S

The Operational Amplifier

Assessment Problems

AP 5.1 [a] This is an inverting amplifier, so
Vp = (—Rf/Ri)’US = (—80/16)vs, SO U, = —Hug

vs(V) 04 20 35 —06 —-16 —24
v(V) =20 —10.0 =150 3.0 80 10.0

Two of the values, 3.5 V and —2.4 V, cause the op amp to saturate.

[b] Use the negative power supply value to determine the largest input
voltage:

—15=-bvs, vs=3V

Use the positive power supply value to determine the smallest input
voltage:

10 = —b5vy, vy, =—-2V
Therefore —-2<9, <3V

AP 5.2 From Assessment Problem 5.1
vo = (—Ry;/R;)vs = (—R,/16,000)v, = (—R,/16,000)(—0.640)
= 0.64R, /16,000 = 4 x 10°R,

Use the negative power supply value to determine one limit on the value of R,:

4x10°R, =—15 so R, = —15/4x 107" = =375k
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5-2 CHAPTER 5. The Operational Amplifier

Since we cannot have negative resistor values, the lower limit for R, is 0. Now

use the positive power supply value to determine the upper limit on the value
of R,:

4x10°R, =10 so R, =10/4 x107° = 250k}
Therefore,
0 < R, <250kQ

AP 5.3 [a] This is an inverting summing amplifier so
Vo = (—Ry/Ra)va + (—Ry/Rp)v, = —(250/5)v, — (250/25)v, = —50v, — 100y,
Substituting the values for v, and vy:
o = —50(0.1) — 10(0.25) = =5 — 2.5 = —7.5 V

[b] Substitute the value for v}, into the equation for v, from part (a) and use
the negative power supply value:

v, = —50v, — 10(0.25) = =500, — 2.5 =—-10 V
Therefore 50v, =7.5, so wv,=0.15V

[c] Substitute the value for v, into the equation for v, from part (a) and use
the negative power supply value:

v, = —50(0.10) — 10vy, = =5 — 10w, = —10 V;
Therefore 10v, =5, so v, =05V

[d] The effect of reversing polarity is to change the sign on the v}, term in
each equation from negative to positive.
Repeat part (a):

Vo = —H0v, + 10v, = =5+ 25=—-25V

Repeat part (b):

Vo = =00V, + 2.5 = —10 V; 50v, = 12.5, v, =025V
Repeat part (c), using the value of the positive power supply:
Vo= —54+100p =15 V: 100y =20 vy =20V

AP 5.4 [a] Write a node voltage equation at v,; remember that for an ideal op amp,
the current into the op amp at the inputs is zero:
Un Up — Vo

1500 T 63.000  C
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Problems 5-3

Solve for v, in terms of v, by multiplying both sides by 63,000 and
collecting terms:

14v,, + v, — v, =0 SO v, = 15v,

Now use voltage division to calculate v,. We can use voltage division
because the op amp is ideal, so no current flows into the non-inverting
input terminal and the 400 mV divides between the 15 k2 resistor and
the R, resistor:
vy = i,

P 15,000 + R,
Now substitute the value R, = 60 kQ:

60,000
v, =
? ™ 15,000 + 60,000

Finally, remember that for an ideal op amp, v,, = v,, so substitute the
value of v, into the equation for v

o = 150, = 150, = 15(0.32) = 4.8 V

(0.400)

(0.400) = 0.32 V

[b] Substitute the expression for v, into the equation for v, and set the
resulting equation equal to the positive power supply value:

0.4R,
p=15(— ) =5
! (15,000 + Rz>

15(0.4R,) = 5(15,000 + R,) so R, = 75k

AP 5.5 [a] Since this is a difference amplifier, we can use the expression for the
output voltage in terms of the input voltages and the resistor values
given in Eq. 5.22:
20(60) 50
Vp = Up — ——Ua
10(24) " 10
Simplify this expression and subsitute in the value for wvy:

Vo = B(vp — v,) = 20 — Hv,

Set this expression for v, to the positive power supply value:
20— 50, =10V so v,=2V
Now set the expression for v, to the negative power supply value:

20— 5v,=—-10V so v,=6V

Therefore 2 <09, <6 V
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5-4 CHAPTER 5. The Operational Amplifier

[b] Begin as before by substituting the appropriate values into Eq. 5.22:
8

,_ 8(60)

10(12)

Now substitute the value for vy:

Vo = 4(4) — bv, = 16 — 5v,

vy — Du, = 4vp, — Hu,

Set this expression for v, to the positive power supply value:

16 -5, =10V so v,=12V

Now set the expression for v, to the negative power supply value:
16 —5v, =—-10 V so wv,=52V

Therefore 1.2<9v, <52 V

AP 5.6 [a] Replace the op amp with the more realistic model of the op amp from Fig.

