amp (i.e., the ratio of the output voltage to the input voltage) changes. This ratio is
called is called the closed-loop gain.

* Feedback to the inverting terminal is called “negative feedback”.

* Positive feedback would lead to oscillations. feedback
20 kQ |
—\WW\—
10 kQ g . ‘!
AW\ i
747> L o
+ O 1
VS VO
o
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Voltage Saturation

* As an ideal source, the output voltage would be

unlimited. However, in reality, one cannot expect
the output to exceed the supply voltages V..

7
* When an output should exceed the possible voltage 20—

range, the output remains at either the maximum 30—

or minimum supply voltage. This is called 4 °

saturation.

Y
|

(|
'
IS+
(@)

* Outputs between these limiting voltages are
referred to as the linear region.

—Vee £ vy £ Ve

Positive saturation

Y

Negative saturation
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Ideal Op Amp

To facilitate the understanding of op amp circuits, we will assume ideal op amps. An op amp
is ideal if it has the following characteristics:

1. Infinite open-loop gain, A =~ co. ih=0
2. Zero output resistance, R, = 0. Thus, an
ideal op amp is load independent. =0 Vd
3. Infinite input resistance, R; =~ oo. Thus, for o O
an ideal op amp + B Vo

+ ©

i) The currents into both input terminals are zero. o
il = 0, iz = O

V1O

i) The voltage between the two input terminals
is equal to zero.

R.
Vg=V,—11 =0 = v,=1, ”%’@W ?

Vy O
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Example

A 741 op amp has an open-loop voltage gain of 2x10°, input resistance of 2 MQ, and
output resistance of 50 Q. The op amp is used in the following circuit. Using the ideal op
amp model, calculate the closed-loop gain v, / vs. Find i, when vy, = 1 V.

= D
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Example

Cascaded Op Amp Circuits
(e)vavie)

Using the ideal op amp model, determine the output voltage v, in the circuit.

Amin Fakhari, Spring 2024
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Inverting and Noninverting
Amplifiers
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Inverting Amplifier

In an Inverting Amplifier circuit, the noninverting input is grounded, v; is connected to the
inverting input through R4, and the feedback resistor Ry is connected between the

%)

inverting input and output. 2 R,
A
Applying KCL at node 1: I R 0A
S 1 V| —»
=i :vi_vl_vl_vo VWV i -
1= 12 =
Ry Rf + O:-] +
Since the noninverting terminal is grounded, G

Ol

for an ideal op amp, v; = v, = 0. Thus,

— = o)
1

S~ V; R. <_ & Vi v

(Gain) ’ ” -

O o)

An inverting amplifier reverses the polarity of the input 1
signal while amplifying it.

(inverting amplifier’s equivalent)
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Example

Using the ideal op amp model, find the closed-loop gain v, / v,. Determine current i when
v, =2 V.

20 kQ
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Example

If v; = 0.5V, calculate: (a) the output voltage v,, and (b) the current in the 10-kQ resistor.

25 kQ
———AWM——

T

o

O |
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Example

. . . 40 kQ
Determine v, in the op amp circuit shown. AAMA,
20kQ |
- C'\
b +
+
>

6VIie 2v (t Vo
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Noninverting Amplifier

* The basic configuration of the noninverting amplifier is the same as the inverting amplifier.

Except that the input and the ground are switched. ; .
2 3

* Once again, applying KCL to the inverting terminal gives: AW
R, ‘ !

A ——
% 0
O—v; v1—, o >— +

i1=i2 = = 2

R Ry ., (D ,

* There is once again negative feedback in the circuit, thus, v; = v, = v;. This gives:

Ry

Vi _tiT Y - v0=<1+R—>vi
R]_ Rf 1

%/_/
(Gain)

Thus, the output has the same polarity as the input, and it can never go below 1.
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Example

For the op amp circuit in the figure, calculate the output voltage v,.

4 kQ

AMA—— >
s>
MO w0 N
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Voltage Follower (or Unity Gain Amplifier)

In a noninverting amplifier, if feedback resistor R = 0 (short circuit) or R; = oo (open
circuit) or both, the gain becomes 1. Under these conditions, the circuit is called a voltage
follower (or unity gain amplifier) because the output follows the input.

Vo = Vj 2
B :
-

I °

 Such a circuit has a very high input impedance and is )

therefore useful as an intermediate-stage (or buffer)

amplifier to isolate one circuit from another, while >

. . _|_

allowing a signal to pas§ 'Fhr'ough. | Firet n + | second
* The voltage follower minimizes interaction between stage | Vi Vo | stage

the two stages and eliminates interstage loading. - -
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Summing and Difference
Amplifiers
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Inverting/Noninverting Amp.
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Summing/Difference Amp.
®VOOVO ovov

000000 VV

Integrator/Differentiator Amp.

Summing Amplifier

Cascaded Op Amp Circuits
(e)vavie)

A summing amplifier is an op amp circuit that combines several inputs and produces an

output that is the weighted sum of the inputs.

Applying KCL at node a (where v, = 0) gives:

l=l1+lz+l3

R R R
L S

o= T\R, TR, 2T R,

The number of inputs need not be limited to three!
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Example

Calculate v, and i, in the op amp circuit. 5 kQ 10 kQ
——MWW—— MWV
g~ i
+
2.5 kQ
2v (¢ MY ° +
2 kQ § Vo
1V _
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Difference Amplifier

A difference amplifier is a device that amplifies the difference between two inputs and can

rejects any signals common to the two inputs. ek
R, y b
AW =
R, v _O> —a
_ e ' + +
Applying KCL to node a: 16) gP )
vy R, ¢
_ _ R R o
vl vazva vO = vO_ _2_|_1 va__zvl A
R, R, Ry Rq
: v —vp  vp—0 Ry
Applying KCL to node b: = = v, =—7
R, R, P R, +R,?

