The Operational Amplifier

Assessment Problems

AP 5.1 [a] This is an inverting amplifier, so
v, = (—Rys/R;)vs = (—80/16)v;, SO Vo = —Dug
vs( V) 0.4 2.0 35 —-06 —-16 -24

(V) =20 —-10.0 —-15.0 3.0 80 10.0
Two of the v, 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=-bv,, vs=3V
Use the positive power supply value to determine the smallest input voltage:
10 = —5v,, vg=—2V
Therefore —2<v, <3V
AP 5.2 From Assessment Problem 5.1

v, = (—Ry¢/R;)vs = (—R;/16,000)v,
— (—R,/16,000)(—0.640) = 0.64R, /16,000 = 4x 107 R,

Use the negative power supply value to determine one limit on the value of R, :
4x107°R, = —15 so R, =—15/4x10"° = —375kQ

Since we cannot have negative resistor values, the lower limit for 1z, is 0. Now use
the positive power supply value to determine the upper limit on the value of R,:

4x107°R, =10  so R, =10/4x107° = 250k}
Therefore,

0 < R, <250kQ2
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AP 5.3 [a] This is an inverting summing amplifier so
Vo = (—Rf/Ra)va + (—Rys/Ry)vp, = —(250/5)v, — (250/25)v, = =500, — 10w,
Substituting the values for v, and vy,:
v, = —50(0.1) = 10(0.25) = =5 —2.5=—-75V

[b] Substitute the value for vy, 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 v,=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) — 10vp, = =5 — 10v, = —10 V;
Therefore 10uv, =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):

v, = —b0v, + 10y, = =5+25=-25V

Repeat part (b):

v, = —H0v, + 2.0 = —-10 V; 50v, = 12.5, v, =025V
Repeat part (c):

Vo = —5+4+ 10y, =15 V; 10w, = 20; v, =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 + Un — Vo o
4500 63,000

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

0

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 k{2 resistor and the R, resistor:

R,

— % (0.400
%" = 15,000 + RQC( )
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Now substitute the value R, = 60 k€2:
60,000
v =
P 15,000 + 60,000

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

(0.400) = 0.32 V

v, = 15v, = 15v, = 15(0.32) = 4.8 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,
o p— 1 —_— p—
vo =19 (15,000 + Rm> °
15(0.4R,) = 5(15,000 + R,) so R, =T75kQ

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
°710(24) © 10 °

Simplify this expression and substitute in the value for vy,:

Vo = 5(vp — va) = 20 — bv,
Set this expression for v, to the positive power supply value:
20—5v, =10V so v,=2V
Now set the expression for v, to the negative power supply value:
20— 5v,=—-10V so v,=6V
Therefore 2 <wv, <6V

[b] Begin as before by substituting the appropriate values into Eq. 5.22:
o 8(60)

77 10(12)

Now substitute the value for vy,:

Vo = 4(4) — bv, = 16 — v,

vy, — DU, = 4u, — DU,

Set this expression for v, to the positive power supply value:
16 =50, =10V so v,=12V
Now set the expression for v, to the negative power supply value:

16 —5v, =—10V so wv,=52V

Therefore 1.2<wv, <52V
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AP 5.6 [a] Replace the op amp with the more realistic model of the op amp from Fig. 5.15:

100362
Ay

bk k0

iy Ay . ]
i +
o 4
+ 20x=10 {(-v 1 .
v S00kE v a
gi n

Write the node voltage equation at the left hand node:
Un +vn—vg+vn—vo_
500,000 5000 100,000

Multiply both sides by 500,000 and simplify:

0

v, + 100v,, — 100v, + v, — vy =0 so  21.2v, — v, = 200,
Write the node voltage equation at the right hand node:

v, — 300,000(—v,) = Vo —Un
5000 100,000
Multiply through by 100,000 and simplify:

200, + 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 106 21
21.2 20y, 6
N, = = —120 x 107,
6x 108 0
N, Uy
Vo = —— = —19.9985v,; so — = —19.9985
A Vg

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

20v, —1
N1 = == 420Ug
0 21

_ N1 _ =5
v, = N 6.9995 x 10",

vo=1V, v, =69.995,V
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[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:

vy — v, vy — 6.9995 x 107y,

1, = —=

I 5000 5000

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

Ry=22 = = 5000.35 )

iy 1—6.9995 x 10-?