5.15:
100k0
Ay
5k 5k(2
A “ihfy L
i +
= 4
+ 30x10(-v_) .
v, O 500kQE v * o
v v v ;

Write the node voltage equation at the left hand node:
Un _I_vn—vg Un — Vo _

500,000 5000 100,000

Multiply both sides by 500,000 and simplify:

v, + 100v, — 100v4 + 5v,, — 5v9 =0 so 21.2v, — v, = 20v,

Write the node voltage equation at the right hand node:
v, — 300,000(~v,) = Vo — Uy
5000 100,000
Multiply through by 100,000 and simplify:
200, 4+ 6 x 10%, + v, — v, =0 so 6 x 10%, + 21v, =0

Use Cramer’s method to solve for v,:
21.2 -1

A= — 6,000,445.2
6 x 105 21
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Problems 55

21.2 20u,

N, = = —120 x 10%,
6 x 10% 0
N, Uy
Vo = —— = —19.9985v; so — = —19.9985
A Vg

[b] Use Cramer’s method again to solve for vy,:

20v, —1
Ny = = 420v,
0 21
Ny 5
Up = N 6.9995 x 10",

vy =11V, v =69.995 1 V

[c] The resistance seen at the input to the op amp is the ratio of the input
voltage to the input current, so calculate the input current as a function
of the input voltage:

Vg — U Uy —6.9995 x 1077y,

7 75000 5000

Solve for the ratio of v, to 7, to get the input resistance:
5000

R, =2 = — 5000.35 )

iy 1—6.9995 x 105

[d] This is a simple inverting amplifier configuration, so the voltage gain is
the ratio of the feedback resistance to the input resistance:

100,000

Yo — 90

vy, 5000

Since this is now an ideal op amp, the voltage difference between the two
input terminals is zero; since v, = 0, v, =0

Since there is no current into the inputs of an ideal op amp, the
resistance seen by the input voltage source is the input resistance:

R, = 500002
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56 CHAPTER 5. The Operational Amplifier

Problems
P 5.1 [a] The five terminals of the op amp are identified as follows:
) ) positive
inverting power supply
input
output
non-inverting negative
input power supply

[b] The input resistance of an ideal op amp is infinite, which constrains the
value of the input currents to 0. Thus, i, =0 A.

[c] The open-loop voltage gain of an ideal op amp is infinite, which constrains
the difference between the voltage at the two input terminals to 0. Thus,
(vp —vn) = 0.

[d] Write a node voltage equation at v,

Up — 2  Up— Uy

2000 12,000
But v, = 0 and v,, = v, = 0. Thus,

-2 Vo
- = o=—6V
2000 12,000 0 S0V
P 5.2 [a] Let the value of the voltage source be vg:

Uy — Vg _l_’Un—’Uo .
4000 12,000
But v, = v, = 0. Therefore,

12,000
4000

When vy = —6 V, v, = —3(—6) = 18 V; saturates at v, = 15 V.

When v = —=3.5V, v, = —3(-3.5) = 10.5 V.

When vy = —1.25 V, v, = —3(—1.25) = 3.75 V.

When v, =24V, v, =—-3(2.4) = -7.2 V.

When vs =4.5V, v, = —=3(4.5) = —13.5 V.

When vs =5.4 V, v, = —3(5.4) = —16.2 V; saturates at v, = —15 V.

15
[b] —3vs =15 SO Vg = 3= -5V

-1
—3v, = —15 SO vs:—;:E)V

0

V, = = —3v,

The range of source voltages that avoids saturation is =5 V < v, <5 V.
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Problems 57

(saturates at —16 V)

P53 wv,=—(6)=2 V=0,
5000 -+ 10,000
Up+5 v, — v, 0
3000 6000
2245)+(2—v,) =0
v, =16 V
v 16
= — = _—— =2000 x 107
"= 3000 ~ 8000 %
'éL =2 mA
p54 bt + U= Y% _ 0, therefore v, = 9, — Sv,
5000 40,000
[a] va=15V, v, =0V, v, =—12 V
[b] va=—-0.5V, v, =0V, vo=4V
[c] va=1V, v =25V, v, =145 V
[d] va =25V, v, =1V, vo=—11V
[e] va=25V, v, =0V, Vo =—20V
[f] o, =2V,  v,=18—8v, = %16
025 V<u, <425V
P55 wv,=—(0.5x107%)(10,000) = =5 V
lo = Yo :_—5:—1mA
5000 5000
240 x 1073
P 5.6 = = 30uA
[a] i 8000 H

vy = —40 x 10%5 = —3V

0—wva
60,000
Va Va Va — Vo

L] 60.000 | 40,000 © 30,000

Vo = 2.20v, = —4.05 V

[b]

0

—v, Vy — Vo
— 2775 1A
20.000 ou

d i, =
[} @ 30,000
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P57

P 538

P59
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CHAPTER 5. The Operational Amplifier

Since the current into the inverting input terminal of an ideal op-amp is zero,
the voltage across the 2.2 M(Q resistor is (2.2 x 10°)(3.5 x 107%) or 7.7 V.
Therefore the voltmeter reads 7.7 V.

[a] 30000 _ o Ry, = 30000 _ ~e00 = 750
Rin 4
30k
A
7.5kQ 12V
-12V
Ve v 215k0
A 4 a v
12
[b] —4v;, = 12 SO Vip = = -3V
12
—4uy, = —12 SO Vi = T =3V
-3V S Vin S 3V
Ry
_ 2) = —12 — 45kQ
el ~7500@ o Hr=45
v |  Re 45000
vinl  Rwm 7500

The amplifier has a gain of 6.

[a] The gain of an inverting amplifier is the negative of the ratio of the
feedback resistor to the input resistor. If the gain of the inverting
amplifier is to be 2.5, the feedback resistor must be 2.5 times as large as
the input resistor. There are many possible designs that use a resistor
value chosen from Appendix H. We present one here that uses 3.3 k{2
resistors. Use a single 3.3 k2 resistor as the input resistor. Then
construct a network of 3.3 k(2 resistors whose equivalent resistance is
2.5(3.3) = 8.25 k2 by connecting two resistors in parallel and connecting
the parallel resistors in series with two other resistors. The resulting
circuit is shown here:
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Problems 59

[b] To amplify signals in the range —2 V to 3 V without saturating the op
amp, the power supply voltages must be greater than or equal to the
product of the input voltage and the amplifier gain.

