Chapter 6

The Operational Amplifier
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Preview

In this chapter we consider an "active element" called the
operational amplifier (op amp), which has many useful
applications in electronics. i

All voltages are
measured w.r.t. the
reference node

Vi =V2-V j_

Recall that an active element is a circuit element which

is capable of supplying energy.
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The Operational Amplifier

The operational amplifier is an active element with a high-gain
ratio designed to work with other circuit elements to perform
useful signal-processign operations. Some applications of op amp
circuits include: analog addition, subtraction, multiplication, and

integration, voltage amplification, current-to-voltage conversion,
and negative resistance.

In fact, the op amp is a complex integrated circuit that consists
of several fransistors, resistors, and capacitors. The whole op
amp circuit fits on a very small integradted circuit and is

packaged as an electronic chip with several AN
: : fain.
input/output pins. &

The [UAT741 op amp chip has eight pins.
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The Actual Circuit for a pA741 Operational Amplifier

Non-inverting

Offset -
null

1
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Offset null {1}

The Operational Amplifier

HAT 41

e R

147
Top view

Inverting input {2

Moninverting

input ™~

V_ (usually

e

-15 V)

8) No connection

@. V, (usually
+15 V)

6 ) Output

5 Offset null

V1

o

Vo

Op amp element symbol as shown

in circuit drawings and in textbooks
Other pins (e.g., power supply pins)
are usually not shown in order to
simplify the drawings
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The Operational Amplifier

Proper op amp "bias." i.e., .
1, l'

connecting power supplies

positive power

supply node
Inverting input node PPYY

O

+ Moninverting input node

j{]
—~tf  Output node

( + )
— V+
Megative power

supply node

Note that the algebraic sum of all currents into the op amp must satisfy KCL.
However, in the analysis of op amp circuits we do not show the voltage supplies and
therefore it is best to refrain from applying KCL to sum the currents into the op amp

Professor Mohamad H. Hassoun 6
Copyright 2000



The Ideal Op Amp

Operating conditions for an

ideal op amp: =0
1~ —00 <y, < ©

—00 <[, < ®©

All voltages are measured w.r.t.
the ground node.

A Practical Op Amp

In order for the op amp to operate
as a linear device, it must satisfy the
following three conditions:

|v0’ = Vsat Saturation voltage

|io = isat Saturation current
dv
—921/< SR | Slew rate limit
dt

Saturation voltage, saturation current,
and slew rate limit are all parameters of
an op amp. For example, if a [{A741 op
amp is biased using +15 V and -15 V
power supplies, then:

vsat - 14‘V, iS(lt — ZmA,
and SR = 500,000Volt/sec.
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Example

Circuit redrawn

For what element values does the i

following circuit operate in the linear Vi & — 1 s _.ig
region. Assume the op amp is a nA741. V, — - £ 'JT _
Assume +15V supply voltages R l o™ 1y
‘ v § R
o
R Vs -
(de)
= For the circuit to operate in the
Solution: linear mode, it must satisfy:
KVL around the circuit: Vo‘ < 14V ‘io’ < 2mA
-Vg+ Ry + (Vo-Vp) - R (i + 1) =0 s v
0| - -~
Using ideal op amp operating conditions: | 0= 5007000: (de output)
ih=0 =0 Vv;-»=0 Vs _ »
we can solve the above equation for i,: or ‘Vsl <14V and |FL < 2ZmA
. Vs .
—J— X : = - =¥ o
g== g Wealsohave: %= -Ril,=% [Vs| < 14V and 500 |ve| < R
L
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Example

Find the ratio v, /v, for
the following circuit.

Solution:

KVL around input loop:
- Vg + Rai % (V']-Vz) -RCjZ: 0

or|i = i since 1’2: 0
Ra Vs
and V—]- V2 = )

We have same current |
flowing inR and Ry

since I1= 0.
KVL around outer Ioop: Note: The solution is
- Vg+ (Rg+ Rb)i +V5=0 independent of R,
and Rq- In fact we can
Now, substituting for i and solving we gef: replace R, by a short
V. % Rb circuit. However Rd must
-Ve+(R,+RL) = +V,=0 or |-2:-_2 |
S a 0 be a large resistor. Why?
b Ra Vs R 9 14
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Analysis of 741 Inverting Amplifier Circuit Using Workbench
Effect of op-amp saturation voltage on output signal
(Assume +15V supply voltages)

The LM741 op-amp output voltage saturates (clipped) 1if |v,| > 14Volt (refer to datasheet).