[d] This is a simple inverting amplifier configuration, so the voltage gain is the ratio

of the feedback resistance to the input resistance:

v 100,000

o . ) _ _20

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, = 5000 Q)

Vg
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Problems

P5.1 [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, 7,, = 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 —vy,) = 0.
[d] Write a node voltage equation at v,,:
vn—2.5+vn—vo _ 0
10,000 ~ 40,000
But v, = 0 and v,, = v, = 0. Thus,
—2.5 Uy
— =0 o =—10V
10,000 40,000 v

P52 el 2_0% + el 18000 =0, therefore v, = 6v, — 5v,

[a] v, =4V, v =0V, v, =—15 V  (sat)
[b] v,=2V, v, =0V, vo=—10V

[c] va=2V, v =1V, v, =—4V

[d] v,=1YV, vp =2V, Vo=17V

[e] If v, =1.6 V, v, = 9.6 — bu, = +15

~1.08<wv, <492V
P53  v,=—(0.5x107?)(10 x 10°) = =5V

-5

= _——=—1mA
5000

lo
P 5.4  Since the current into the inverting input terminal of an ideal op-amp is zero, the
voltage across the 2.2 MQ) resistor is (2.2 x 10°)(3.5 x 107%) or 7.7 V. Therefore
the voltmeter reads 7.7 V.
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P55 [a] ¢, =

v, = —50 x 10%, = =250 mV

b] Ua . Vg +va—vo_
50,000 ~ 10,000 40,000

0

4v, + 200, + dv, — v, =0

V= 290,/5 = —1.45 V

[c] 2. =5 A
—Uy Vg — Uy
(4] i = 35500 20000 — 133K

P5.6 [a] The gain of an inverting amplifier is the ratio of the feedback resistor to the
input resistor. If the gain of the inverting amplifier is to be 6, the feedback
resistor must be 6 times as large as the input resistor. There are many possible
designs that use only 20 k€2 resistors. We present two here. Use a single 20 k{2
resistor as the input resistor, and use six 20 k2 resistors in series as the
feedback resistor to give a total of 120 k(2.

20k 20kGD 20k0

20000 20k 20kC
oo

2002
Ay

- —Veo Vo
v v

Alternately, Use a single 20 k(2 resistor as the feedback resistor and use six 20
k() resistors in parallel as the input resistor to give a total of 3.33 k(2.

20kC2
Ay

20kC2
Ay

20000
Ahy

I 1B G
20k0 N v
Ay

v 20kC2

—Vee Vo
v v v

20kL2
Ay

[b] To amplify a 3 V signal 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. Thus, the power supplies should have a magnitude of
(3)(6) = 18 V.

P5.7 [a] The circuit shown is a non-inverting amplifier.
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[b] We assume the op amp to be ideal, so v,, = v, = 3V. Write a KCL equation at

Uyt
3 3 — v,
+ —
40,000 80,000
Solving,
v, =9 V.
18
P5.8 vp:ﬂ(12):9V:Un

Up — 24 v, — U,
_|_

30 50 0

v, = (45 —48)/3=—-1.0V
: Yo -3 1 -3 -6
zL:€><10 :—gxlO = —200 x 10

i, = —200 pA

P59 [a] First, note that v, = v, =25V
Let v,; equal the voltage output of the op-amp. Then

25 -1y 20— vn

-0 vy =T5—2
500 10000 Yol Y
Also note that v,; — 2.5 = v,, S U =5 — 2v,
[a]
A
2
= q
=
-2
4
-B
a 1 2 =] Ll 5
va (V)

[b] Yes, the circuit designer is correct!
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P 5.10 [a] Let va be the voltage from the potentiometer contact to ground. Then

0—vy, 0—wa

=0
2000 50,000
—25v, — va = 0, Soova=-2540x 107 = -1V
VA UA—O VA — Uy
=0
aRA+50,000+(1—oz)RA
Ua Loy 4 a7 %
(8} —
(1+2+ 1 ) U,
v —_ ey
A a 11—« 11—«
1_
vO:—1[1+2(1—a)+< a)]
(0%

When o =02, v,=—1(1+1.6+4)=—-66V
When o =1, vo=—1(140+0)=-1V
—-66 V<9y,<-1V

1_
[b]—1[1+2(1—a)+( a>1=—7
(0%
a+2a(l—a)+(1—a)="Ta
a+2a0—2°+1—a="Ta
202 +5a0—1=0 so «a=0.186

P5.11 [a] Replace the combination of v,, 1.6 k2, and the 6.4 k2 resistors with its
Thévenin equivalent.

o . o
1.6k0 1.28k0)
0.25v(" £6.4k0 — 0.2v(”
h 4 h 4 h 4
—[12 + o50]
Th o=——""—""(0.2
en v 798 (0.2)
At saturation v, = —5H V; therefore
12 50
- (f{;) (02) = —5, or o=04

Thus for 0 < o < 0.40 the operational amplifier will not saturate.

5-9
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_ —(12+13.6)

b] Wh —0.272 = 2)=—-4V
[b] When o = 0.272, v 198 (0.2)
Vo Vo i
Also -2 , =0
0 107256 "
) v 4 4
y = —— — —2 = — 4+ ——mA = 556.25 uA
! 0 26 10 256™ H
=
P5.12 [a] W
v
v, (1
_ UD
Up +
R 2
v, ‘ v
l

N

va ia

— REI.

