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PREFACE

There are two versions of the fourth edition of The Analysis and Design of Linear
Circuits. The Standard version (ISBN 0-471-27213-2) is an incremental revision and updating of
the third edition. The new Laplace-Farly version (ISBN 0-471-43299-7) retains the core features
of the third edition, but uses a new chapter sequencing that emphasizes transform methods. Some
users of the third edition including the authors believe that delaying phasors until after Laplace has
been grasped helps students better retain what they learned and contributes to a better, more
efficient understanding of phasors. Both versions are aimed at introductory circuit analysis
courses for both electrical/computer engineering majors and for service courses, and both assume
the same student prerequisites. Although the sequencing is different, the two versions cover the
same range of topics. John Wiley & Sons, Inc offers two versions of this book as part of a
continuing commitment to supplying a diversity of resources for teaching circuits courses.

This Instructors Manual solves all of the problems in the text. Both book versions have
significantly revised problem sets. A full one-third of the problems are totally new, one-third are
revised problems from the third edition, and the remainding third have been retained as is.

The problem solutions in this manual are worked out using Mathcad Plus version 8.0 and
Mathcad Professional 2001." The following is a brief discussion of Mathcad terminology for
those not familiar with this computer tool. Addition, subtraction, and multiplication are indicated
by "+","-" and "-" symbols. Division is indicated as a quotient such as " %—". The Pascal
assignment operator ":=" is used to define a function or to assign a numerical value to a variable.
For example, the Mathcad expressions "i:=0.02" and "R:=2500" assign the values 0.02 and 2500
to the variables "i" and "R", respectively. Similarly the expression "v(t):=2.5-exp(-10-t)" defines a
function v(t) whose value is found by assigning a value to the variable "t". The "=" sign (no bold)
is used to evaluate the numerical value of the expression to the left of the equal sign. For
example, the Mathcad statements "i**R=2.25" and "v(0.02)=2.047" evaluate the expressions of the
variables "1" and "R" and function "v(t)" defined above. The bold "=" sign is used in symbolic
calculations and to define equality constraints in systems of equations.

The Mathcad solve block is used to solve a system of equations. The block involves four
steps: (1) enter an initial guess for all of the unknowns, (2) enter the reserve word givern which
tells Mathcad that what follows is a system of equations, (3) enter the system of equations using
the bold equal sign, and (4) enter any expression that involves the reserve word find. For
example, the Mathcad statements below solve the system of equations between the given and the
find statements.

' Mathcad is a registered trademark of MathSoft Inc., Cambridge, Mass.
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| File Edit Text Math Graphics Symbolic Window
Books Help
x:=0 y:=0 <---(1} Initial guesses
giver <---(2) Reserve ward given begins
x4 2y=12 the solve block
x4+ 33y=0 <---{3) System of equations

(7472 <---(4) Reserve word find ends

find(x, ) = 2 264 + the solve hlock

The Mathcad solve block is used in this manual to solve both linear and nonlinear equations.

Mathcad performs the calculus operations of integration and differentiations. For
example, the Mathcad integral expression below uses the assignment operator to define a
function f(t) that can be evaluated at specific values of "t" as indicated.

[ = File Edit Text Math Graphics
Symbolic Window Books Help
t

f(t) : sin x) che

0

£(5) =0716  f2-m) =0

The integral expression below uses the bold equal sign. Mathcad's symbolic analysis feature can
then be used to symbolically evaluate this expression as shown.
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=| File Edit Text Math Graphics
Symbolic Window Books Help
t

fity=| sin(fx)
0

f(t)=-cns(ﬁ-t) 1
B +B +

The authors gratefully acknowledge the outstanding assistance of Dr. James S. Kang of
the ECE Department, Cal Poly-Pomona in the preparation of this manual. Any errors remaining
in the manual are the authors' responsibility. We would appreciate hearing from users who find
any errors in the manual or who have comments on the utility of Mathcad as a vehicle for creating
and documenting homework problem solutions.

Roland E. Thomas
Albert J. Rosa
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SOLUTIONS FOR
ANALYSIS AND DESIGN OF LINEAR CIRCUITS
by Thomas & Rosa

CHAPTER 1, Both Versions
1-1 (@) 12 mA, (b) 455kHz, (c) 200ps=02ns, (d) 5MW

1-2 (@) 22 mV, (b)23nF, (c) 56k, (d) 0.752MJ. (e} 0.235 mH.

1-3 1A =1Cls, 3300 Ah = 3300 C-hr/s. 1 hr = (60 min/hnx(60 s/min) = 3600 s/hr. hence
Q = (3300 C-hr/s)x(3600 s/hr) = 3300.3600 = 1.188 x 10’ C

-4 1W=1Jfs, 2128 kWh =2.128 MJ-hr/s, 1 hr = (60 s/min)x{(60 min/hr) = 3600 s/hr, hence
W = (2.128 MJ-hr/s)x(3.6x1000 s/hr) = 7.661 GJ.

3

15 (a) 10°, ) 107>, (© 10°, () 107 °

3

1-6 ()= é—q(t) = Q(St -2)10 " =310 323 mA
dt dt

17 i) = g;q(t) = g_(zo-e' 31) 1676 = 0.6~ > uA
t

18  q):= |10+10t f 0<t<2 t:=0,001..7
30-40-(t-2) if 2<t<3

~10-5.(t-3) if 3<t<5

[-20+50.(t-5)] if 5<t<6

30 if 6<t
30
20
oL 7N /
1) 0 0 \\ /
i d - ,
W) = a;q(t) _;g ]
1 2 3 4 5 6 7
i = |10 if 0<t<2 t
-40 if 2<t<3
-5 ff 3<t<5 2)8
; &
530 if 5<t<6 301
0 if 6<t ww 9
-10
-20
-30
-0
~50

t
1-9 it =3 A q(t) = J =t q2)-qO0) =8 C
0




2t

t
110 i)=3e ~ A qi)= j i(x) dx = -z- - »32~.e" 21 0.1 - q0) =0272  C
0

111 W= |10 £ 0<t<s t:=0,01..15  q):= |10t if 0<t<5

20-2t if 5<t<10 _25+20-t—t2if5st<10

0 if 10<t 75 if 10 <t
12 100
Ks} | 75|
t) 6 \\ q(t) 50
4 \ 25 /
2
O
0 0 5 10 15 0 5 10 15
t 1

q(10) = 75 <---Total charge through the device betweent=0andt=10s.