R Ry R; R,(1+ R1/R;) R;
Vo = Vo = Vo =75 "1
Ri(1+ R3/Ry4) R4
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Common Mode Rejection

R
X & — Rs , the difference amplifier becomes v, = 2 (v, — vq)
R, R, R4

In this case, when v; = v,, then v, = 0 (i.e., a difference amplifier can reject a signal
common to the two inputs).

 If R, = R, and R; = R,, the difference amplifier becomes a subtractor:

Vo =V — Vg
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Example

Design an op amp circuit with inputs v; and v, such that v, = —5v; + 3v,.

Design 1) Use only one op amp and at least one 10-KQ resistor.

Design 2) Use two op amps and at least one 10-KQ resistor.
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Instrumentation Amplifier

The difference amplifier has one significant drawback: The input impedance is low. By
placing 2 noninverting amplifiers stage before the difference amplifier this can be resolved.

An instrumentation amplifier is an amplifier ) i,  “ s s
of low-level signals used in process control or | - Ré '
measurement applications and commercially - s Y

available in single-package units. %

Since the amplifier A5 is a difference amplifier:

Vo R. (Vo2 — Vo1) ) MWW\

1 T Uy %R
Since the op amps A; and A, draw no current, current i v 1 _
flows through the three resistors as though they were in == .
series.
Vo1 — Vg2 = l(Rg + R4 + R3) = l(2R3 + R4_) R 2R

vy =— 1+ =, — )
R, R,
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Integrator and Differentiator
Amplifiers
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Integrator

 Capacitors, in combination with op-amps can be made to perform advanced mathematical
functions.

* One such function is the integrator. An integrator is an op amp circuit whose output is
proportional to the integral of the input signal.

, C
At node a, ip =i, 'c I
1
. _ Vi~V ; _Cd(va—vo) in R r
R=™ R €= dt + a -
Vg = 0 R ﬂ — _ dvo +O
" R dt Vi +
1 e
dv, = ——v;dt - -
UO RC vl o o
1 (t =
Vo(t) = 0o(0) = — 7= i vi(r)dr
t
Assuming v,(0) = 0, v, = —— | v;(t)drt
RC J,

Amin Fakhari, Spring 2024 MEC220 ¢ Ch6: Operational Amplifiers P27



Operational Amplifiers Inverting/Noninverting Amp. Summing/Difference Amp. Integrator/Differentiator Amp. Cascaded Op Amp Circuits N
Stos

000000 VV OVVVOVO OovOoOoVvo OovovVv (OAVAV/ @)

Example

If v; = 10 cos 2t mV and v, = 0.5t mV, find v, in the op amp circuit. Assume that the
voltage across the capacitor is initially zero.

3 MQ 2 puF
Vi 0— W
V 0O Vo
Vo O— AMAN—
100 kQ i
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Differentiator

A differentiator is an op amp circuit whose output is proportional to the rate of change of
the input signal. _ P

Ir
At node a, ip = i¢ c
iC
Vg — Vo . d(vi - va) O | —

lp = _—, lr = C ” a —20

Vi Vo

sl re Y 0 5

» v — —
° dt g—
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Example

Sketch the output voltage for the circuit, given the input voltage. Take v, = 0 att = 0.

5 kQ

0.2 uF

| H _} +

vi(V) 4
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Cascaded Op Amp Circuits
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Cascaded Op Amps

A cascade connection is a head-to-tail arrangement of two or more op amp circuits such
that the output of one is the input of the next.

* |t is often necessary in practical applications to connect op amp circuits in cascade (i.e.,
head to tail) to achieve a large overall gain. Each amplifier in the string is called a stage.

* Op amp circuits have the advantage that they can be cascaded without changing their
input-output relationships. This is due to the fact that each (ideal) op amp circuit has
infinite input resistance and zero output resistance.

Example: A three-stage cascaded connection.

o—] O O ——oO
+ + + +
Stage 1 A Stage 2 A Stage 3 A
v Vy = v VUV = v 7). = v
_] A] _2 1“1 A2 _? 2e2 A3 —() a%3
O— O O ——O
A — A1A2A3
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Example

Find v, and i, in the circuit. P~ ¢ 3
/ p * ! +
—A\MN— o
ke P P
20 mV @) )
§ 3 k2 § 4 kQ i
o
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Cascaded Op Amp Circuits
S

Example

If vy =1Vand v, = 2V, find v, in the op amp circuit.

Amin Fakhari, Spring 2024

(OAVA (@)

6 kQ
AWV
2 kQ
5 kQ
Vi O ANV ; A
L a
8 kQ
AAAAY
4 kQ
15 kQ
vy O AL _T_ A A A A
L b
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Summary of Basic Op Amp Circuits

Op amp circuit Name/output-input relationship

Inverting amplifier

AW R,
Vo = __:Vr'
Vi O AMA R, Integrator:

= ic ﬁ
Il
. . . in R
Noninverting amplifier 'R
A '\N\ R + a
v, = 1 — v ——O
VJ: et ﬁ ( N Rl) ! v, +
v’\z"v' i
T Vi ¢ _+/ Vo
o o
Voltage follower JT_
Vo= Vi
Summer R, R R Differentiator:
Vo= —(Zvi+ L vy 4+ 2L s
¢ R R, Rs i R
, > AWWW—
. n C|\
Vi o—\wWW— — O_>—'| a i o
+ T +
Ry Difference amplifier Vi Vo
V1 O—AAAA— My R 2 - -
Vo = E(‘-’z — Vv o T 0
Ry Ry
Vo o—A\AAAN——ANA, .’\—_I_
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