—2.5(=2) =5V  and —253)=-75V
Thus, the power supplies should have values of —7.5 V and 5 V.
P 5.10 [a] Let va be the voltage from the potentiometer contact to ground. Then

0—vy  0—wa

=0

2000 50,000
—250, — va = 0, Joova=—-25(40x107%) = -1V
VA va — 0 VA — Vo

=0

aRA+5O,OOO+(1—a)RA
U—A—I—Q’UA—I—UA_UOZO

o' —«

(1_|_2+ 1 )_ Uy
va Qo l—a/) 1-a

1—
v0:—1[1+2(1—a)+( O‘)]

a
When a=0.2, vo=—1(1+16+4)=—-66 V
When « =1, vo=—1(1+040)=-1V

—66 V<v,<—1V
[b] —1 l1+2(1—a)+(1;7a)] =7

a+20(l—a)+(1—a)="Ta
a+20—20°+1—a="Ta

202 +50—1=0 so «a=20.186

STUDENTS-HUB.com Uploaded By: Jibreel Bornat



5-10 CHAPTER 5. The Operational Amplifier

P 5.11 [a] Replace the combination of vy, 1.6kS2, and the 6.4k() resistors with its
Thévenin equivalent.

oy ° A *
1.6k0D 1.28k0
0.25V(: £6.4k0D — 0.2v(;
v v v &
—[12 + o50]
Th g = ——«——(0.2
en v 198 (0.20)
At saturation v, = —5 V; therefore
12 4 050
- —— 2) = — =04
( 1.28 >(0) 5 or o=0
Thus for 0 < o < 0.40 the operational amplifier will not saturate.
—(12+13.6
[b] When o =0272, v, = %8)(0.20) -4V
v v
Al 24+ 1+i,=0
© 0t e
o o 4 4
jo=—20 Yo _ % 4 % A =556.25 uA

10 25,6 10  25.6

P 5.12 [a] This circuit is an example of an inverting summing amplifier.
b] v, — 220 220 220
Y I VO S

[c] vo=—6—8uvp, =£10

Ve=—-5—124+11=—-6V

vp=—0.5V when v,=10 V;
=2V when v,=-10V

05 V<, <2V

R R R
P 513 v, = — 2 1 4
513 v 2000 %2 * 5000 (1% * 25000 (04
—6=—0.1x10Ry; Ry = 60kQ; . 0< Ry <60k

P 5.14 [a] Write a KCL equation at the inverting input to the op amp:

UVd — Va V4 — Up V4 — Ve Ud V4 — Vo
+ + +

60,000 ' 20,000 ' 36,000 ' 270,000 180,000:0
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Problems 511

Multiply through by 180,000, plug in the values of input voltages, and
rearrange to solve for v,:
3 -3 1 6 6 )

o =1 )
vo = 180,000 (60,000 20,000 " 36,000 * 270,000 " 180,000

=3V

[b] Write a KCL equation at the inverting input to the op amp. Use the given
values of input voltages in the equation:
6—3 6—9 6—uv 6 6 — v,

60,000 20,000 © 36,000 ' 270,000 | 180,000 0

Simplify and solve for v,:

9—-274+30—-5v,+4+6—-—v,=0 so v, =22— 5,

Set v, to the positive power supply voltage and solve for v.:
22 —5v., =10 .. Ve =24V

Set v, to the negative power supply voltage and solve for v.:
22 —b5v. = —10 .. V. =64V

Therefore,

24 V<v.<64 V

6—3 6—9 6—95 6 6 — v,

=0
[a] 60,000 T 20,000 © 36,000 © 270,000 | Ry

P 5.15

6—v 6—v
° —5%x107° Ri= — °
R; 8 0 T 51075

For v, =-10V, Ry=320kQ

For v, =10V, Ry <0 so this solution is not possible.

~10-6  —10
b .0 = —(1 ) = — et A
[b] o = = (i + o) 520,000 T 16.000| OO
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P 5.16

P 517

CHAPTER 5. The Operational Amplifier

[a]
1201 ()
Ro My
Vo i,
2 15V
Rl:u
Vp @ M ’—\T\
R & |
V. @ oy
_15v Va
v v
12 12
0000 ¢ o g, = 1200 450
R, 8
12 12
0,000 . Ry — 0,000 _ 5,10
Ry,
120,000 _ © R 120,000 _ 0K
R. 12

[b] —[8(2) + Hup, + 12(—1)] = —4 — 5up

11
—4 — bv, = —15 SO Hop = 11 thus v = r =22V

-19
—4 — b, = 15 SO —bu, = 19 thus vy = & =-38V

Thus,
38 V<, <22V

We want the following expression for the output voltage:
Vo = —(8vg + 4vp + 100, + 6vy)

This is an inverting summing amplifier, so each input voltage is amplified by a
gain that is the ratio of the feedback resistance to the resistance in the
forward path for the input voltage. Pick a feedback resistor with divisors of 8,
4, 10, and 6 — say 120 k€2:

120k 120k 120k 120k
Vo = — Vs + Vp + ——V. + —vgq

R, Ry, R, Rq

Solve for each input resistance value to yield the desired gain:
R, =120,000/8 = 15k R. = 120,000/10 = 12k

Ry, =120,000/4 =30k R4 = 120,000/6 = 20kS2
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Problems 513

Now create the 5 resistor values needed from the realistic resistor values in
Appendix H. Note that Ry = 120k(2, R, = 15k}, and R. = 12k are already
values from Appendix H. Create R), = 30k{2 by combining two 15k{2 resistors
in series. Create Rq = 20k{) by combining two 10k(2 resistors in series. Of
course there are many other acceptable possibilities. The final circuit is shown
here:

L i
" 15k 0 W

v, A ———
BT skD 15k} Vcc

Vc & A0, -
12k() o

vdl
100 10Kk()

P 5.18 [a] The circuit shown is a non-inverting amplifier.