The peak mput voltage 1s SVolt and the amphfier gain 1s -2,

Therefore, |v,| < 10 < 14 leading to no clipping.

10k

2 A LM 2l
Lias

+*

s 60Hz/ 0D ea -

AAd
Wy ¢
n

Dscilo:copc 5"
zoom| GROUND @
TIME BASE TRIGGER

200msigw ] EpGE M x| &

% Pos (000 % LEVEL

| I eshl Ase AuTo [l B EXT

CHANNEL # CHANNEL B
5 ViDiv 5 V/Div
¥ POS |0.00 ¥ POS 000 5
BEE o/ oc = EE o ocl =

Gain = 2

u Electronics Workbench
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Analysis of 741 Inverting Amplifier Circuit Using Workbench

Effect of op-amp saturation voltage on output signal

The peak mput voltage 1s SVolt and the amplifier gain 1s -4.

Therefore,

v,| < 20 > 14 leading to a chipped output.

;Iw
40ks2
Wy
10
L2
-t
+ 47
T 50kSe
:T:1D
gl Oscilloscope X|
Zoom| GROUND (-
TIME BASE TRIGGER
[2 00ms/ div Bl epce B x| &
® Po0s (000 B LEVEL [ooo
Bl 56 ase| | auTo|B B EXT/
CHANNEL A CHANNEL B
[ 5 wDiv = 5 voiv =
¥ POS |0.00 By POS [0.00 =
Bl o/ oc| & ER e/pc|] @&
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Your Turn Problem

Consider the inverting voltage amplifier circuit shown in the previous

slide. Derive an expression for the current i, as a function of v, R, R,
and R .

Next, assume that R, = 10KQ and R, = 20KQ. Let v, (t) =
V.cos(2mft) Volt (f is the Hz frequency). Determine the restrictions on
R,, V; and f such that the circuit operates in the linear mode. Assume that

iy =iy =0, vy = vy, Vg = 14V, igq = 2mA, and SR = 500,000V/s.

Ans. V, < 7Volt, f <2220 17 and Ry > —— Q.
47tV 10=4+40.002/Vs
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Nodal Analysis of Op Amp Circuits

Vl -
Op amp output current is not
Write a KCL equation at the zero. Avoid writing a KCL
input supernode. Remember equation at the output node ‘
that op amp input currents unless you need to solve for I,

are zero (ideal case).
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Nodal Analysis of Op Amp Circuits

Example: Find the ratio (transfer
function) of the output
voltage to the input voltage
for the following op amp
circuit

Solution:

Alternatively, KCL at the

V-V non-inverting terminal:
——+0+0+0=0 Vo — Vs
R, 7

orv=\Vv

KCL at the input super node:

+0=0 Or,v, =v

We also have v, = v since both
nodes are connected by a Vs (U
short circuit.

v,
Therefore, 7° = 1 (Independent of R, and R,)
S
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A Brief Catalog of op amp circuits

The preceding circuit we just analyzed can accomplish the same task
without resistors! It is redrawn below and is known as a voltage
follower.

i Vout = Vin

Voltage follower
(buffer amplifier)

This circuit allows us to cascade two circuits and prevent loading
as shown next.
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A Brief Catalog of op amp circuits

Application of a voltage follower circuit

The voltage
follower here
acts as a buffer
thus preventing
the loading of
Circuit # 1.