Up — Uy Unp — Vo
— 0

BTt =0
[1+q_%_%
“lrR. "R TR R

Up = Up = Vs + Uy
20p — Uy = 20, + 205 — U, = vy + 20y

Uy — Vo = —20, (1)

R
QUa—I—'Ua(Fia> — Vs — Vg = Uy

R
Ua <1+Ra>—vozvg (2)

Now combining equations (1) and (2) yields
R

V- = —3U,

R,
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R,
or v, = 3Ug§

Uy 3vy

R, R
[b] Atsaturation V,= =+ V.

Hence i, = Q.E.D.

Uy = £ Vo — 2v, (3)

and

Va <1+§> ==+ Ve + v, (4)

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

4 —=——5_9
+Ra + V. — 2v,
ﬁ_ + Ve + vy L 3y
R, +Ve—2v, = £Ve—20,
+ Voo — 2
or R,— EVe=20)p  opp
3vg

P 5.13 [a] Assume the op-amp is operating within its linear range, then

8
= _omA
"= o000 “™

For R; = 4k} Vo= (4+4)(2)=16 V
Now since v, < 20 V our assumption of linear operation is correct, therefore
1, = 2mA

[b] 20 = 2(4+ Ry); Ry, =6k}

[c] As long as the op-amp is operating in its linear region ¢y, is independent of R .
From (b) we found the op-amp is operating in its linear region as long as
Ry < 6k(). Therefore when R; = 16 k{2 the op-amp is saturated. We can
estimate the value of ¢;, by assuming ¢, = ¢,, < 71,. Then
ir, = 20/(4,0000 + 16,000) = 1 mA. To justify neglecting the current into the
op-amp assume the drop across the 50 k¢ resistor is negligible, and the input
resistance to the op-amp is at least 500 k€2. Then
ip =1, = (8 —4)/(500 x 10*) = 8 uA. But 8 uA < 1 mA, hence our
assumption is reasonable.
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[d]

iL{mA)
2 \

" \

1

0.5

RL({kohms)
0 f t t t t f f t

] 2 4 B 8 10 12 14 16

P 5.14 [a] Let v,; = output voltage of the amplifier on the left. Let v, = output voltage of
the amplifier on the right. Then

Vo1 = _1A(‘)7(1) = —4.7 V; Vop = _550(—0.15) =10V
iy = % = 5.7mA

[b] ¢, =0whenv,; =vgy sofrom(a) v, =1V
Thus
o) =1
v, = _4112 = —212.77mV

P5.15  [al peooo = W = 64W

[b] veo00 = 306700000(60 x 107%) = 1.2mV
Peoo = (12(20100)_3)2 =2.4nW

e Do = 61070 ong

Py 2.4 x 1079
[d] Yes, the operational amplifier serves several useful purposes:
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* First, it enables the source to control 2, 500 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.

* 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.

* 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 5.16 [a] This circuit is an example of an inverting summing amplifier.

220 220 220
bl vy = —va = o — o= 8+ 15— 11=—4V

80
[e] v, = —19 — 10v, = £6
v, =—13V when v,=—-6V;
v =—25V when v,=6V

25 V<, £ -13V

P 5.17 [a] Write a KCL equation at the inverting input to the op amp:
Uqa—Va U4 —Up , Ud— Uc Uq Uq — Vo

40,000 22,000 * 100,000 T 352,000 * 220,000 =0

Multiply through by 220,000, plug in the values of input voltages, and
rearrange to solve for v,:

-1 -5
o — 22 )
vo = 220,000 (40,000 *52.000 " 100,000
8 8
=14V
+352,000 + 220,000>

[b] Write a KCL equation at the inverting input to the op amp. Use the given values
of input voltages in the equation:

8—va+8—9+8—13+ 8 Jr8—1}0 B
40,000 22,000 100,000 352,000 = 220,000

Simplify and solve for v,:

44 —-55v, —10-1145+8—-v,=0 so v, =36 —5.50,
Set v, to the positive power supply voltage and solve for v,:

36 —5.5v, =15 .. v, = 3.818 V

Set v, to the negative power supply voltage and solve for v,:

36 —5.0v, = =15 .. vy = 9.273V
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Therefore,
3.818 V<, <9273V
8—4 8-9 8-—13 8 8 — v
P5.18 =0
[a] 40,000 + 22.000 + 100,000 + 352,000 + Ry
8—w 88—
= 27272 x 107° R; = 2
R, 8 R ARNCY SYAVETIE

For v, =15V, R;=256.7kQ

For v,=—-15V, R; <0 so this solution is not possible.