[b] We assume the op amp to be ideal, so v, = v, =2 V. Write a KCL
equation at vy,:

2 . 2—v, B
25,000 150,000
Solving,

v, = 14 V.

P 5.19 [a] This circuit is an example of the non-inverting amplifier.
[b] Use voltage division to calculate v,:
8000 Vs

Y7 8000 + 32,000 ° 5
Write a KCL equation at v,, = v, = v,/5:

vs/b N Vs /5 — v,
7000 56,000

Solving,

Vo = 8us/5 + vs/5 = 1.80;
[c] 1.8v; =12 so  vs=6.67V

1.8v, = —15 SO v, = —833 V

Thus, —8.33 V <wv, < 6.67 V.
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5-14 CHAPTER 5. The Operational Amplifier

68
P 520 [a] v,=v,= Y = 0.85v,

0.85v4 ~ 0.85v4 — v,
30,000 63,000

Vo = 2.6350, = 2.635(4), v, =10.54 V
[b] v, = 2.6350, = £12
vy =455 V,  —455<uv, <455V

0.85v4 L 0.85v4 — v,
30,000 Ry

(0.851-2f

[c] =0

0.85) v, = v, = +12
30.000 )Ug !

1.7R¢ + 51 = £360; 1.7Ry = 360 — 51; Ry = 181.76 k2

P 5.21 [a] From Eq. 5.18,

RS ‘l‘ Rf 'Uo Rf
Vo = R Vg SO v_g:1+ﬁS:6
So,
R
1 _5
R
Thus,
R - R _ 75,000 _ 15%0)
) )
15kQ
—AWW
10kQ
Vg 10 kO
A 4
[b] v, = 6v,

When vy = —2.5 V, v, = 6(—2.5) = —15 V.
When vy = 1.5V, v, = 6(1.5) =9 V.
The power supplies can be set at 9 V and —15 V.
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Problems 5-15

P 5.22 [a] From the equation for the non-inverting amplifier,
Ry + Ry .
R,

Choose Rs = 22k(), which is a component in Appendix H. Then
R; = (1.5)(22) = 33k, which is also a resistor value in Appendix H.
The resulting non-inverting amplifier circuit is shown here:

Ay
22 kO 33k L2

%22 kO N{E‘v’
e %u

2.5 SO Rs + Ry = 2.5R, and therefore Ry =1.5R;

4 =+

vy

v ¥
[b] v, = 2.5v, = 16 so v, =64V
Vo = 2.5v5 = —16 SO vg=—64V

Therefore,

6.4 V<uv,<64V

P 5.23 [a] This circuit is an example of a non-inverting summing amplifier.
[b] Write a KCL equation at v, and solve for v, in terms of vy:

Up— 9D  Up— U
=0
16,000 * 24,000

v, — 154 2v, —2vs=0  so v, =20,/5+3

Now write a KCL equation at v, and solve for v,:

Up, N Up — Vo 0 _x
24,000 96,000 0 To =

Since we assume the op amp is ideal, v,, = v,. Thus,
Vo = 5(2vs/5 + 3) = 205 + 15
[c] 2vs +15 =10 SO vy =—2.5V

2vs +15=—-10 SO v, = —125 V

Thus, —125V <wv, < =25 V.
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CHAPTER 5. The Operational Amplifier

Up— Vs  Up— U  Up— Ve

=0
S R.
RbRC RaRC RaRb
Up = D Va, D Up D Ve
where D = RyR.+ R,R. + R, Ry
Up, Uy, — Vo
+ —
20,000 ~ 100,000
1
00,000 1) v, = 6o, — o,
20,000
_ 6By R. N 6 R, R, 6 R, Ry,
Vo = D Uy o) Up, o) Ve
By hypothesis,
61, R, _ 1. 6 R, R, _o. 6 R, Ry, _5
D D D
Then
6R.R,/D 3
— = — Ry, = 1.5R,
6R.R./D 2 ° b
But from the circuit
Ry, = 15kQ SO R. = 10k%2
Similarly,
6RyR./D 1
— = — 3R. = R,
6R.Ry/D 3
Thus,
R, = 30kQ2

[b] v, = 1(0.7) + 2(0.4) + 3(1.1) = 4.8 V

Up =10,/6 =08 V=u,

: Vo —v, 0.7-038
730,000 30,000 K
) vpb—vp, 0.4—0.8
_ _ — _96.67uA
= 75.000 15,000 K
. Ve — Up 1.1 —-0.8
c = = — 30 A
= 70,000 10,000 K
Check:

o + b + i = 07
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Problems 517

P 5.25 [a] Assume v, is acting alone. Replacing v}, with a short circuit yields v, = 0,
therefore v,, = 0 and we have

/
0;%:6‘ 0;3:0 Yin=0,  in=0
Therefore
v N , Ry,
®TR TR
Assume vy, is acting alone. Replace v, with a short circuit. Now
'Ude
Up = Un = R. 4+ Rq

"

¢ +i,=0, i, =0

R R
1 1 Rd 'U//
eI _ Y% _

(Ra * Rb> (RC +Rd> TR

e () (g = e (B ),
o~ \R, R.+Ry) ° R, \R.+Ry) "

Ry (Ra—l-Rb) Ry,

Vo = V) + v R \R T R RV
[b] %j (gi ::__ ?;)) = %:, therefore R4(R, + Ry) = Rp(Rc + Ra)
RqR, = RyR., therefore %: = %
wen 5! (k) = 5
Eq. (5.22) reduces to v, = &vb - &'Ua = &('Ub — Va).