Circuit
#1

(a)

Circuit

#1

b
el
Circuit + Circuit
#1 b #2
(b)
Circuit
#2

,-/—\

Here, circuit #1 is
loaded by circuit
He
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Note: The voltage at the
non-inverting terminal of the
voltage-follower (v,) must
stay within the power supply
voltages of the op-amp.
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Cascading Linear Circuits: Example

JF\)'] !\)3

+Q
+ O
+ 0
+Q

ol
o |
(|

V, = I V. = V-
2T R +R, ! 3T R;+R, 2

One might predict (wrongfully) that cascading the above voltage divider
(R1+R3)(Ra+Ry) 1

circuits as shown below would lead to /5 =

R, R,

+ + +
V'] F \)::_) V2 R 4 V3
o o o

Your turn: Show that the node voltages for the above circuit are:
R,R
V3 == e Vl
(Ry + Ry))(R3 + Ry) + RyR,
_ Ro(Rs+R)
(R +R)(Rs + Ry) + RyR,

V
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Cascading Linear Circuits: Example (Cont.)

2 ? VW ?

V1 R § Vo Vo R, Va

o o o o
ﬁzm%&“ %zme%

If we employ an op-amp buffer between the cascaded circuits we get
(your turn: prove it)

v RoR4 V d V. ar V
= an =
’ (Ry + Ry)(R3 + Ry) ! ? (R + Ry) !
R; - R,
—A W —1+ FN—AAN 0
+
V‘| j\)Z Vo Vz }!\)4 VS
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A Brief Catalog of op amp circuits
Inverting amplifier

V-Vin V-V
|n+ 0]

KCL at v: +0=0

R, 'R
Note that v = Vi =V, = 0

Therefore, -V;,/R1- V5/Rf = 0 or

Professor Mohamad H. Hassoun 19
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A Brief Catalog of op amp circuits
Noninverting amplifier

First, note that:
V=V =V = Vin

1 2
KCL at v
Vin  Vin-%
O=0 or
R; Rs

Professor Mohamad H. Hassoun
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A Brief Catalog of op amp circuits
Summing amplifier

Vout

VDUT.=_(E V~]+§2V2+ ...+§HVH)

Your turn: Derive the result shown.

Professor Mohamad H. Hassoun
Copyright 2000
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A Brief Catalog of op amp circuits

Difference amplifier

Professor Mohamad H. Hassoun
Copyright 2000
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A Brief Catalog of op amp circuits
Difference amplifier

KL at(1): (v-v{)/R + (v-vo)/Rp = 0

KCL aT@: (v - v2)/R1 +Vv/R5 =0

Professor Mohamad H. Hassoun
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A Brief Catalog of op amp circuits

Current-to-voltage converter

e VOH'GQE Is zero here.

-

i -
_"‘ o
R
0V
0V

Vout =-R¥ i

KCL: -G + (0 - v, )/Rf =0 or

Professor Mohamad H. Hassoun
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Workbench example:

+
1, ’— -1.00

T
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A Brief Catalog of op amp circuits
Negative resistance convertor

Iipy
m—

KVL around circuit: Eliminating i from the first equation we get

) ; . Vi
—Vin + Raign + (R + R))i = 0——> —v;, + Ryijy + (R + RZ)R#: =0

KVL around input loop: Solving for the input (equivalent) resistance we get
v, 4 Ryi=0o0ri=2 v RyiRs
Rl Rin - = < 0
Lin R,
Professor Mohamad H. Hassoun 25
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Your Turn: Show that cascading two inverting amplifiers with

. —-R —R4 . . . . r- .
gains —= and —— results in a non-inverting amplifier with total
1 3

gain of (assume ideal op-amps)

Vo (_Rz) (_R4) _ R3R4
Vin Ri1 7\ Rj3 R1R3

Vout

Professor Mohamad H. Hassoun
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Solving a systems of linear algebraic equations
using op-amp circuits

10kQ X
~ "\ 20kQ . . :

m Description 23 —

This circuit solves the set of equations:
2x+y=0 =+ =
X+3y=56

m Electronics Workbench
AAN—
: . 3kQ y
Rewrite the equations as:

- /
r="5Y L

=
Your turn: Design an op-amp circuit that solves the following system of equations:
x—y=0
x+2y—-5=0
Professor Mohamad H. Hassoun
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Characteristics of Practical Operational Amplifiers