15— 8 b_|_ —1.527 mA

[b] io = —(if + i10k) = — 256.7 x 105 10,000|

P 5.19 We want the following expression for the output voltage:
Vo = — (20, + 4up, + 6v. + 8vy)

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:

48 N 43 43 n 43
—V, + —0 —Ve + —0
Ra Rb b Rc Rd ¢

Vo = —

Solve for each input resistance value to yield the desired gain:
R, =48,000/2 =24k R, = 48,000/6 = 8k
Ry, =48,000/4 = 12k R4 = 48,000/8 = 6 k(2

The final circuit is shown here:

V_ WA
a

24k () o
. | 48Kk )
12k ()
v, e "y
Bkl
vV, e—
? Bk
Ry,
P520 [a] v, = v,, Uy = ﬁ, Up = Up
1 2
Rl + RQ R2
Therefore v, = <) s = (1 ) s
v 7 v + 7 v



P5.21

P5.22

P5.23

P5.24

Problems

[b] Vo = Vs
[c] Because v, = vy, thus the output voltage follows the signal voltage.

3000

Ry
5000

R
0.1 0.25
( ) + 25,000( )

Vo =

(0.15) +

—6=—-8x10"°Ry; Ry = 75kQ; . 0< Ry <T75kQ

[a] This circuit is an example of the non-inverting amplifier.
[b] Use voltage division to calculate v,:
10,000 Vs

P 10,000 + 30,000~ 4
Write a KCL equation at v,, = v, = vs/4:

vs/4 N v /4 —v,
4000 28,000
Solving,

Vo = Tvg /4 + v /4 = 20y
[c] 20, =8 SO vs=4V

2, = —12 SO vs=—6V

Thus, -6V <wv, <4 V.

68,000
~ 80,000

0.85v, L 0.85v4 — v,
30,000 63,000

[a] v, = v, vy = 0.85v,

Vo = 2.6350, = 2.635(4), v, = 10.54 V

[b] v, = 2.635v, = +12

vy = +4554 V,  —4.554 < v, < 4554 V
0.85v, = 0.85v4 — v,
~0
e 35,000 R
0.85R;
“20 L 0.85 | vy = v, = +12
(30,000 * ) Ve =Y

5-15

L.7x107 3Ry + 51 = £360; 1.7x10°R; = 360 — 51; R = 181.76 k)

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

Up— Vs U, —06

15,000 30,000

0

20, — 20,4+ v, —6=0 SO vp = 205/3 + 2

Now write a KCL equation at v,, and solve for v,:
Up, Up — Vo
+ —
20,000 60,000
Since we assume the op amp is ideal, v,, = v,. Thus,
Vo = 4(2v5/3 +2) = 8v,/3 + 8
[c] 8vs/3+8 =16 SO v =3V

0 SO v, = 4o,

8us/3+8=—12 SO vs=—75V
Thus, —7.5V <y, <3 V.

P 5.25 [a] The circuit is a non-inverting summing amplifier.
Up — Ua Up — Up

bl T T a1

vp = 0.5875v, + 0.4125vy,

Un Un — Vo

10,000 + 100,000

v, = 11v, = 11v, = 6.4625v, + 4.5375v, = 8.03 V

[c] up:vnz%:mofnv
, Up — Up
=% 400 ,.A
2T 335108 H
. Ub—Up
= 7% 100uA
T T 108 H

[d] 6.4625 for v,

4.5375 for vy,

P526 [a] ”p]g”a n ””};”b i ””}g”’v‘ +% _0
a b C g
RyR.R R.R.R R.RLR
vp=—p 9 0a + 5 Yo + 5 9 Ve

where D = RyR.R, + R.R.R, + R.R,R, + R.R,R.



Ry
h k=1(14+ —
where ( + Rs)
Vp = Uy
Vo = kvp
or
- k‘RgRbRCU kRgRaRCU k:RgRaRbU
o — D a D b D c
k:RgRbRC Ry
———— =3 —=1.5
D R,
k‘RgRaRC R,
——— =2 — =2
D Ry,
k:RgRaRb R,
—_—_— = 1 -_— =
D o 3
Since R, = 2k} R, = 3kQ R, =6k

Problems

5-17

D = [(3)(6)(4) + (2)(6)(4) + (2)(3)(4) + (2)(3)(6)] x 10° = 180 x 10°
K(4)(3)(6) x 10° _

B

540 x 10°
o 22X

180 x 10?