6

112 g(t) = (1 - —exp(~2000-1))-10 ~ C

6 — 2000t
€

i) = g—q(t) = (2000-exp(=2000-)-10" ° = 2 mA
t

t:=0,10 °.4107% i) = 2.exp(~2000.t) MA

2
g 1.5
& TONER! \ :
= " 05 et
; \\
0 510 % 0001 00015 0002 00025 0003
t
time (s)
1143 (@) p=50 v=12 i=L i=4167 A
v
200

b) T=(200 A-hn)/(4.167 A)= —— =48 h
(b) ( 4t ) = o7 r

114 (a) p=75 v=120 i=2 i=0625 A
v

(b) w= (75 W)x(8 hr) = 600 Wh = 0.6 kiWh,

Cost = (6.8 Cents/kWh)(0.6 kWh) = $4.08 cents




1-15 w = (50 A-hn)x(12 V) = 600 W-hr = (600 J-hr/s)x(3600 s/hr) = 2.16 MJ

1 t
1-16 w(t)nf v(x)-i(x)dx=75-J e“z'xdx=12§--(1 -e”z") w(0.5) = 23705 W
0 0

1147 i(v):= exp(v) — 10 p(v):= v-i(v)

-3)=-995 A p(-3) =29.851 absorbing
1.5 =-5518A p(1.5 =-8.277 delivering
i(3) = 10.086 A p(3) = 30.257 absorbing
-1 —
1-18 p(t):= 25-(1 -2e ) p(0.5 =-5327 delivering
p(D) = 6.606 absorbing
p(10) =24.998 absorbing
1419 poac= 025 v:= 50 since p=vi it follows that imae= —  ipax=5x 107> A

— 1 .
1-20 p(t):= 5-103 if 0<t<2010 ? Pulse period = Tg:= m total energy per cycle is

0 if 201077 <t
Wtotal

.

Wiggl = 5107201077, Wiggay = 1x 1077 Ppg=4x 10> W

Pavg (==
1-21

(@a)p=vi= @3 V)x(-22 A) =-72.6 W power transfer from B to A.

{b} p=vi= (-12V)x(-1.2 mA) = + 144 mW power transfer from A to B.
{c) p=vi=(37.5 V)x(40 mA) = 1.5 W power transfer from A to B.

{d) p = vi = (-15 V)x(-43 mA) = 645 mW power transfer from A to B.

IZ. +VZ_ +V4'—i4

(I s

ml
1-22

&

Device No. 1 p=vi= (15 Vx(-1 A) =-15 W, delivering

Device No.2 i=piv=(BW)/BEV)=1A, absorbing

Device No.3 v=p/i=(5W)/(05A)=10V, absorbing

Device No. 4 p=vi= (4 V)x(0.5A) =2 W, absorbing

Device No.5 v=pli= (18W)/(3A) =6V, absorbing

Device No.6 v=pfi= (<15 VWx{(-25A)=6V, delivering

total power= —15+5+5+2+ 18-15=0 power balance check




1-23
Device No. 1 p=vi= (30 V)x(-2 A) =-60 W, delivering
Device No. 2 i=phi= (20 W)/(10V) =2 A, absorbing
Device No. 3 i=pi =20 W)/(20V) = 1A, absorbing

Device No. 4 p=vi= (8 V)x{(1A) =8 W, absorbing

Device No. 5 v=pfi= (-60 W)/(-5 A) =12V, delivering

Device No.6 p=vi= (12 V)x(6 A) =72 W, absorbing

total power = 60+ 20+ 20+ 8 ~ 60+ 72=0 power balance checks

124  p(t) := 5-c08(10-0-0.5-sin(101)  p(0.2) =-0.946  Delivering p(0.4) =1237  Absorbing

1-25 t £
o0 = 10{1 - e 5 0.5.6 21 w(t) = j p(x) dx = sf (% _ ¢ S0) e
0 0
i ~50-t — 25t
w(t) = Ia.(l +e -2e ) w(0) = 0 w(l) = 0.1
1-26 Py = (0.9 V)X(4 mA) = 3.6 mW, Py,.= (5.6 V)x(8 nA) = 44.8 nW
3
P =10xog P /P )= 10log ~210 |- 490548
dB 10 Jight dark 44.810 9
1-2 H i
LA W bc
— sy
> >
+ ACto DC
‘ Load
Vac Converter Vae
> >
Pge
Vae=24  Vge=120 Pge:=200 1:=082  Pyo:=— Pac = 243.902
n
de Pac
Idc = -\-[-;c— Iac = ‘\—/; Idc = 8.333 Iac =2.033

1-28 (a) A-h efficiency = (A-h output)/(A-h input) = 3—59% = (.889 = 88.9%

(b) Energy = (75x6 A-hnx(24 V) = 10,800 W-hr = 10,800 J-ht/s

Energy = (10,800 J-hr/s)x(3600 s/hr) = 35.88 MJ




CHAPTER 2, Both Versions

21(a) R:=5000 vi=50 i:= ':1 p=vi i=001 p=05 i
-2 3
) i=-102p:=3010" vi=E v=-3 +
1
22(a) v:=15 i:=0005 p:=vi p=0075 v

(b) i:=20 vi=0 p=0 sw closed

23 veol2  i=0003 Gi=+ G=25x10"
v

¥
= =% Ryin = 576

Rpyin =
Vmax Imax

24 p=

Vmax = 12 Imax =

N

2-5 Given order pairs (i, V) = (7.5 mA, 15 V), (4.3 mA, 8.6 V), & (-4mA, -8 V). Assume the v
characteristic is a str-line. Using the last two points to define the str line:

(43.1073) - (La1073)

m:= m=5x10"" <--Slope
8.6 — (-8)
i(V=7510 3 +mv-15  <Strline V7 200-20
~3 002717
(15 =75x 10 <---Checks
. -3
i(8.6) =43 x 10 <-—-Checks : 1
(8.0) X 0.0075 0.01 /
i(-8)=-4x 10>  <—Checks L oo,
s £ 000
i(=15) = 7.5 x 10 <-—-gstimate g —.004  -20 -0 0 10 20
o080
. s . 1(v) /
The i-v characteristic is a str line , I —go1+
through the origin. The element is
linear.
~-0.02+
15,86,~8,v
voltage




2-6 (a) i1 == —10 i2 =-51,=-2 1,:=

3

. .\3
=1,2.10 v =750 +02(i) by

(b) nonlinear linear

\ —37.525 -0.5.75=-375
Vo = 37.525 05.75=375

voltage_etror := v, — 375

voltage_error = 0.025

It
€ITor 1= Yolage crror error = 0.067 %

Ve

27 R=10" p=1210"° i;:j%

2.8 2

10

=Va'la i = v = p =
n= n n n
7 10 ~950 95103
2 5 400 2103
3 2 1516 3032
4 A 752 752
5 05 37525 18.762
6 05 37525 18.762
7 1 752 752
8 2 1516 3032
3 5 400 2103
10 10 950 95103
= 1095% 10 °

p(V,R) = —?—{— R = 100000, 110000... 10°

p(400,310000) = 0.516  <—Note p>0.5
pP(400,320000) = 0.5 <—Note p=0.5

p(400,330000) = 0.485 NOtEP< 035

........ S, SGSUN SR S QU g iy Y

That is, if v= 400 V then p > 0.5 W for all

R <320 kW and p < 0.5 W for all R > 320
KW.

Hence, the limiting ratings are:

110 1.106 (1) v < 400 for all R > 320 kW.

) p<0.5W for all R < 320 KW.




29 vy = -0.8 Vy = -0.4 V= 0.2 V= -0.1 Vg = 0 Vg = 0.1 v, = 0.2 Vg 1= 04 Vg = 0.8

@ n:=1,2.9 1;22-10“16.(exp(4o-vn)—1) p_i=v. i i

n n'n —
+
n = V]1 = ln = pn =t
! 0.8 0 0 v
2 04 0 0
3 0.2 0 0 -
z 0.1 0 0 0.02
5 0 0 0 0015 /
01 107210 14 107210 15 001
‘ 02 5.96-10 13 119210 13 N
8 n O
04 1777109 7.109-10 -10 _— /
d 08 0.016 0.013
~0.005
-0.01

=1 =05 0 0.5 1

Va

(b) nonlinear, nonbilateral, and passive.

1

(©) For vi=s i=210" 'C(expd0v) - Dp=vi i=1445x 10" p=7226x10"

Model does not apply. These signal levels would vaporize the device & several nearby towns .

1 16

6-(exp(40-v) -1 i=-210 pi=vi p=1x10" 15

(d) For v=-5 i=210

Model applies since these levels are nearly zero.

240 m=03 Tc:=400 i=10  R=mTc+100 R=220 v=iR v=022

2-11 (a)Nodes: A, B, C
Loops: 1,2; 2,3.4;1,3.4 @

{b) Elements in series: 384
Elements in parallel: 1&2 i i ;

(c) KCL: Node A ij +ip +i3=0
NodeB -z +ig=0
NodeC -ij —ip—ig=0
KVL: Loop 1,2 —vi+vp=0
Loop2,34 -vp+v3+vg=0

Loop 1,34 ~vi+v3+vy=0
(d) Node A i3 = -] —ig = -2 mA
NodeB is=i3=-2 mA




212 ByKCL:NodeA +i,+i,+is=0 NodeB -i;+i;=0 NodeC-ij-i,-iy=0.
Hence if i1:= 2010 3 and igi=-3010 3 then from Node A igi=—iy —izor ipg=1x 107 z
From Node B ig:= izor ig=~3x 10 2

213 (4) Nodes: A, B, C,D
Loops: 1,3,2;2,4,5;364;1586; 2365
{b) Elements in series: none
Elements in parallel: none
(c)KCL: Node A —ip —-iz3—-ig=0

NodeB —i) +i3—-ig=0
NodeC ij+ip+is=0
NodeD igy-is+ig=0
KVL: Loop 1,32 v +vg—-v3=0
Loop24,5 ~vp+vg+vs=0

Loop 364 v3+vg—va=10
(d)Loop245 wm=vi+vs=1V
Loop 132 viz=w-w=9V
Loop364 vg=vy—v3=0V

2-14 By KVL: Given Loop 1,2,3 —v; + vy — v3 = 0 and Loop 2,4,5 —v» + v4 + v5 = 0 and L.oop
3,64 v3 +vg— v4 = 0. Hence if v} := -8, v4 := 8 and vg := 6 then from Loop 3,6,4
v3:=v4 - vgor v3 =2 . FromLoop 1,3,2 v2:=v] + v3or vy = -6 and finally
From Loop 2,4,5 v5:=vy —vaq O v5 = —14

in summary
vi=-8 vp=-06 v3=2 v4=8 vs=-14 vg=6 allinV

2-15

(a) Nodes: A,B,CD

Loops: 1,3,2;2,45:364:158;

Qe

(b) KCL: Node A ip+iz+ig=0 - - -
NodeB ij—iz3+ig=0 4‘4 flS ‘ig
NodeC i3 —-ip—-i5=0
NodeD -ig+i5—-ig=0 2 3 4 E