The Ideal Model The Offset Model
i i
Y1 U1 C—>
I 2
Rin—> Va | = v ip1 - D
”‘ 'l 7 1; Bl Vo
; —
2 i i Uos =
W = 2 Ideal
v2 - vy O @ operational
UV, — v =v3=0 amplifier
i i 0 o V,s: input offset voltage ipo
= = — 00 l (0.0) 2 . .
S 9 ip1, ip2: Op-amp bias currents
Ry >© R, -0 =
v, does not saturate
The Finite Gain Model The Oftset and Finite Gain Model
- 3 I -
— o v é’ oo
01 0= MAN—0 1, 1 i I
Ip1 B 2
§Ri Alvy —vy) | _ ) Alvg+vgs—vy)
i, io  Vos =
i —r N
Vo Ot — A \j =
Ih2
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Selected Parameters of Typical Operational Amplifiers
(Assumes +15V sources)

PARAMETER UNITS uA741 LF351 OPA101 AM OP-07E
Saturation voltage, vy \% 13 13.5 13 13
Saturation current, iy mA 2 15 30 6
Slew rate, SR V/uS 0.5 13 6.5 0.17
Bias current, iy nA 80 0.05 0.012 1.2
Offset current, i, nA 20 0.025 0.003 0.5
Input offset voltage, vos mV 3 0.1 0.03
Input resistance, R; MQ 2 106 10° 50
Output resistance, R, (§) 5 1000 500 60
Differential gain, A V/mV 200 100 178 5000
Common mode rejection ratio, CMRR V/mv 31.6 100 178 1413
Gain bandwidth product, B MHz | 4 20 0.6

Professor Mohamad H. Hassoun
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Electrical Characteristics, LM741 (LHdited)

PARAMETER TEST CONDITIONS MIN TYP MAX | UNIT
Ta=25°C 1 5/ mVv
Input offset voltage v, Rs =10 kQ
TAMIN < TA < TAMAX 6 mV
) Ta=25°C 20 200
Input offset current bos nA
: Tamin = Ta = Tamax 85 500
) ; Ta =25°C 80 500 nA
Input bias current 1y,
Tamin = Ta = Tamax 1.5 pA
Input resistance Tpo=25°C, Vg =420V 03 2 MQ
Input voltage range Tamin = Ta = Tamax +12 +13 \"
= = Ta=25°C 50 200
Large signal voltage gain Vs =15V, Vo =210V,R 22 | ‘A VimV
kQ TamiN = Ta = Tamax 25
_ RL 210 kQ +12 +14
Output voltage swing Vg =215V \%
RLz2kQ +10 +13
Output short circuit current Ta =25°C 25 mA
Slew rate Ta = 25°C, unity gain 0.5 V/us
Supply current Ta=25°C 1.7 28| mA
Ta=25°C 50 85
Power consumption Vg =115V Ta=TamiNn 60 100 mwW
TA - TAMAX 45 75

Few LM741 specifications read from the above table:

[vos] < 5mV

lip;] < 500nA and |ip,| < 500nA

lios|= lip1 — ip2l < 200nA

Gain A > 50,000, typical value is 200,000

Click here for full data sheet
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The Finite Gain Model of an op amp

The ideal op amp is the simplest model of an op amp. Several
other models of an op amp exist which include more realistic
characteristics of the op amp. One such model is the finite gain
model shown below.

I R, I

—_ ~—

Inverting
terminal 1™

Ri A(VZ - V1)

I
Non-inverting 4 e Kéain constant

terminal V2 —

For a [{A7 410p amp: Ri =2MQ ,R,=75Q,and A = 200,000

Professor Mohamad H. Hassoun
Copyright 2000
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The Finite Gain Model of an op amp

Workbench example comparing the voltage follower circuit
behavior for the following op amp models: ideal, finite gain,

and HA741. /

(LM741 parameters)

1K § M5
—"IJ\.I'V—?—
= 1.00 YV
+
T 10k 100V
Professor Mohamad H. Hassoun 32

Copyright 2000



The Finite Gain Model of an op amp
The effect of finite gain

Gain = 50
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Analysis of a Voltage-Follower Employing the
Finite Gain Model of Op-Amp

The relationship between the output voltage and input voltage

of the above circuit is given by (refer to your textbook, pages
242-243):

v, 1

Vin 1+%(§—Z+1)(}%+1)

When A is very large and R, < R; and R; < R; the above

expression reduces fto that of an ideal voltage-follower: — =

Professor Mohamad H. Hassoun
Copyright 2000
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Analysis of an Inverting Amplifier Employing the Finite Gain Model