R, R, R,

P 5.26 [a] This is a difference amplifier circuit.
[b] Use Eq. 5.22 with R, = 5kQ, R, = 20k, R. = 8kQ, Ry = 2k, and

Vp = 5 V:
R4(R, + Ry) Ry, 2(5 + 20) 20
o= "= Up— = Uy = ———(5) — —v, =5 —4v,
Vo= RRet B TR T 31 5 !
[c] 2000(5000 + Ry) (5) — Ry (2) = 5000 + Ry 2Ry _ 1 Ry
5000(8000 + 2000) 50007 5000 5000 5000
R
L =10 SO R¢ < 0 which is not a possible solution.
5000
Ry
— =—10 SO Re = 5000(11) = 55k(2
5000
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P 5.27

P 5.28

P 5.29

CHAPTER 5. The Operational Amplifier

C Ry(Ra+ Ry Ry 120(24 +75) 75

2] vo = B R Ry T R T 240130 1 120)
v, =99-25=—151V

v — 8 U1+ 15.1
— 0 — 924V
bl 51500 * 75.000 oo
8-24
24,000

ia =233 A

UV, 8
o = = —— = 34.3k0)
A 1a 233 x 1076 3.3

[C] Riny = R + Rq = 250k
_ 1500

= Y 18) = —3 V=,
U = 500018 v

-3+18 —=3-v,

=0
1600 * R

o = 0.009375R; — 3
vo=9V;  Ry=12800
vo=-9V;  Ry=—6400
But R;>0, .. Ri=128kQ

Ra(R, + Ry) Ry,
Vp — — Uy

R.(R. + Rq) R,

Vo =

) Ra(R, + Ry)
By hypothesis: R,/R,=4; R.+ Rq=470k;, —— =3
y hypothesis b/ d Ro(Re + By)

Ry (R.+4R.)

= 282k€): . = 188k
R, 470,000 so Ry 8 N 88

Create Rq = 282k{2 by combining a 270 k() resistor and a 12k(2 resistor in
series. Create R. = 188k{2 by combining a 120 k{2 resistor and a 68 k{2 resistor
in series. Also, when v, = 0 we have

Un_va+v—"—0
R, R,

(1 + Ra) 0.8
Un, e = Va; Uy = U. a
i v
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Problems 5-19

v, — 0.8v v U
= ————— % = 0.2, Ry, = = =5R, = 22k
! R, R, i
R, = 4.4kQ; R, = 17.6kQ

Create R, = 4.4k} by combining two 2.2 k(2 resistors in series. Create
Ry, = 17.6kS2 by combining a 12 k() resistor and a 5.6 k() resistor in series.

[a]
20k 1) 180K 1)
WV A
a
20
18K 1}
vhi g, ——4 _
+
A0k v ATKE
Vv Ay -20V =
2001}
Ve Ay
_I_
v i?[]l{ﬂ
o
Up Yp— Ve  Up—ld
20,000 ' 30,000 ' 20,000

8vp = 20, + 3vq = 8uy,

Up — Vg _I_vn—vb L Up — Vo
20,000 18,000 180,000 N
v, = 20v, —9v, — 10vy

= 20[(1/4)ve + (3/8)va] — Yua — 100y,
— 20(0.75 + 1.5) — 9(1) — 10(2) = 16 V
[b] v, =5v.4+30 -9 —20 = b5v. + 1
+20 =5v. + 1

v, = —4.2 V and v, =3.8V

42 V<, <38V
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P 5.31

P 5.32

CHAPTER 5. The Operational Amplifier

Up = Rb’ib = Up,

Ryi,  Ryiy, — v, . 0
— 1, =
2000 ' Ry
1 1 Uy
R (L L) e
b (2000 * Rf> "R

i Ry i
1 P B a — Yo
Ryiy ( + 2000) Ryi )

By hypopthesis, v, = 8000(ip, — i,). Therefore,

R; =8k (use 3.3k and 4.7k resistors in series)
8000
1+ —) = =1.6kQ
Rb( —I—2000> 8000 SO Ry 6

To construct the 1.6 k(2 resistor, combine 270 €2, 3302, and 1k resistors in

series.
fa] R
v, = ) v, =
P aRy + (Ry — aRy) &
Up = Up = Qg =
Up — Vg  Up — Vo
pr— 0 pr—
Ry * Ry
£
(vn vg)Rl + U, — V0, =0 —
« Vo Q Vo «Q Vo
00| -8V ||04| -4V ]|088|0V
01| -7V ]|05|-3V]|09|1V
02| -6V |]|06|-2V]|10|2V
03| -5V |07 -1V