{c} Node A i =-i3-14= -3 mA

NodeC ij=-ip-is5=-2 mA
NodeB ig=iz—i3 =17 mA i1 iz |3




216 vi=35 v3:=-10 vq =10

By KVL ~-vi{+vy+v3=0
~v3+v4+vs=0

hence vy i=V] — V3 vy =15

v5:=V3 — V4 vg = —20

2-17 Using KCL
Node A: i1 —ip+i3—~ig=0
NodeC: -iz+14+15=0

B ip=2 ip=-5 13:=4
Then ig:=i] —ip +i3 and is:=i3—ig

ig=11 is=-7

2-18 KL KCL

vi-v3-v3=0 i1+ip=0
v3+vg+vs=0 -y +iz—ig=0

ig—-15=0 ~ij — i3+ 15 =0

2-19 11 0 -1 0
A=l0 -1 -1 0 1
1 0 1 1 -1

Voltage polarities follow
the passive sign convention

2-20 1 1 0 0 0O
0 -1 1 -1 0
60 0 0 1 -1

-1 0 -1 0 1 (+ D —‘ :
2-21 By KVL around the perimeter N X
515+ vg=0 vi=5-15 vg=-10 5v<+> AA :g“’
- X
VX s
by Ohm's law iy = 5 g =2




2-22

50
VWV KVL: =5 +v4+ 10=0hence v4:=-5V.
-5 +vg+5=0 hence vg:=0V.
100 100 —~10 + vs + 5= 0 hence v5:=5V.
L4 \ /\ /\ Ar—% v4 Vs vg
VWV Element: ig = —— i5:= —— igi= —
100 100 50
+ PR o ia i
Gsv 10v sv (*) Kwi=dicie i
13:=15 + 1§
Summary: i} = 0.05 i =-0.1 i3 =0.05
ig = -0.05 i5 =005 ig=0
50 Q
223 — VW KCL: —ij +2 =0 hence ij :=2
+
1A VS200 2A —iy + i + 1 = 0 hence iy :=3

Element. vy = 20-ix hence vy =060

2-24 /// h\\ (a) i1:: -—§— il = 4 X ]0— 3
y Rest of the Circuit . 2000

o= ig + 0.005— 0.01 ix=—10x 10 *

vei= 1000 v =10
(b) igym:= -1 + 0.01-0.005+ ix

iy =0 QED

2-28 (a) ix=0.004 v} = 100y vy == 40

VRi=-vi wi=15-vg w=55

V2 -
=~ =55 10 3
10

iRi= ig+ip iR =9.5x 10°°

Vi
\ — = R=4211x 10 Q
\ / iR
N b i
. Rest of the Circuit / (b) isum:=iR —ix— 2
h - isum =0 QED

\\\\\———M/// /

10




vy -2V
2-26 vy = —12 iye= ) .
20 103 Px = Vxix .
: 20ka ,Lx
vy = -12 = 6% 107" px=72x107° AN
=~ R
227 =
Ry =60 + oA/ AN
A1 80 40
100 40 + 60
N = 100 60
Rpg = 110
1
2-28 = R
Rpq 1 1 EQ 28
0 1
28 +
1,1 ~S80 20 330
20 30
Rpg = 24 i
2-29 200-100 200
R = 50 + §W-——-—— + 50 R
BQ(s™) 200 + 100 I
O —
Switch open Rpg(1) = 166.667 L 50
Switch closed Rp(0) = 100 - 100 50
Rac =60 Q; @ 60 @
o \M O
Rgp = 100[[100 = 50 ©; 100
Rgp = 100}|100 = 50 &; o WW—2
100

R ap = 60 + 100|100 = 110 Q.

2-31 Ry = 60 + 40]|(40 + 80) =90
Rac = 30 + 40])(40 + 80) = 60 O
Rap = 10 + 40[|(40 + 80) = 40
Rpgc = 60 + 30 + 80|80 = 130 0

Rgp = 60 + 10 + 80[|80 = 110 Q

Rop=30+10=40Q

1"




4
10".R R
232 Rpo(Re)=10"+10"+ ——-Z——IL EQ 10 kQ
10" + Ry, ° ANN—4—>
REQ(104) _25x 100 Rug0) =2x 10°
- 10 kO R,
4
— - 10"Ry 10 kQ
Rp=1000 Given 7L | 50000 =22000 o ANN—A—

10" + Ry,
Find(Rg) = 2.5 x 10°

2-33 vg:=15 Rg=50

. vs . 03
igi=— 18=0.
Rg

Vr
234 R:=2000 Vgi=5 iRi=—=
R=25% 107> ig=5107"
. . . _3
1Rg = 1§ — IR iRs = 2.5 x 10
Vr
Rg = =~ 3
S iR Rg=2x 10

..... non. 0000

2-35 Rgq = 8R/5 cannot be obtained

other solutions are shown > 3 i

2-36  Ry:= 1()3 Given

47.10° + 1 ! = 49.10°

+ o= AN Ns
22100 Ry+210° 47 kQ Rx

22 k) 2 kQ

Find(Ry) = 200  <—solution

12




2-37 For 1 kQ connect four 4.3 kQ in parallel R = 4.3]14.3]14.3||4.3|| = 4.3/4 = 1.075 kQ.
For 5 kQ connect one 4.3 kQin series with four in parallel Rgq = 4.3 + 1.075 = 5.375 kQ.
For 10 kO connect two 4.3 kQ in series with two in parallel Rgq = 2x4.2 + 4.3/2 = 10.75 kQ.
Total number of 4.3 kQ resistors =4 +5+4=13.

1
2-38 Raop=R+ —m—m—v =
AB * 2 . 1 Ry, R R
2.R R +Ry,
R Ry
_ (5R+3Ry) P b\
Requires R———=R
a (3-R + RL) L
Rap

Or (SvRZ - RLZ) B _ Ry

(GR+Rr) 3

2-39

1000-4000-(1 — %)
1000 + 4000-(1 — x)
x:=0,005..1 Rpo(l) = 1x 10°

1kQd
2000
Rpg(x)1500 RN o
Reg

Rpq(x) = 1000 + Rpo(0) = 1.8 x 10°

1250
1000
0 025 0.5 0.75 1 hence 1800 > REQ > 1000
X
2-40
1
Rap= =
ABT T 1
3R 1
’ R+
1 1
— + ww——
R R