@ ©
R, & R, o XNy
SO ‘r) K"’v— R, *+

o + R +_ -
5 () o e ® AlvT—v7)
L !
Finite Gain Model
R o
R, (vi=v?)
R, R, |® R, v R v,
AN @ —— W @ wW=—-
v | + : = i
s () R} <~>_Av_ Vo v(D R v,
vt 0 — Ay,
1 8
Your turn: Employ nodal analysis (and Mathcad) to show that the gain —is
_Ry s
Vo _ R,

D
B

What are the conditions that lead to v—" = —

R—z ? Determine the gain when R, = 1kQ and

1

R, = 100kQ and the op-amp has R; = 1MQ, R, = 100Q and A = 100,000. Repeat with A = 50



Your Turn (challenge): Employ the finite gain model of an op-

. . V. o
amp to derive an expression for - as a function of

m

A R,R,, R{,R,,R; and R,.

Vi O—ANA—4—AN—

]\) 1 /\)J

Y ou may use Mathcad to solve the resulting equations. What are

the conditions that lead to 2 = f2f4 9
Vin R1R3

Protessor Mohamad H. Hassoun 36
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The Effect of Op-Amp Offset Voltage and Bias Currents

Consider the following inverting amplifier (based on an ideal op-amp) with output v, (t) = —5v;,(t)
10 kQ 50 kQ
— AVW—— W\
|deal

A o5 -
() ‘

100 kQ Vo = =9 Vijp

T

We may employ the more accurate offset model of the op-amp in the above circuit and obtain the following circuit:

10 kQ 50 kQ
NN l AAVAY
\
'n (@) S, J
Ip; Iy
Professor Mohamad H. Hassoun 37
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The Effect of Op-Amp Offset Voltage and Bias Currents

10 kQ

50 kQ
VWV

T

w0 2 )
53

The above linear circuit can be analyzed [solved for v, (t)] employing

superposition, where v, (t) is the sum of the response of four circuits, as follows:

10 kQ 50 kQ

10 kQ 50 kQ

10 kQ b1 50 kQ
—A\N <—AWN
+ 0V — Ideal
Yoa ;

+—

Ideal inverting amplifier
Ry

Vo1 = _R_”m = —5v;,
1

Ideal non-inverting amplifier| |iy; flows in the 50kQ resistor

Ry

Vo = (1 + —) Vo = 6V,

R,

Vo3 = (50kQ) iy,

Professor Mohamad H. Hassoun
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1oke =0 s50ka
—A\\V <— AN
+ 0V — Ideal
yi=20 ov, +
. Cb 100 kQ
Ih2
U04—0
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The Effect of Op-Amp Offset Voltage and Bias Currents

10 kQ

50 kQ 10 kQ 50 kQ 10 kQ 50 kQ

Ideal

100 k2

v, = —5vy, + 6V, + 50,000, + 0

10 kQ 50 kQ
—W\ AM—

Ideal

100 k&

The error between the ideal circuit and the present circuit 1s then given by

error =v, — (—5’!7,;71): 67705 + SOJOOOLbl
which, assuming an LM741 op-amp, has the value
error = 6(0.005) + (50,000)(500x107%) =

For this circuit, this error can be ignore (meaning that the

Worst case values
from Table on Slide 30

55mVolt

1deal model is

valid) as long as the ideal circuit output voltage, —5v;,,, 1s significantly

larger than this error; i.e., as long as,

|—-5v;,,| > 10xerror = 550mV= 0.55V

leading to the condition: ||v;,| > 0.1V




Offset Voltage Compensation

OFFSETE 741 g | NC
NULL
IN- | 2 I| +V
IN + E 6 | out
v [ 5 | OFFSET
S NULL

One way to zero the mput offset voltage of an op-amp is to place a potentiometer between
the “Offset Null” pins of the op-amp and to connect the pot’s wiper to the negative supply
terminal, as shown in the Figure below. To center the output, the two op-amp inputs are
shorted together and connected to ground (or to a few volt dc source). Adjust the pot until
the output voltage approaches zero. The pot must stay wired to the op-amp.