STUDENTS-HUB.com

Ry Ry
14+ 2 _ 1
( + Rl> s T R,

(avg —vg)4 + avy

Vg

(o —1)4 + o,

(ba — 4)v,

(5o — 4)(2) = 10 — 8
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Problems 521

Aty
9k () 33k
" .| *16Y
0
EEML&Q N it
-16% T,
Wy v

b

[b] Rearranging the equation for v, from (a) gives

R R
Vo = (é—l—l)vga—l—— (ﬁf)vg
Therefore,
R R
slope = (Rﬁf + 1) Vg; intercept = — (é) Vg
[c] Using the equations from (b),

R R
_GZ(Rﬁf%—l)vg; 42—(%)219

Solving,
vg = —2 V;

(24)(26) + (25)(25)
(2)(1)(25)
_ (1)(24) —25(1) _
[b] Aen = =g = 004
24.98

= 24.98

3000)(6000) — (6000) R,

(
P534 Ay =
3000(6000 + R, )

. 6000(3000 + 6000) + 6000(6000 + R.)
dm 2(3000)(6000 + R,)

Adm  Ru + 15,000

A 2(3000 — Ry)

R, + 15,000

2(3000 — Ry) = £1500 for the limits on the value of R,
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5-22 CHAPTER 5. The Operational Amplifier

If we use +1500 R, = 2994
If we use —1500 R, = 30062
2994 Q) < R, < 30062

P 5.35 It follows directly from the circuit that v, = —(75/15)v, = —bv,
From the plot of v, we have v, =0, t<0

vg = t 0<t<?2

vy = 44—t 2<t<6

v, = t—8 6<t<10

v, = 12—t 10<t<14

vy, = t—16 14<t<18, ete.
Therefore

v, = —5t 0<t<?2

v, = Ht—20 2<t<6

v, = 40-5t 6<t<10

v, = oHt—60 10<t<14

v, = 80—05¢ 14 <t <18, etc.

These expressions for v, are valid as long as the op amp is not saturated.
Since the peak values of v, are 9, the output is clipped at £9. The plot is
shown below.

VoVl
8 -
0 tis)
i 4 A 12 16
_8 - f
o 4 v A V
5.4
P 536 wv,= —5l = 0.75v4 = 3cos(m/4)t V

Un n Up —Uo
20,000 60,000

4v, = v,; Up = Up
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Problems 5-23
v, = 12cos(m/4)t V 0<t<o
but saturation occurs at v, = £10 V
Vo (V)
15
N\ N
5
I Y A W A =
0 \ 4 f 8 1\ 12 /4- 16 1\ 20
o\ \_/ \
-10 —rf r —
] Nt -
-15
P 5.37 [a]
(=4
A
W
T oo
I
- W
u]
lfp +
R 2 R
v =
o oo

it 1
a a
K
J— a
Up — Vs  Up — Vo
=0
R * R
20, — Uy = Uy
E 'Ua_'Un 'Ua_'Uo_O
R, R R
[1+2] Un, Vo
Vg |l =—+ =| — ===
R, R R R
R
va<2+§a> Uy, = U,
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5-24 CHAPTER 5. The Operational Amplifier

Up = VUp = Vs + Uy
20p — Vo = 20, + 205 — Uy = Va + 204

Va — Vo = —20, (1)

Now combining equations (1) and (2) yields
R
—’Uaﬁ = —3'Ug
R,
a = 3Vg—
or v Vo g

v 3v
H = — = 2 E.D.
ence 1 R 7 Q

[b] At saturation v, = =% Vi
Uy = £ Ve — 20y (3)
and

R
Ua<1+§) Vet (4)

Dividing Eq (4) by Eq (3) gives
R £ Vee + 14

1+ == —=
+ R, £ Ve — 2y,
E_ £ Vee + 14 o 3vg
R. £ Vee—2v, = 4 Ve—2y,
+ Ve, —2
or Ry FVe=20) g pp
3y
Rl’UO
P 538 - Sy n - ) n -
[a] v, =0 v o v Up
R+ R R
Therefore v, = ( 1;—1 2) Vg = (1 + é) Vg

[b] v, = vy

[c] Because v, = v, thus the output voltage follows the signal voltage.
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Problems 525

P 5.39
$ 15V

15Ve———

ol

» ) 0.5k
OmE. -15v i,

® 15V \L KO

10Ve—— § i, % e §5kQ

15V

02
l/ ®-15V \L

0.4k l/
OmA i 10V 1

Tk
10mz

22+21+0:10mA, 22:9mA
Voo = 10 + (400)(9) x 107> = 13.6 V

15— 13.6
= 00 07mA
3 2000 o

'é4 == ’ég + ’él = 17HIA
Vor = 154 1.7(0.5) = 15.85 V

(320 x 1073)>2

P54 = =6.4
54018l Proke = gy 0AHW
16
(80 x 1073)?
XD Ty
Piska (16 x 10%) 0.4 W
N A
] 2282
Db 0.4

[d] Yes, the operational amplifier serves several useful purposes:
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5-26 CHAPTER 5. The Operational Amplifier

e First, it enables the source to control 16 times as much power
delivered to the load resistor. When a small amount of power controls
a larger amount of power, we refer to it as power amplification.

e Second, it allows the full source voltage to appear across the load
resistor, no matter what the source resistance. This is the voltage
follower function of the operational amplifier.

e Third, it allows the load resistor voltage (and thus its current) to be
set without drawing any current from the input voltage source. This
is the current amplification function of the circuit.