72 x 107

Ry
7H5=14+ —
+ R

=6.5

Ry
Ry = (6.5)(12,000) = 78k

=75

[b] v, = 3(0.8) +2(1.5) +2.10 =75 V

75

=20V
v Up 75 0
08—1 —02
- _ — _0.1mA = —100 uA
2000 2000 m a

1y =
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15-1.0 05
. _ — 166.67 uA
= 73000 3000 a
210—1.0 1.1
= _ — 183.33 LA
! 6000 Goop  Lo3:33m
1
250 uA
ls = Joop ~ 2VH
Un

.S: pr— p— . A
s = 12000 ~ 12,000 ~ O3S H

— Vs  Up—UVp  UVp— U
R ' m R
RbRC + RaRC + RaRb
Uy v Ve
D D "D
where D = RyR. -+ R,R. + R,Ry,

P527 [a] &

Up:

Un Un — Vo

-0
10000~ R
Ry .,
10,000 000 e
Ry
L 1=
et o000 T LT

v, = kv, = kv,

ka RC kRaRC kRaRb
= + v,

Vo D (N D Ub D c
kRy R, R,
=5 R
D R,
kR, R,
=4
D
kR, Ry _q & _ 4
D Ry,

Re = 5R, = 5kQ
Ry = R./4 =125k
D = (1.25)(5) + (1)(5) + (1.25)(1) = 12.5 x 106

(1)
5D (5)(12.5) x 10°

k p—
RoR.  (1.25)(5) x 10°

=10

+1=1 — 90kQ
10 000 0, By =90



[b] v, = 5(0.5) + 4(1) + 1.5 =8 V
U =0,/10 =0.8 V=1,
Vo — v, 0.5-0.8

= - — 300 uA
= 1000 1000 H
. v,—v, 1-0.8
_ _ — 160 uA
= 950 1250 H
. Ue—1v, 1.5-08
L= - — 140 A
= 75000 5000 H

P5.28 [a] Assume v, is acting alone. Replacing vy, with a short circuit yields v, = 0,

therefore v,, = 0 and we have

0—v, 0—2)

i, =0, i,=0

Problems

R, Ry,

Therefore

vl Va , Ry,

— = - V, = ——U,

Rb Ra Ra
Assume vy, is acting alone. Replace v, with a short circuit. Now

Ude

vV, = VU = —

b " Rc + Rd

1

Up  Up— 0 . .
41, =0, i, =0

ﬁa+ Ry

<1+1><Rd)v_”3_0
R, Ry \R.+Ry) " R,

Ry Rq Rq

"
v =

/ " Ri(Ra+Rb> vy — Rb

Vo =V, + v, = i m ﬁava
[b] };j (H) = };:, therefore Rq(R. + Ry) = Ry(R. + Rq)
R4R, = Ry R, therefore gz = }R;
When ]R;j <m> = ];:
Eq. (5.22) reduces to v, = };;:vb — Z:va = ];:(vb — Va).

(R ) (w5 e
°©~ \R, R.+Ry) ° R, \R.+ Ry

Ju
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P 5.29 Use voltage division to find v,,:

2000

= P 5 =1V
U = 5000 8000

Write a KCL equation at v,, and solve it for v,:

vn—va+vn—vg 0 (Rf +1> Ry

= SO — Uy, — Vg = Uy
5000 Ry 5000 5000
Since the op amp is ideal, v,, = v, = 1V, so

Ry Ry
o— \ ThnAn 1) — —— a
Y <5ooo + > 5000"

To satisfy the equation,

Ry Ry
B ) 2 By _y
(5000 + ) 5 and =0

Thus, Ry = 20 k€.

P5.30 [a] 12k () 144K D)
vaO A
15V
18k ()
vb L A — Z
_|_
gk [ v 62k
vc r—"h— -15Vv o
24k 0
Ud
_|_
v i?zkn
ul

Up +UP_UC Up_vd_o
72,000 9,000 24,000

vy, = (2/3)ve 4+ 0.2504 = vy,

Un_va+vn_vb+ Un — Vo -0
12,000 ' 18,000 ' 144,000

v, = 2lv, —12v, — 8y,
21[(2/3)ve + 0.25v4] — 120, — 8wy,
21(0.4 +0.2) — 12(0.5) — 8(0.3) = 4.2V



[b] v, =14v. +42—-6—-24
+15 = 14v, — 4.2

14v, = £15+44.2

Problems

ve=1371V  and  v.=—077T1V
771 < v, < 1371 mV
Rd(Ra + Rb) Ry, 47(110)
P531 = e T, T, 0.80) — 10(0.67
[a] v Ru(R. +Ry) " R,™~ 10(80) (0-80) = 10(0.67)
Vo =517 —6.70 = —1.53 V
4
[b] v, = v, = M =470mV
80
(670 — 470)10°3
a — E = 2 A
! 10 x 103 Op
v, 670 x 1073
[e] Rinp = R. + Rq = 80k
UbRb
P532 = T
TR TR
Up — Vs Up — Vo
—0
700 TR
Rf UaRf
n\ T5nn 1) — = Uo
! (4700 + ) 4700 ©

