Chapter -5

Operational Amplifier

5-1: Introduction:

Early operational amplifiers (op-amps) were used primarily to perform mathematical operations such as :
addition , subtraction , integration , differentiation - thus the term ( operational ).

Operational Amplifier Definition:

operational amplifiers are linear devices that have all the properties required for nearly ideal DC
amplification and are therefore used extensively in signal conditioning, filtering or to perform mathematical
operations such as add, subtract, integration and differentiation.

An Operational Amplifier, or op-amp for short, is fundamentally a voltage amplifying device designed to be
used with external feedback components such as resistors and capacitors between its output and input
terminals. These feedback components determine the resulting function or “operation” of the amplifier and
by virtue of the different feedback configurations whether resistive, capacitive or both, the amplifier can
perform a variety of different operations, giving rise to its name of “Operational Amplifier”.

Symbol and Terminals:

An Operational Amplifier is basically a three-terminal device which consists of two
high impedance inputs:
e one called the Inverting Input, marked with a negative or “minus” sign, ( —)
and
e the other one called the Non-inverting Input, marked with a positive or “plus”
sign (+)
o The third terminal represents the operational amplifiers output port which can
both sink and source either a voltage or a current, as shown in Fig. (5-1).

** From Dr.Muataz Al-Azawi Lectures , Al-Mamoon University College ,2013
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(c) Typical packages. Pin | is indicated by a notch or dot on dual in-line (DIP)
and surface-mount technology (SMT) packages, as shown.

Fig.(5-1). Op-amp symbols and packages

Ideal op-Amp :

To iltustrate what an op-amp is, let’s consider its ideal characteristics. A practical op-amp,
of course, falls short of these ideal standards, but it is much easier to understand and ana-
lyze the device from an ideal point of view,

First, the ideal op-amp has infinite voltage gain and infinite bandwidth. Also, it has an
infinite input impedance (open) so that it does not load the driving source. Finally, it has a
zero output impedance. These characteristics are illustrated in Figure (a). The input
voltage, V,, appears between the two input terminals, and the output voltage is A,V as in-

dicated by the internal voltage source symbol. The concept of infinite input impedance is a
particularly valuable analysis tool for the various op-amp configurations,
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(a) Ideal op-amp representation (b) Practical op-amp representation

Fig.(5-2).Basic op-amp representations
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The Practical op-Amp:
Although integrated circuit (IC) op-amps approach parameter values that can be treated

as ideal in many cases, the ideal device can never be made. Any device has limitations, and
the IC op-amp is no exception. Op-amps have both voltage and current limitations. Peak-
to-peak output voltage, for example, 1s usually limited to slightly less than the two supply
voltages. Output current is also limited by internal restrictions such as power dissipation
and component ratings.

Characteristics of a practical op-amp are very high voltage gain, very high input impedance,
very low output impedance, and wide bandwidth. Three of these are labelled in Figure ().

Internal Block Diagram and circuit diagrams of an op-amp :

A typical op-amp is made up of three types of amplifier circuit: a differential amplifier, a
voltage amplifier, and a push-pull amplifier, as shown in Figure
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Fig.(5- 3).Basic internal arrangement of an op-amp and one of the famous op-amp IC.

A differential amplifier is the input stage for the op-amp. It provides amplification of the
difference voltage between the two inputs. The second stage is usually a class A amplifier
that provides additional gain. Some op-amps may have more than one voltage amplifier
stage. A push-pull class B amplifier is typically used for the output stage.



Operational Amplifiers Applications:

Op amps are very widely used in electronic devices and can be found in several consumers, industrial and
scientific applications. Operational amplifiers started being used in analog computers for mathematical
operations in several circuits. Op amps are also widely used as building blocks for circuit design. This is due to
the fact that the characteristics of circuits using op amps are set by external components with little
dependence on manufacturing variations or temperature changes in the op amp. Other applications include:

1). audio- and video-frequency pre-amplifiers and buffers
2). differentiators and integrators

3). filters

4). voltage and current regulators

5). analog calculators

6). precision rectifiers

7). precision peak detectors

8). analog-to-digital and digital-to-analog converters

9). voltage clamps

10). oscillators and waveform generators

The Op-Amp has two inputs and usually one output as shown earlier . The input terminals are labeled (+) and
(-). A positive (+ve) input voltage at the (+) terminal, drives the output towards +V. and a +ve input voltage
at the negative (—ve) terminal drives the output towards -V...

The approximate values for the Op-Amp parameters are:

Table (5- 1). Approximate values for the Op-Amp parameters

Input Resistance, R; 2MQ ngh
Output Resistance, Ro 1002 Low
Voltage Gain 1.5x10° High

From the table, it is seen the Op-Amp has close to ideal characteristics for an amplifier:

(a) Very high input resistance: makes the Op-Amp useful as it will not load any preceding circuit
stage, i.e. the voltage applied at the input will not be affected.

(b) Very low output resistance: ensures that the Op-Amp's output will not be loaded by any
following stage, i.e. the Op-Amp can be used to drive any following circuit stage.