13




2-41 By voltage division

R-Ry,
+
R+RL Vs e HL vL
Vi, = v§ _
R-Ry,
R+
R + Ry,
. Ry 15 Q
TSR 2Ry W
2-42 By voltage division ¥
10 5V (:) 1060 V.
Vx = 1575 -5 75 Q B
15+ 10+ ‘ Vi = 1.667 AN s
15+7.5 A
15 02
2-43 By current division
20-12
+
. 20+ 12
lx = -
95 4 5 4 2012 ix = 0.667
20+ 12
2-44 By current division
- 25 ,).20
Y 12 | iy = 0.833
25454 20-12 20 + 12 iy
20+ 12

2-45 By voltage division:

. 50-15

Vouil Rew) = ———————
oui(Rsw) 50 + 200 + Rgy

Ron:= 100 Ropg = 500.10°

Forvg = 5> 2; vout(Ron) = 2.143

Forv, =05<08; Vout (ROFF) = 1.5x 107

2-46
(@ Ifiy=0thenv,=v,;

(b) Ifi, = 0 then v, = (V)RJ/(R, + Ry);
(¢) Ifv, = 0theni, = (L))R/(R, + Ry,

(@) If v, = 0 then iy = .

6

'
Vi

/

Rest of the Circuit \

Ry T1
W

+




2-47 Ry:=50  Igs := 0.0005 ®

Position A: With iy :=0.01
by current division R,

(Rq +R2)-0.01
R; + Ry +50

= 0.0005

®

Position B: With iy :=0.05
by current division

R5-0.05
e 32 ().0005
Ry +Ry+ 50
. 40 10
From Pos. A: 19-R; + 19-Rp = 50From Pos. B:-R; + 99-Rz = 50vyields R; = T;Q & Ry= T Q.

2-48 Solutions are as shown.

.
e

@

RO

pha v T

2-49 By volt divisi
y voltage division 1ka R

500 - +

12=2
1000 + Ry + 500 12V 1kQ S 1kQS V.

yields Ry = 1500 Q.
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2-50 When v = 3 V the voltage across
the 100 Q resistor is 9 V. By voltage

division
100 12=9 12V
R, 50
100 +
50 + Ry
which yields Ry = 100,
2-51 By current division.
. 10
by = -(-5)
10 + 20 +
1 1 .
= " iy = ~1.25
10 +
LI
20 20
ix = £y ix=-0.625 By voltage division
10

Y= oo 10-(20-ix) vy = —6.25

2-52 The total resistance seen by the

1
5.V source is R7:= 16+ 5 + 10
2010
5
Rt =30 hence igi=-— 1ig=0.167
Rt
1
A
k=TT 8 iy = 0.067
i ,.{,. B
10 20
2-53 By voltage division
1
1 1
——_I_,_.....——_——
2 05+15
Vi = 10 w=5
1
1+
1 1
—
2 05+15
vx
By Ohm'slaw iy :=-— ix=25

16

1000

Rx250 Q=2 VY,

s = fo0 Y,
5V C‘_"_) 100 200 160
100




2-58

100 Q 50 Q
10V 100 Q RL
>,
Using source transformations the given circuit reduces as:
25-Ry,
1, hence P, = iLz-RL = > 0.05 or 0 > 10000 — 300-Ry, + RL2

100+ Ry, 10000 + 200-Ry, + Ry

which factors as 0 > (Ry, - 38.1966)- (R, — 261.80) hence, a value in the range 38.1966 <R, <
261.80 Q) will deliver at least 50 mWV.

2.59 Using voltage division on the reduced circuit shown in Prob. 2-58 we obtain

R
vy, = L .5 > 2.5 which requires 5-Ry, > 250 + 2.5-Ry,or Ry, > 100 Q.
100 + Ry,
2-60
iy 10kQ
r_>
+
50V 10k 10kQ < Vx

For Ry=8100  For Ry=80-10

4 104-(104 + Rx)

Rp=10" 4 —— % Ry = 1.643-107 Ry = 1.9-10"
10" + 10" + Ry
.50 . _ ‘ -
o= i = 3.043.107° i = 263210 °
Ry
4
. 10 . : - . _
i = iy i = 1.087.10° in = 2632.10" "

10% + 10 + Ry

v = 10 v = 1087 Vi = 2.632

2632mA<i,<3.043mA 2632V <y, <1087V




2-61 : |
Vv
— o
+
v 53Q
. -5 3 v -
@) iW:=2610 V25 100,-90. 100 o >
40
_ 20 R /
i(v) /
—.V_ O boooawsses S — N e S
50
"""" =20
0,00 - . ” -

v

{b) noniinear (i-v curve is not a str line through the origin)
passive (i-v curve lies in the first and third quadrants so that vi >0)
bilateral (i-v curve has odd symmetry about the origin

(€} FError(v):=1 - v v:=-10 Given Error(v) =0.1 Find(v) = -9.245

50 i(v)
v:=10 Given Ermor(v)=0.1 Find(v) = 9.245
Erroris 10% of less for -9.245V <v<+9245V.
(@) Pvar) = v(26.1075%3) vi=-10 Given Pvar)=50 Find(y) = -37.239
v:=10 Given Pvar(v) =50 Find(v) =37.239
Varistor power is 50 W or less for -37.239V <V < +37.239V

: 2
Pres(v) := jS% v:=-10 Given Pres(v) =50 Find(v) =50

v:=10 Given Pres(v)=50 Find(v)= 50
Resistor power is 50 W or less for v between -50 V and + 50 V

The varistor limits the safe range to -37.239 V to +37.239 V

(e) Modeled as a 50 W resistor then the voltage across the parallel combination would be 2.5 V.
Modeled as a nonlinear element the actual voltage across the parallel combination is:

v:=25  Given i(v)-50+v=35 Find(v) = 2.48997

The linear model predicts a voltage of 2.5 V while the nonlinear mode! predicts 2.48997 V.
The error of about 0.4 %, making the linear model more than adequate.
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2-62 R: (Q)

2400

2288

2

1600 50 55 60 65

T{°C)
(a) (b)
R3 Ry
{a) with iy = O then vy = 0, then by voltage division vz = g = Yy T Vg

Ri +R3 o R2+Rx.
R3
or =
Ri+R3 Ryp+Ry
(b) at temp = 57.5° R, = 2200 Q. Since R, =R, =2200 O, we have R; = R, =2200 O
(c) with R, = R, = 2200 ), Ry = 2050 Q, and iy < 0 then R, > 2200 hence temp > 57.5°.
(d) with R,= R, = 2200 Q, R;=2400 Q and iy, = 0 then R, = 2400 hence temp = 62.5°.

therefore the balance requirementis Ry-R3 = Ry-Ry.