(Rf +1) Ry, . Ry
4700 R, - R, ° 4700

10 — 47KQ
1700~ 0 by =47
Ry

1=11
2700

Ry,
11 10
(Ra+Rb)

11R, = 10R, + 10R,

Va = Vo

Ry, = 10R,
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R, + Ry, = 220k

11R, = 220k2

R, = 20kS2

Ry =220 — 20 = 200kS2
P533 v, =v, = Ryip

Rbib — 3000Za Rbib — Vo

=0
3000 R
Rb Rb) . . Vo
(3000 TR )T T R
_ [RuBy : :
Vo= [3000 + Rb} i = firta
Re = 2000
(2/3)Ry + Ry, = 2000
Ry = 12009
Ri(R.+R)) Ry
P534 o, = \aT W) T
T R(R.+R) " R
. Rq(R. + Ry)
By hypothesis: Ry /R, — 4: Re+ Rq — 470k, a1 W) g
y hypothesis: R,/ d (Rt Ra)

Rd (Ra + 4Ra)
Rq(Rat+4R.) _ o Ry —282kQ: R, — 188kQ)
R. 470,000 0 !

Also, when v, = 0 we have

Upn — Uy Un,
_|_7_

=0
R, Ry,

R,
Up, (1 + Rb) = V,; U, = 0.8v,

v, — 0.8v (&
o= ————=022" R = - =5R, = 22k
1 R. R, 1a

R, = 4.4k, Ry, = 17.6k2



P 5.35

P 5.36

Problems

[a] v, =v, =av, v, = (v, —vy)d+ av,
Up — Uy Up — U,
R el = [(a—1)4+aly,
R
(vn, )E+vn—vo—0 = (ba —4)y,
= (ba—4)(2) =10a — 8
Q Vo o Vo Q Vo
00| -8V |04 -4V |08]|]0V
01| -7V ||05|-3V|[09]|1V
02| -6V 06| -2V |10]|2V
03] -5V |07|-1V
2
ol
= 2 01 02 03 04 0&8 0 08 048 1
2 -4
-B
-8

alpha

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

) (R—i-l)voz—i-—(Rf)v
© R, g Ry

Therefore,
Ry
slope = (R1 + 1> Vg;

[c] Using the equations from (b),

R; R;
R e A T
<R1 + )”g’ (1%1)

intercept = — (Rf )
pt = R

Solving,
Ry
=—2V; )
Ug ; Rl
1500
18) = -3 V=

U = gopp ) =3V =
18—3 —-3-—v,

1600 * R
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15
= R —3
Yo = 1600 1

v, =9V;  Ri=12800
vo=-9V;  Ri=—6400
But R;>0, .. Ry=12800

(24)(26) + (25)(25)
(2)(1)(25)
(1)(24) —25(1)
1(25)
‘24 98

P537 [a] Aqm = = 2498

=—0.04

[b] Aewm =

[c] CMRR = ‘ = 624.50

(20)(50) — (50) R,

P538 A=
20(50 + Ry)

50(20 + 50) + 50(50 + R,)

Adm = 2(20)(50 + R,)

Adm R, +120

Aan  2(20 — R,)

R, + 120
2(20 — R,)

= £1000 for the limits on the value of R,
If we use +1000 R, = 19.93kQ2
If we use —1000 R, = 20.07kQ2
19.93kQ2 < R, < 20.07k2

P 5.39 [a] Replace the op amp with the model from Fig. 5.15:

100k




Problems 5-25

Write two node voltage equations, one at the left node, the other at the right
node:
Up — Vg UVp — U Uy,

5000 ' 100,000 500,000 0

v, + 3 x 10%v, LU=t Y
5000 100,000 = 1000

Simplify and place in standard form:

106v,, — 5v, = 1007,

(6x10° — 1)v, + 121v, = 0

Let v, = 1 V and solve the two simultaneous equations:
v, = —19.9915 V; v, = 403.2 uV

[b] From the solution in part (a), v, = 403.2 ©V.
Vg — Uy vy —403.2 X 10_609
5000 5000

v 5000
R, =~ = = 5002.02 9
7 4,  1-403.2x 1076

[C] Z-g =

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

v, _ 100,000 _

vy 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,

vn=v,=0V;  R,=50001

P5.40 Note — the load resistor should have the value 4 k€.