P 5.41 [a] Let v, = output voltage of the amplifier on the left. Let v,y = output
voltage of the amplifier on the right. Then

—47 —220

— (1) = —4.7 V; 2 = ——(—0.15) = 1.
(D =—4TVi = (-015) =10 V

Vo1 =

jo= 22" Yl 5o A
1000

[b] in =0 when vy =v,2  so from (a) ve=1V

Thus
—47
_=' -1
TR
10

P 5.42 [a] Assume the op-amp is operating within its linear range, then

_ 8 _
-~ 4000

For Ry, =4k} vo=(4+4)(2) =16 V

'éL 2mA

Now since v, < 20 V our assumption of linear operation is correct,
therefore

'éL = 2mA
[b] 20 =24+ Ry); Ry =6kQ

[c] As long as the op-amp is operating in its linear region iy, is independent of
Ry. From (b) we found the op-amp is operating in its linear region as
long as Ry < 6k(). Therefore when R; = 6k() the op-amp is saturated.
We can estimate the value of ¢;, by assuming i, = i,, < 7. Then
iz, = 20/(4000 4 16,000) = 1mA. To justify neglecting the current into
the op-amp assume the drop across the 50 k) resistor is negligible, since
the input resistance to the op-amp is at least 500 k(2. Then
ip =1in = (8 —4)/(500 x 10%) = 8 uA. But 8 uA < 1mA, hence our
assumption is reasonable.
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Problems 527

[d]
iL(mA)

\

RL{kohms)
0 : : : f : : : :
0 2 4 6 3 10 12 14 16

0.5

P 5.43 From Eq. 5.57,

Vet (S N B A
R+AR_ "\R+AR " R-AR ' R,;) R
Substituting Eq. 5.59 for v, = v,:

1 1 1
Uref Uref (R—i-AR +rar T R_f) Vo

R+ AR (R—AR) (gap + wosr T 7)1

Rearranging,

7 =t (7=xr T 3R)
R, "™\R—AR R+AR

Thus,
2AR
o= Uref | .59 A o R
o= vt e )
P 5.44 [a] Replace the op amp with the model from Fig. 5.15:
100Kk
Ay

hkQ 5k
Ay

+

My
1 g
+ Sleﬂ{—vn}
Vgi S00kC v, 5000 E vV,
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5-28 CHAPTER 5. The Operational Amplifier

Write two node voltage equations, one at the left node, the other at the
right node:

vn—vg_l_vn—vo_l_ Un —0
5000 100,000 = 500,000

v, + 3 x 10%v, v, — v, N Vo
5000 100,000 500 N

Simplify and place in standard form:

106v,, — 5v, = 100v,

(6 x 10° — 1)v, + 221v, =0
Let vy =1 V and solve the two simultaneous equations:
v, = —19.9844 V, vy = 736.1 uV
Thus the voltage gain is v,/v, = —19.9844.
[b] From the solution in part (a), v, = 736.1 V.
(] i, = Vg —Un _ Vg — 736.1 x 10,
5000 5000

v 5000
R, =2 = = 5003.68 )
74, 1-—736.1x10°6

[d] For an ideal op amp, the voltage gain is the ratio between the feedback
resistor and the input resistor:

Vo _ ~ 100,000 _ 9
Vg 5000
For an ideal op amp, the difference between the voltages at the input

terminals is zero, and the input resistance of the op amp is infinite.
Therefore,

Uy =0, =0 V; R, = 5000

P 5.45 [a]
24 k02
Ay
1.6k0 e
Ay Ay ' ]
+
+ A 105vn .
0.88v(2) 500kQE v_ N Th

v v v ;

v, — 0.88 U Up, — UTh

=0

1600 * 500,000 * 24,000
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Problems 529

vn + 10%0, n UTh — Un
2000 24,000

Solving, v, = —13.198 V

=0

Short-circuit current calculation:

2410
Ay
1.6k0 T
Ay Ay
+ NS
0.88v(2) 500KQZ v N iy
v v v

Uy, v, — 088 v, =0

=0
500,000 T 600 T 24,000
v, = 0.8225 V
5
o= — P 10 v, = —41.13 A
24,000 2000
RTh = ,U,Th =320.9 m¢)
ZSC
Abd, .
220 9me?
13.2v()
b

L

[b] The output resistance of the inverting amplifier is the same as the
Thévenin resistance, i.e.,

RO == RTh = 320.9 m¢)

[c]
A, *
320 90 =
132v () v, £ 3300
b
W

330
(2P Y (13.9) = —13.1
v (330.3209>( 32) 318V
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5-30 CHAPTER 5. The Operational Amplifier

24k
iy

1.6k I

Al Al
+ 105 B
088 500kQF v_ 1318V 3 3300

i - +

v, — 0.88 . Uy, vy +13.18
1600 500,000 24,000 N

Up = 942 uV
0.88 — 942 x 107¢
g = = 549.41 uA
K 1600 pALp
0.88
R, = —— =1601.71Q
lg
24,000
P 5.46 =—— 0.88) =—13.2 V
[a] vrn = =557 (0-88)
Rty = 0, since op-amp is ideal
. a
13.2v(0)
b
.