2-63 (a) Equating input resistances seen between
terminals A-B, B-C, and C-A yields:
Y-Ckt A-Ckt
Rc~(RA + RB) _ Ra-Re + Rp-Re
Rc+(RA+RB) Ra+Rp+Rg
RA-(RB + R()) _ Ra-Rp + Ra-Re
Ra+(Re+Rc) Ra+Rp+Rc
RB-(RA + Rc) _ Ra-Rp + Rp-Re
Rp+(Ra+Rc) Ra+Rp+Rc
Solving for Ry, R,, and R; yields the A-to-Y transformation
Rap—Rpc+Rea o Rp-Rc
2 ! Ra+Rp + Re '
RaB + Rpc - Rca Rc-Ra
=Ry & ———-———  QED
2 Ra+Rp+Re
-Rap + Rpc + Rea Ra-Rp

R3=M’
2 Ra+Rp+Re

Rap=Ri1+Rp =

Rpc=Ry+Ra=

Rca=Ryp +R3=

QED

QED
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2-63 Continued
(b) Writing the A toY transformation as conductances yields:

Ga-Gp+ Gp-Gec+GaGc | GaGB+ Gp-Ge + GA-Ge
Gy = Gy =
Ga Gp
Ga-Gp + Gp-Gc + Ga-Ge
Gc

hence we can write

(Ga-Gp + G-Gc + Ga Go)> !
Gp-G3

G1+G2+G3=(

- A
Ga-Gp + Gp-Ge + GA'GC)-(?;; +— —-——) [————l—w—-\}

1
@)
aSc) oo

G+ Gyt G3
1+G2+G3 (GA'GB + Gp-Ge + GA'GC)'('(‘}I‘“ + 1 + __1__) (,.,__L__.)

G1-G3

A G Gc GaA-Gp-Ge
2 1 1
GA-Gp + Gp-Ge + GA-Ge) -
GGz _ ( ) Ga Gp Ga-GB G
- - = C
G +Gy+ G
1+ 62+03 (GA'G13+GB'GC+GA'GC)' ot N
Ga Gp Gc Ga-Gp-Ge
QED
2-64
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2-64 Continued By voltage division:
(b, by = (0 0) produces vo = 0

R VREF
b b)=(01) produces = —— VREF =
( , 0) ©ONp Vo = = VREE 1
2.R VREF
(b b)=(10) produces vo = — VREF =
1 0 4.R 2
3.R 3-VREF
b b)=(11) produces vop = —V =
{ ; 0) (IhHpe 0= T VREF 2

Evaluating the expression
0 1
vo = 0-25‘VREF'(b0’2 +b1-2 )

(b, by = (0 0) yields vo = 0.25-VRgF(0 +0) =0
VREF
(b b)=(10)yields vo = 0.25-VRpp(l +0) = — =

. VREF
(b1 bo) = (1 0) yields vo = 0.25-VRgr(0 + 2) = -

3-VREr

(b1 bo) = (1 1) yields vo = 0.25-VRpr(l +2) =

Voltage division and direct evaluation produce identical results. QED.

2-65
(a)
-6 50 50
Ry = 50and Iyg :=500-10 . InPos. A ———————— = Ips , hence Ry + Rp = — —~ R
R+ Ry +Rp I
10 10 50
In Pos. B ————— = Iy, hence Ry := — — Ryyand from above Ry == — — Ry — Ry
Rm +Rp Irg Ips

sofinally R = 8x 10" and Ry = 1995 10" .
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2-65 Continued

0
(b) The true output of the voltage divider is 2
20+ 30

.50==20 V. To measure 20 V the sw must be in

Pos. A where the input resistance of the meteris Ry + Ry + Ry = 1x l()5 and the equivalent

0020

resistance of the lower leg of the divider is 1:)0 o~ = 16.667 k). Hence the voltmeter load
+

16.6675 20 - 17.857
reduces the divider output to __._.._.___9— = 17.857 which is an error of ——————-100=10.715 %.
16.667+ 30 20

(c) At 100pA the full scale currentis 5 times smaller, hence Ry and R, will be nearly 5 times
larger and the meter will load the circuit less thereby reducing the measurement error.
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CHAPTER 3, Both Versions
1 -1

31(a (L, 1L -1 Va 300 Ve ix
20 30 30 (VA)_(ZJ —AW 1
1= . v
L S IR ANCYEN "
30 30 40 75 200 §4OQ§759
3! 2A

1
——+ ——

(b) VA 120 30 30 (2)

R R

+— =
30 36 40 75

VA 29.486 i B 15771 i, =0.183
= Vy = VA — 1y = — Vy = . Iy = U,
) 371s) XTATYB KELg x x
B 7A
20 (eed 3o 3
-1 1 1({vp -7+ 3.5 i v 40 \'/
e —_— — X A B
4 4 8 r AN\~
35A
-1 : > -*
(b) 1 1 1 -
1,1,1 2 2003100 803 DV
VA 20 10 4 4 7 e
) -1 1.1 ~7+35
4 4 8 I
VA 20 VA 4 1 "
= Vy = 1y 1= Vs Iy =
vB 4 x = VB X 20 e X
3-3(a)
1500 3000 3000 (VA) 20107 - 40.10” 31 20 mA
-1 1 + 1 + 1 VB -20-10~ 3 v C—\
3000 3000 6000 1000 + 1000 -/
va 3ka v
—.
n 1k
X L o=
QD s skaS 1ke S v,
(b} 40 mA B
-1
1 1 -1 |
— —— - - |
(va) | 1500 " 3000 3000 20.107° — 401073 =
vB -1 P, 2010
3000 3000 6000 1000 + 1000
VA -30 vB i R 7
= vgi=— Vg=-15 ix=1 iy =
vB -30 2 3000