(c) Very high voltage gain. The Op-Amp amplifies the voltage difference between its input terminal,

+ -—
V, = A(VF =V7).
The output voltage range depends on the dc power supply (iVCC) .

Ex -1 :An Example of Op-Amp Behavior

For the Op-Amp circuit:(Fig.5-4)

V1= 1 * sin(100pt) _ V()
Vi) %o

and: V2 =5 *sin(100pt)

Fig.( 5-4 ).Differential op-amp



Solution:
The Op-Amp output equation is given by:
Vo (t) =A(VH-V)
In this case V* = Vy (t), V- = V; (t), and since A=1.5x10%, then
The output voltage V, (t) = 1.5x10%(1 * sin (100pt) - 5 * sin (100pt))

Vo (t) = - 6x10° sin (100pt)

But, the maximum possible output voltage of the Op-Amp is limited by the DC power supply (ivcc)' In

this case, the output saturates to the power supply voltage. The output is shown in the figure below.

To find the input voltage, when the Op-Amp's output just saturates:

-15V=1.5x 10’ (V,) Vy=10"V Vx=0.1mV

In other words, the Op-Amp has such a high gain that, even if there is a small difference
between the input voltages, the output saturates.
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Fig.( 5- 5 ).The inputs and output waveforms of the Ex-1.



5-2: Invertors and Non-Invertors:

Non-Inverting Op-Amp: V,, —»——

pr— Voul

Fig. (5-6) shows Op-Amp non-inverting amplifier. The

input is applied to the +ve terminal and the output is

fed-back to the  —ve terminal through Rr and R.

that: Ov

The feedback circuit of Rr and R; should ensure %
JT—

V,=0 or V-V =0 Fig.( 5- 6 ). Non-Inverting Op-Amp.

And since V* = Vi, , then V' =V*=V;,

NTIHITIHVET LAl NELAUDT Ul LIIE VELY THEH HITPUL 1EIdLalILe of Op—Amp, almost no current

flows into the +ve or —ve terminals of the Op-Amp.

To find the value of V', consider the feedback circuit. As no current flows into the Op-Amp terminal,

the feedback circuit forms a voltage divider supplied by V..

\Va =LV0
R, +R¢
Substituting V™ = Vi
Vi Rl Vo
R, +R
v, =RatRey 1, Rely
Rl Rl

Hence, the closed-loop gain, Ac. is given by:

The gain, Ac_ is set only by the feedback resistor.




Op-Amp Inverting Amplifier Virtual earth
summing point IF |:‘zF

In this circuit, the +ve terminal of the Op-Amp is

grounded, V= O . For proper operation, the

ggﬂ

feedback system tries to keep the difference

voltage, Vx at approximately "0V,

VDI.”

VX=V+—V_=O
Hence V™ =0

Fig.( 5- 7 ). Inverting Amplifier

Although the (—ve) terminal of the Op-Amp is not connected to physical ground, it is still held at a potential
of "OV" because of the circuit conditions. Such a point in the circuit is known as Virtual Earth, in this case it

behaves as a virtual ground.

and l,=—+—°%=-

The (-ve) sign in the A¢ expression indicates that the amplifier inverts the input at the output. The gain is

set only by the feedback circuit parameters.



Unity Gain Buffer Amplifier

The unity gain buffer amplifier is essentially a non-inverting Op-Amp amplifier with feedback factor =
V+ = Vi
V' =V,

Assuming V'=V'

VO V|

Fig.( 5- 8 ).Buffer amplifier A=1

The Op-Amp unity gain buffer amplifier is a very useful circuit as it has near infinite input impedance and

near 0 Q output impedance.

5-3: Summer (Adder) and Subtractor:

Summing Amplifier (Inverting Summer Configuration)

I, Ry p e
V, o———AA\— bid
I, Rs o A —O
Vi o A\N\N— %
Virtual earth/ Vou
A summing point 4 Ov &

Fig.( 5-9 ).Summing Amplifier

Assuming that the feedback circuit tries to maintain Vx at 0V, i.e.* = V.



As V* is connected to ground, V* = 0V, therefore, V- = OV (Virtual Ground). Now assuming no current enters
the Op-Amp because of very high input impedance, and writing Kirchhoff's
V, V, V, V

0
law at the (—ve) terminal of the Op-Amp. + ==—;

R, R, R, R

R R R
Rewritten as V0 =— —FV1+—FV2+—FV3
Rl RZ R3

V,=—(V,+V, +V,)

If Rl = R2 = R3 = ... the output voltage, V, becomes

The magnitude of the output is the same as the sum of the inputs, but the output is inverted.

Example 5-2 :

Find the expression for the output for the circuit below and sketch the output waveform over 2
cycles.

V, = Gg—il\/ ?—KO 2sin(100mt) + %O 53|n(100nt))

V, =—(1V + 0.4sin(100xt) + 2.5sin(100xt)
V, =—(1V +2.9sin(100xt))

10K
2KQ

0.5sin(100wt) ©—* VVV
5KQ

0.2sin(100mt) OV s )
10KQ A A L oVo

Vv . / vV
Virtual earth out

summing point Ov

I
I

Fig.( 5-10 ).



The plot of the output waveform 1s shown below:
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Fig.(5- 11).