[b] Ry, =R, =042
[c] Ry =16kQ2 since v,=0

P 547 |[a]
10k
Aty
2k
iy * ]
+ +
Biv - w_ )
. W + P n W
v e, ! °
v
J— _p J—
v v ;
Up — Vg VUn — Vo
=0
2000 * 10,000
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Problems 5-31

v, = 6v, — Hvy

Also v, = A(v, — vp) = —Av,

o
Vo (1 + %) = —5v,
Vo = —54 v
°(6+4)7
[c] v, = ﬁ(l) =5V
[d] %:16(1) =—0.99(5) so  —5A=—495(A+6)

—0.054 = —29.7 SO A =594

Un Up — Vg  Up— Vg

P 548 — 0 55 y — 4 , = E 1
2} 16,000 * 500,000 200,000 or  59Un — 4o = Uy a (1)
Vo + Vo — Up, Vo — 50,000('UP — 'Un) . 0
20,000 ~ 200,000 8000 -

36v, — v, — 125 x 10* (v, —v,) =0

(vn — v,)(240)
800

360, — vy, — 125 x 10*[(0.7)v, — (0.7)v,] = 0

= (0.7)vg + (0.3)v,

Vp = Vg +

36, + 874,999v, = 875,0000,  Eq (2)

Let v, =1 V and solve Egs. (1) and (2) simultaneously:
v, = 999.446 mV and v, = 13.49 V

[b] From part (a), v, = 999.446 mV.
v, = (0.7)(1000) + (0.3)(999.446) = 999.834 mV
[c] v, — v, =387.78 uV

(1000 — 999.83)10_3
24 x 103

[d] i, = = 692.47 pA
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5-32 CHAPTER 5. The Operational Amplifier

v Uy — U
g g o _ : o
0, since v, = v, = g

[e] =
16,000 ' 200,000

vo = 1350, 2 =135
Vg

v, =0, =1V, vy — v, =0 V; ig=0 A

P 5.49 [a] Use Eq. 5.61 to solve for R;; note that since we are using 1% strain gages,
A =0.01:
Vo R (5)(120)

T 20ue (2)(0.01)(15) 21

[b] Now solve for A given v, = 50 mV:
o . 12
A= Lt (009)U20) oy o
Rt 2(2000)(15)

The change in strain gage resistance that corresponds to a 50 mV change
in output voltage is thus

AR = AR = (100 x 107%)(120) = 12 mQ

Ry

P 5.50 [a]
1:E:f
Ay
E+AR R
v i :lﬁ h L .
m¢ R ; R +
v
R'f _D
M :
Let R, = R+ AR
Up  Up  Up— Uin
p 4 P =0
R, R R
LR NS O
"R, "RTR| R
RR in
Up il Up,

" RR, + RyRy + RyR

Un Up — Vin Un — Vo

n -0

R R R
L1, 11 % v

“"IR"R"R;| R, R
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Problems

RR; R Ry

v, [R+2R; RRjui, U
R; | RRy RRi + RfRi+ RfyR| R

&_ R+2Rf _l v
Ry  |RRi+R;Ri+R;R R| ™

lR+2Rf] Ui _ Vo

v — [R2 + 2RRf — Rl(R + Rf) — RRf]Rf .
. R[Ri(R + Ry) + RRy] "

Now substitute Ry = R+ AR and get
—AR(R—I— Rf)Rf'Uin
Vy =
R[(R+ AR)(R+ Ry) + RRy|
If AR<K R
o (R + Rf)Rf(—AR)'Um
o R2(R+ 2Ry)
A7 x 104(48 x 104)(—95)15
b] v, ~ ~ —3.384
[b] v 105(95 x 10%) 3384 V

—95(48 x 104)(47 x 10)15
[c] v, = (48 x 107)(47 x 10) — 3368 V
10%[(1.0095)10% (48 x 10%) + 47 x 108]

(R4 Ry)(-AR)Rsv
T R(R+AR)(R+ Ry) + RR/]

R[(R+ AR)(R + Ry) + RRy]
R2(R + 2Ry)

approx value

true value

R[(R+ AR)(R+ Ry) + RRy| — R*(R + 2Ry)

E =
ITOor (R + 2R,)

AR (R+ Ry)
R (R+2Ry)

AR(R+ Ry)
= - -~ 1
% error R(R+2R)) x 100

95(48 x 10%) x 100
b = = 0.48
[b] % error 107(95 x 107 %
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5-34 CHAPTER 5. The Operational Amplifier

AR(48 x 10%)

P552 l=—1 """/
104(95 x 10%)

x 100

AR = % = 197.91667 €2

197.19667
% change in R = i X 100 ~ 1.98%

P 5.53 [a] It follows directly from the solution to Problem 5.50 that
[R2 + 2RRf — Rl(R + Rf) — RRf]Rf’Uin

R[R:\(R + Ry) + RRy]
Now R; = R — AR. Substituting into the expression gives

(R + Rf)Rf(AR)'Um
R[(R— AR)(R + R;) + RR;]

Now let AR < R and get

o~ (R + Rf)RfAR’Um
°"  RYR+2Ry)

[b] It follows directly from the solution to Problem 5.50 that
approx value  R[(R— AR)(R+ Ry) + RRy]

Vo =

Vo =

true value R2(R + 2Ry)
Error — (R—AR)(R+ Rf)+ RRy — R(R + 2Ry)
R(R + 2R;)
_ —AR(R+ Ry)
~ R(R+2Ry)
—AR(R + Ry)
= 100
% error R(R+2R;) X
[c] R—AR=19810Q . AR =10,000 — 9810 = 19082
(48 x 10%)(47 x 10)(190)(15) _
o= 105(95 x 10%) 0708V
—190(48 x 10%)(100
[d] % error = (48 x 107)(100) _ —0.96%

101(95 x 10%)
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