Offset Current Compensation

Consider the inverting amplifier shown below. Earlier, we have analyzed
this circuit and determined that its output 1s independent of R,.,,,,, and 1s

Rz
R4
can play a positive role in reducing the effects of the bias currents.

given by v, = ——=v;,,. In practice, however, R_,,, does affect v, and 1t

Employing the op-amp model with bias currents in the mverting
amplifier, and disabling the mput, leads to the circuit on the right.

R

~
e

A4

RCOII]

Professor Mohamad H. Hassoun 41
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Offset Current Compensation (cont.)

Writing KCL at nodes v, and v, leads to the equations:

Vi V1=V, . [
— +1iy; =0 and
Rl RZ - Rcom

which, along with the fact that v, = v,, lead to the (undesirable)

amplifier output (due to the bias currents),

+ib2=0

Your turn:
_ R, +R, .« Derive it.
Vo = Rzlbl — ( R Rcom) lbz
1
: R{R, :
Setting R_.,., = R,||R, = and taking the absolute value
R, + R,

leads to |v,| =R, |ip; — ip,|, Which is a very small quantity since the
offset current i,y = |l — Ip,| 15 Very, very small. For example, typically,

the LM741 op-amp has i,s = 20nA.
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Additional Considerations for Practical Op-Amp Circuits

You should never reverse an op-amp’s power supply leads. Doing so can
surely damage the op-amp. One way to avoid this is to place a diode

between the op-amp’s negative supply terminal and the negative power
supply, as shown below.

Keep wires from the power supply to the op-amp as short as possible. This
helps prevent unwanted noise from arising in the output. Additional
disturbances may arise from the power supply itself. These effects can be
eliminated if you connect two disk capacitors, as shown in the figure above.
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Additional Considerations for Practical Op-Amp Circuits

Finally, a convenient dual supply + 9V to power the op-amp can be
obtained from this circuit using two readily available 9V batterics.

o +9V
+
oV —
¢ O GRD
sl
oy —
o -9V
Professor Mohamad H. Hassoun 44
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The Op-Amp as a comparator

4V,
+ VS‘ + VS
V- _|_\
> : vO
V- 7
— VS — Vs
Vv
] }+
v —0 '
N N y
] I\
>

Professor Mohamad H. Hassoun
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Positive Feedback in Op-Amp Circuits

Y ou might have noticed that there has always been a resistor (or a short
circuit) connecting the output of the op-amp and its inverting terminal in all
of the circuits considered so far. This is a form of negative feedback that is
very important for stabilizing the circuits. The equations/properties of the

ideal op-amp that we employed in the analysis of such circuits only work if
negative feedback is present.

So what happens if we use an op-amp with positive feedback in a circuit?
Consider the following circuit

V. 0—\
oV

Professor Mohamad H. Hassoun
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Positive Feedback in Op-Amp Circuits

\ + Vs
])F_ (o W— P
> oV,
=1 R,
S
V+ — voRl
R +R, R

The circuit behaves as a comparator and its output will always take one of
two states: +V;, or —V. From the voltage divider, we have v+ = ﬁ V,.
The input voltage sets the voltage at the inverting terminal: v~ = vy,.

So, let us take the scenario that v, = +V,. Then v* = Rl}ile I, and the output
will not change until v;,, > v*. When that happens, the op-amp will trigger
; V. It will then

1+R2

and its output quickly switches to —V;. This sets v to -

take vy, < vt = % V, for the output to switch back to +V.

1 2
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Positive Feedback in Op-Amp Circuits

\ +V
V, o———
> oV,
v R,
_Vs -
1,'3 — ‘PEJRI
R +R, K,

The following plot depict the case of +V, = +15 and R; = R,. Observe that
there exist a region of “hysteresis” where no switching takes place for
—7.5 < v; < 7.5V. The circuit is known as a “Schmitt trigger”.

vﬂ
-@)——19— 15
A W
—75| 0 7.5 Vin
(V b |5

Professor Mohamad H. Hassoun
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Positive Feedback in Op-Amp Circuits

Benefits of Hysteresis

7.5

=75

Without hysteresis

4\
]f

Vi

Application of hysteresis:
Deboning a push button switch

I (Watch video) I
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