5-4: Differentiators and Integrators:

The Op-Amp Differentiator:

The Op-Amp differentiator circuit performs the mathematical operation of differentiation, i.e. the

output waveform of the circuit is the derivative of the input waveform.

In simple terms, differentiation of a given curve gives the slope of the curve. If the given curve is only
a straight line, then the slope (derivative) is a constant value. For a curve, which is not necessarily a straight

line, the slope (derivative) varies along all the different points of the curve, as shown in Fig.(5-12).

vt 7\

Diode characteristic

0
(operating point)

Load line

Fig.( 5- 12).
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dy _ay_ slope
dx AX

d .
d_i varies all along the curve

The Differentiation Amplifier circuit is shown below, Fig. (5-13):

Ir Ry
— NN
" <1
‘in 11 V _
— » |l
Il A —» \/O
7 [

Fig.( 5- 13 ). Differentiation Amplifier circuit

. N o . + - + .
Assuming, that the feedback circuit tries to maintain Vx at 0V, ie.VT =V 7. As V7 is connected to

ground, then Ve oV, and, . . V- =0V.

Assuming, no current enters the Op-Amp because of very high input impedance, and applying

Kirchhoff's circuit laws at the terminal of OP-Amp, then

v, Vv,

dv,
Il_IF 1E_R
F

Vo - —RFC]_ E

The Op-Amp Integrator:

The Op-Amp is a circuit in which the output voltage waveform is the integral of the input voltage

waveform, as shown below:

T (=

_ Rj VvV
Vi AAN, -
—_—
V &

Fig.( 5-14 ).The integrator circuit.
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The Op-Amp is built using the inverting amplifier circuit configuration.

Assuming, that the feedback circuit tries to maintain Vx at 0V, i.e. V+ =V . As V+ is

connected to ground, then V™ =0v,and, ... V™ =0V

Assuming, no current enters the Op-Amp because of very high input impedance, and applying

Kirchhoff's circuit laws at the terminal of OP-Amp, then

V, dv, 1
Viee M o V= [Vdt+K
R, ' dt ° R1CF£ '

Where K is the integration constant and is proportional to the value of the output voltage Vo at time

t=0.

Slew Rate, ( SR):

Another parameter reflecting the op-amp’s ability to handling varying signals is slew rate, defined as slew
rate = maximum rate at which amplifier output can change in volts per microsecond (V/us)

V
AAto (V/},lS) [tinps]

SR =

The slew rate provides a parameter specifying the maximum rate of change of the output voltage when
driven by a large step-input signal.* If one tried to drive the output at a rate of voltage change greater than
the slew rate, the output would not be able to change fast enough and would not vary over the full range
expected, resulting in signal clipping or distortion. In any case, the output would not be an amplified
duplicate of the input signal if the op-amp slew rate is exceeded.

EXAMPLES

Ex 5-3: Calculate the output voltage of an op-amp summing amplifier for the following sets of voltages and
resistors. Use Re =1 MQ in all cases.

@) Vi=+1V, V,=+2V, V3=+3V, R1=500KQ, R,=1 MQ, Rs=1 MQ
(b) V1=-2V, V,=+3V, V3=+1V, R1=200KQ, R,=500 KQ, Rs=1 MQ

o

{ Rr Rf‘ Rf' "
Usingtheequat F, = —|—F, + — F> + — T4

\R, R R;
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1000 k2 1000 k€2 1000 k£ l
@ Vo=- +1V)+ (+2V) + (+3V)
500 k{2 1000 k() 1000 k()
=-R20V+12V)+13V))=-7V
1000 k€ 1000 kQ 1000 k€
) V== ——-2V) + (+3V) + (+1V)
| 200 k) 500 k€ 1000 kO

==[5(=2V)+2B3V)+ 1(1V)] = +3V

Ex 5-4: Calculate the output voltage of a non-inverting amplifier (as in figure below) for values of:

V1=2V, Re=500KQ, and R;=100KQ

Solution

. VO - Rl + Rf =1 I:zf
From the equation = =14 —
V, R, R,
24 4
opra 1= (e B
AN
R,
. E
Fig.( 5-15 ).

Ry
Ifﬂ=(1+—~jm =(1+
\ R, \

500 kO
100 kO

j{z V)= 602 V)= +12V
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Ex 5-5: If the circuit below has R1=100KQ, Re=500 KQ, and input voltage of V=2V, what is the output voltage?

A ATAY
Ry
i A —
R]

_"'E.r -
Op-amp —— == T']' 1

+

Fig.(5-16).

Ry, =-200KQ 50y _10v
R, 100KQ

From equation V0 =-

Ex 5-6: For an op-amp having a slew rate of SR = 2 V/us, what is the maximum closed-loop voltage gain that
can be used when the input signal varies by 0.5 V in 10us?

Solution

AV V.
Since V ACLV we can use the relation Ato = "cL AAtI

to give

_AV,/At SR 2V / ps

AV /At AV, /At 0.5V /10us

Any closed-loop voltage gain of magnitude greater than 40 would drive the output at a rate greater than the
slew rate allows, so the maximum closed-loop gain is 40.
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