[a] Replace the op amp with the model shown in Fig. 5.15. The node voltage
equation at the inverting input:

Up +vn—vg+vn—vo_0
40,000 ~ 500,000 = 80,000
Simplify:

12.5v,, + v, — vy + 6.25v, — 6.25v, = 0

The node voltage equation at the op amp output:

U, N v, —20,000(vp — V) Vo — Uy 0
4000 5000 80,000 N



5-26

CHAPTER 5. The Operational Amplifier

Simplify:

20v, + 16v, — 320,000(v, — v,) + v, — v, =0
From the input,

vy — v, = 0.8(vy — vy,)

Substituting into the equation written at the output,
20v, + 16v, — 256,000(v, — vy,) + v, — v, =0

Now let v, = 1 V; plug this value into both the input and output equations and
simplify into two simultaneous equations:

19.75v,, — 6.25v, =1
255,999v,, + 37v, = 256,000

These equations are in standard form, so solve them to yield
v, = 2.9986 V; v, = 999.571 mV

Thus,

2.
Yo _ 29986, g0g6
Vg 1

[b] From part (a), v, = 999.571 mV. Use this value to solve for v,:
v, = 0.8(1 — v,) + v, = 999.914 mV

[e] v, —v, =343.6 0V

[d] i, — Vg —vp _ 1—999.914 x 107?
100,000 100,000

[e] For an ideal op amp, v,, = v, = v,, so the KVL equation at the inverting node is

— 859 pA

Vo Vg — Vg
—|— =
40,000 80,000
Then,
Vo = 3U, SO Yo_3
Vg
Also,

v, =v,=1V; v,—-v,=0V; i, =0A



P5.41 [a]

Problems

24k
A,
1.6k02 2k
A, Ay »
+
+ J100, 000V
0.88V S00KQE vV, . Yn
vy, — 0.88 Un Up — UTh 0
1600 500,000 24,000 N
UTh + 105Un VUTh — Up . 0
2000 24,000
Solving, vpy, = —13.198 V
Short-circuit current calculation:
24k
A
16k 2k
A Ay
+ 10, DDDvn
0.88V S00KQE v, i
Un v, — 0.88 vn—O_O
500,000 1600 24,000 n
v, = 0.823 V
1 5
e = — Y v, = —41.13 A
24,000 2000
Roy = 2™ — 390.90 m)
ZSC
A, -
320.90m2
13,20
o]
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[b] The output resistance of the inverting amplifier is the same as the Thévenin
resistance, i.e.,

R, = Rty = 320.90 m{2

[c]
Ay L
320.90m a
132V v, §33E)Q
‘ T b
L
330
o = —13.198) = —13.185 V
! (330.32) (-13.198) = ~13.185
24k
Ay
1.6k02 k2
Ay Ay
. _
0.88v() 500kQE v . 13.185V £ 33002
107w
—_ I +
w w w
v, — 0.88 N Up, n v, +13.185
1600 500,000 24,000
v, = 941.92 uV
0.88 — 941.92 x 106
= = 549.41 uA
Y 1600 o494l p
0.88
B 0.88 — 941.92 x 10—6( 600) = 1601.7
—24
P542 [a] vy, = 1—6(0.88) =132V

Ry, = 0, since op-amp is ideal

*.

13.2V()




Problems

[b] R, = R =00
[c] R, =1.6kQ since v, =0

1535k0
Ay

P543 [a]

15k

o -
+ +
v v + Rlv, - vy v,
o +
v
i - $
Un — U,

Un_vg n o

15.000 135000

v, = 10v, — v,

Also v, = A(v, — v,) = —Av,

—94
(10 + A)Ug
—9(90)(0.4)
(10 4 90)
[e] v, =—9(0.4) = —3.60 V
—-9(0.4)A
10+ A
A =190

Vo

[b] Vo = =-324V

[d] —3.42 =

P5.44 From Eq. 5.57,

Uref 1 + 1 + 1 Yo
LB, i I
R+ AR R+AR R-AR Ry Ry
Substituting Eq. 5.59 for v, = v,:

_ 1 1 1
Uref Uref (R+AR trar T Rf) Vg

R+AR (R—AR) (gisp + g t ;)
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Rearranging,

Vo < 1 1 )
Yo _ o _
R; "\R—AR R+AR

Thus,
2AR
o= tnst (=) P
P 5.45 .20
15ve—TF
lle
®-15V \\/ 0.5K0
OmA 14 15
15V \\/ 2 %G
10V e—5 i,
# Vs
$-15V | 2ok
Om2 i2 10
£ 1kQ
10mA
v
15—10
i = = 1mA
5000

Vo2 = 10 + (400)(9) x 107® = 13.6 V

15 —13.6
.r = ———— . A
13 2000 0.7m

Vo1 = 154 1.7(0.5) = 15.85 V



P 5.46

P 5.47

Problems

5.6

U= gl = 0.7v, = Tsin(mw/3)t V
Un, n Up —Up 0

15,000 75,000

6v,, = Vy; Up = Up

v, = 42sin(mw/3)t V 0<t<o0
v, =0 t<0
At saturation

42 sin (g) t=421;  sin gt — 40.5

t=0.50s, 2.50s, 3.50s, 5.50s, etc.