24




3-4(a) 1 1 10 3
+ VA — =2.10
2000 4000 2000
! + ! v — 10 =-2.10 3
3000 3000 3000
(b) Solving the 1t equation for v, VA= —2;—
Solving the 2" equation for vg =2
va — 10 vg — 10 = -3
Vy = VA — Iy = + vy = 7.333 iy = -3 x 10
XEVATE K (2000) 3000 x x
3-5 (a) |
(G3+Gy ~Gy ~G3\ (VA ig <X Rs
L G4 G1+Gy+Gy -G || VB =LO
Vy —
0 0 1 Jve vs ® *Vx
@+— W\~ AN,
(b) G, =10 "Gy =G, G3:=2.G; Gy:=Gs R, R

vg:=4 ig := 0.002 +
i S 1 (D Is % ('D
VA Gz + Gy -Gy -G3\ (s
VB | = -Gy G1+Gr+Gy -G 4 0 AN
ve 0 0 1 Vs ) vp=10 =6  vc=4
. . -3
Vx=VB - Vo Vx=2 ig = (vc ——VA)-G3 ix=-12x 10
3-6(a) Node A: V.
R R, Rs/ " Ry Ry © \v‘/
() NodeB: vg=v; NodeC: vc=v]+w 2
Hy
Ry = 104 Ry = 10!-1 Ry = 4-104 Ry := 2«104 R
3
vi=5 vp:=5 vz =15 C:)W Vi b—AAN——4 Ve
vgi=vy vp=>5 Ve =Vl + W ve=10 + I
>
o 2
1 1 R
==VB + ——V¢ VA| (3333 -< 2 v,
VA= = {1 #}
T P 10 =
R; R; R3 ve =
VA — VC -
VemvA  w=3333 V= i =-1667x 101 A
R3
VB~ VA ~
(€  Pri= ( - ) PRy = 2778 x 10 'w
]
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3-7 (a) Rp:= 1000 Rp:=Rj R3:=R; Ra:=Ry
Rs:= 4R; Rgi=4R; ig1:=0.05 igp:=0.05

~1 -1 -1 -1
G;:=R;  Gp=Ry G3=Rz3 Gg=Ry

1

Gs=Rs5 ! Ge=Rg

G+ Gy —Go 0 ~Gi VA

-Gy  Gp+G3+Gs -G3 0 vB
0 -G3 G3+G4+Gsg -Gy . ve -

-Gy 0 -Gy Gy +Gq /\vD

®) (va) (G146 & 0 61 Y (is Y (YA) (1857

VB -Gz G2+ G3+Gs -G3 0 o ||vB 5714
wel | o G3 G3+Gy+Gg —Gy T o ||l | 574
w) | -G 0 Gy G +Gy) \Hs2)lwp) \H18571

Vemvg-ve  Ve=11429  iy:=(va - vD)-Gy i =3714x 1077

(©)  Protal = va(-s1) + vpris2 Protal = ~1.857
3-8 (a)
1 0 0 VA vg
G G1+Ge+G3 G lvel=]o
-Gz -Gx G2+ Gx +Ga )\ ve 0 +
Vs -
® & (109 I(}2 ~(210Y) 1 G5 = (6107 1

-1
Gy = (2-104) Gy = (3.103, vg=15 Gg=3333x107"

VA 1 0 0 vg
vg |:=| ~G1 G1+ Gy + G3 -Gx
vC -Gz Gy G2 + Gx + Gy 0
(VA 15 Vg = VR — VC Iy = (VA - VB)-G1 + (VA - Vc)‘Gg
VB | =1 10728\ 0745 i =678x 107"
Ve 9.983

(© Pro=(va-ve) Gy  Pro=12583x10° W
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3-9 (a) (5000 +5000  —5000

-5000

iA
5000 + 10000)' in

(1‘3

(b) .
iA) (5000 +5000 5000 1212V 9
ip] U -5000 5000 + 10000 -8
(iA) L12x 107°
iB) | _16,10%) ve=ip10'  ig=ia—ip  v=-16 i =128x10°
3-10 (a)
2000 + 2000 + 2000 ~2000 A (5-15 2kQ 4kQ
~2000 2000 + 4000 + 4000 / | ip 15
(b) M
. 2kQS |2 kﬂ K0 Vs
in 2000 + 2000 + 2000 ~2000 10 l -
ip) 2000 2000 + 4000 + 4000 5V
Q' lA B }
(IA) (c125x 107 \/ \/
L125x 1077
. : . . . -3
Vi = 1p- 4000 1= 1g -1 V=35 ix=25x%x 10
3-11 (a) 200
30 —20 10 (1A 10
20 50 -10 || [=| 0 m
10 <10 40 ) {ic] o) AN *
’ 1 """ 10 Q 10 0
(b) (ia) (30 —20 -10) (10 ToV + 20 Q
i |:=|-20 50 -10 0 Q Vo @
lic) \-10 -10 40 0 200] —
(in)  (0.594
ig | =1 0281 vg=20-(ia —ip) k=625 ix=ia-ic ix = 0.375
lic) \o219
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3-12 Assign mesh currents as shown

(a) by KCL iy — ij = ig Super Mesh: I HZ H
(Rl + R2)~i1 + (R3 + Ry + R5)-i2 = vg X ) V'V \l"""
+
(b} R;:=200 Rp:=3500 R3:=60 R f
1 ig ; Vy
Ry:=240 Rs:=200 _
+ |
vg:=15  ig:=005 vs\./ Rs
 {isRs + iRy + ig-Rs — vs) (is'R; +isRy + vs) i) [8333x10°
17 = = B =
(R]+R2+R3+R4+R5) (R1+R2+R3+R4+R5) iy 4.167x10—2
. . . — 3 .
ix:=-1 1x=8333x10 Vg = R4-(12) vx = 10
.\2 .2

(€)  protal = (R3 + Rg + Rs)-(in)” + (Ry + Rp)i Ptotal = 0917 W
3-13 (a)