&0
or N )
0l £ * . * v
£ Lo L.
2 12 3\\4 5,£ 7B é\\m 11aa’2 13
A0 \\._.f’: \n_./l
-G0
t(s)
It follows directly from the circuit that v, = —16v,
From the plot of v, we have v, =0, ¢ <0
v, =t 0<t<0.5
vy = —t+1 05<t<15
vg = t—2 1.5 <t <25
vy, = —t+3 25<t<35
vy = t—4 3.0 <t<4.5, etc.

Therefore
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v, = —16t 0<t<0.5
v, = 16t—16 05<t<1.5
v, = —16t+32 1.5<t<25

v, = 16t —48 25<t<35

v, = —16t+64 3.5<t<45, et
These expressions for v, are valid as long as the op amp is not saturated. Since the
peak values of v, are £5, the output is clipped at £5. The plot is shown below.

8

4

vo(V)
A N O N
1 1
o
w
=
!\J_
o
.(_l.'ﬁ_
[}
/
=
i R0

P 5.48 [a] Use Eq. 5.61 to solve for Ry; note that since we are using 1% strain gages,
A =0.01:

_uR (5)(120)
© 2Au (2)(0.01)(15)
[b] Now solve for A given v, = 50 mV:

wR  (0.05)(120) »
A= — — 100 x 10
9R;ver | 2(2000)(15) x

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 m}

R; = 2kQ




Problems
P 549 [a] R
A
E+AR F
W Up Aty Aty Un au ——
m¢ R # R s +
UD
R, _
" v

VoV UV g

v — RRfUin —
P RRy+ R;Ri + R;R "

(%% Up — Uin Up — Vo
+ =0

R TR Ry
1 1] Vo Ui

1 —_
R; R

Un[R+R+R]0
R+2R 1 v _ v
RR; R Ry

] RR vy, U
[

.

Vo R+2Rf
RR, + R;R, + R;R| R

Ry | RE;
R+ 2Ry B l
RRy+ RyRi+RyR R
o — [R2 + QRRf — Rl(R + Rf) — RRf]RfU
o R[Ri(R + Ry) + RRy] "

Rif_

Vo l ] o

Now substitute 71 = R + AR and get

o —AR(R + Ry)Ryvin
" R[(R+AR)(R+ Ry) + RRy

If AR < R
v A (R + Rf)Rf(—AR)Uin
™ R2(R+2Ry)
AT x 10%(48 x 10%)(—95)15
~ ~ —3.384 V
[b] 105(95 x 10%) 398
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—95(48 x 10%)(47 x 10*)15
104(1.0095)104(48 x 10%) + 47 x 109]

(R + Rf)Rf(—AR)Uin
P 5.50 Y R
la] v R:(R + 2R;)

(R + Rf)(—AR>RfUin
R[(R+ AR)(R+ Ry) + RRy|

approx value  R[(R+ AR)(R+ Ry) + RRy]

= -3.368 V

[C] Vo =

Vo =

true value R2(R+ 2Ry)
Error — R[(R+ AR)(R+ Ry) + RRf] — R*(R + 2Ry)
B R%(R + 2Ry)
AR (R+ Ry)
R (R+2Ry)
A
% error = AR(R+ Ry) x 100

R(R + 2Ry)
05(48 x 10%) x 100

[b] % error = 107(95 % 107) = 0.48%
P551 1= m x 100
AR = 9500 = 197.91667 2
48
% change in R = 197.11(34667 x 100 ~ 1.98%

P 5.52 [a] It follows directly from the solution to Problem 5.49 that
[R* 4+ 2RR; — Ri(R+ Ry) — RRf|Ryvin
R[R\(R+ Ry) + RRy|
Now R; = R — AR. Substituting into the expression gives
(R+ Ry)Rf(AR)vy,
R[(R— AR)(R+ Ry) + RRy]
Now let AR < R and get
o~ (R+ Ry)R;ARuv,
? R2(R + 2Ry)

Vo =

Vo =




Problems

[b] It follows directly from the solution to Problem 5.49 that
approx value  R[(R — AR)(R+ Ry) + RRy]

true value R*(R + 2Ry)
(R—AR)(R+ Rf)+ RRy — R(R + 2Ry)
Error =
R(R + 2R;)
_ —AR(R+ Ry)
~ "R(R+ 2R;)
~AR(R + Ry)
= 100
% error R(R+2R,) X
[e] R— AR =981012 . AR =10,000 — 9810 = 1902
(48 x 10%)(47 x 10%)(190)(15) _
o= 105(95 x 10%) =068V
—190(4 10 (1
[d] % error — —120U8 X 100)100) _ ) 5600

104(95 x 10%)
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