Rij+Ry Ry —Ro i1 Vs1

0 1 0 i l=] ig
Rz 0 Ry+Rqjlis Vg2

(b)
Ry = 10" Ry=10" R3:=2000 Ry:= 1000
vgy =12 vgp=0.5  ig:=0.0025

N -1

i Ri+Ry R} Ry vs1

i3 ) R 0 Ry+R4 -vg)

. -3
(i1} [3.35x10

i = 25x107°

3 3% 107°
ix:=1] Vyx:=Vgy+ Rl-(iz - il) + Ry-ip ixy=335x 10 3 vy =3

(c) pst = vs1-(-i1)

psi = -0.0402 W
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3-14 (a) Redraw R, as shown below

IO
o, s -
-/ ./
R, +
Ryf 1, i, Ry ‘13’ R,(%Vx
14
4AAY;
RS
) 0 0 0 i) (g
-Ry Ro+R3z3+Rs5 Rz 0 iy 0
0 0 1 0 1| |is
! 0 R4 Ry +Rq+Rg )| iy 0
(€) Rj:=2000Ry:=R; R3:=R; Ry:=R; R5:=1000 Rg:=Rs5 ig:=0.04 igp == 0.02
. _ ( -2
i 1 0 0 0 “igr) (1 —4x 10
i Ry Ry +R3+Rs —R3 0 0 i 8x10°°
i3 1o 0 1 0 182 13 B 2% 10—2
ig Ry 0 R4 Ry +R4 +Rg 0 i _3
-8 x 10 J
vy = Ry-(i3 — i) =56 V
3-15(a) Convert current source to a voltage source N
. Lo
2000 + 4000 4000 iA) _(40+ 10 s\# l
4000 4000 + 8000 ) | ip 20
. . + NMN— AVAVAY:
®) ia 2000 + 4000  —4000 40 + 10\ 4gV 2k x B8kQ
ig) | 4000 4000 +8000) \ 20 <f_‘> 4KQ O
Is i
B
iA 1214 x 1072 ’XT
ig) srux0?] T (ia - iB)-4000 iy :=-ip L
Vo= 25714  ig=-5714x 107>  ig:= 005

(©)  Protal = (ia — is)*-(2000) + (ia — izz)-4000 + ip”-8000

Ptotal = 0.529

29




3-16 (a) Using mesh currents

3R R R (1A} (vs
R 4R -R}llBi=l0
R -R 4R/ |ic 0

(b) 3vs )
. -1 7
in 3 -1 -1 vg
. 1 1} Vs
igl=—|-1 4 -1 0 |5=—] —

R 1 -1 4 Rl 7
i -1 - 0
1C Vg
\ 7
vs Vs 7-R
Rm e B e 2

3-17 Using node-voltage analysis

Node A VA-VB vA = (6 +15) LA
2000 2000 5000
-V - 15 _
NodeB o 2, 2o3407°
2000 4000
Solving the node Beqforvg vg= §<VA +9

Substituting into the node A equation

2
VA~ ('3'"’1‘** 9) vA-(6+15) VA
+ +

R
—W\V/—
R Ip 2R
ia
“© 7
R ic 2R
Ry

5V

5000 5000 5000 =0 whichyields vp:= Z'%S- va = 17.308
vp = .";__2125. +9 whichyields vp:= %1%2 vp = 20.538
= V";O:);B i =-1615% 10 °
checking
va—ve va- 6+ 13 YA VB—VAJrVB_ls=3><1()_3 checks

+
2000 2000

30

+ =0
5000 2000

4000




318 Using mesh currents
AR 2R\ (1A} (v~ v2)
2R 5R ‘ iB B vy — V3)

i (4 2\ (vi-v
ig “RrRi2 5 . vy~ V3
5vi —3vp —v3
. —_—
1A 1 16 8
iB R| vi+vp -vw3
+ i
8 4

vy +Vg

vo=v3+2-Rig=v3+ Z-R-( -+

v—1v+1v+lv
(8] 41 42 23

3-19 Wiriting one mesh equation

(2000 + 4000 + 8000)-ia + 4000.12.107° =

3

solving foriy,  ip:= 4.857-10

vp = -8000-is  vp=38.856
. -3
Vg = (1A+ 12.10 ).4000 vp =285

Checking

3-20 Writing one node equation

vaA—(6+12) vaA-—-6 VA
+ + =0
2000 4000 8000
solving forv, wvai=12
. VA -3
g = ip=15x%x 10
B %000 P
6 —va -3
0= ic=-15x 10
€= 000
checking -6 — 12 + 2000-(ip — ic) +

-3
4

-20

72

(2000 + 4000 + 8000)-ip + 4000-(1240‘ 3) ~_19998  <—checks the mesh equation

4k0

(1) Va
8kQ
8v
(& la Ip §5 kQ
1A == i _6_—1____.l% 3
8000-ip=0 AT BY 000 ia=45x% 107

3




3-21 Usina current division
Ry

PRI .ls
R+ Ry +R3

Ri-R3
vo = R3-iphence K=

3-22 Using current division
1

R3+R4

io= i
o 1 R
b——
R3+R4 R Rp

Ri+Ryp+R3

Ig

R,
—t
ls R1 R:; Vo
3

Ri-Rp
orip=

Ri-Ry +R1-R3 +R1-Rg + Ro-R3 + Ro-Rg

R1-Ra

'o

hence K =

R;-Ry + Ri-R3 + Rj-Rg + Rp-R3 + RyRy

3-23 Usina current division

Ri+Ry+R3+ R4

Rz
R %
-

Vo
RpR3-Ri-Rg )
or vo = g
Ri+Ry+R3+ Ry
5. R R
Ro-R3 - Ri-Ry4 <>
hence K = > Is 3 4
Ri+Ry+R3+Ry
3-24 vO
Assume vp:=1 Iigp:
1kQ 1kQ 1k 2000
l\/\/\r l\/\/\l —4
io=5x 10 vy = 1000-ip
+ .
+ vy i=V] + VO vy = 1.5
GO1ov  Ssre 4kQ  2kAZvo
- . 2 . . .
ip:= iz=ip +1
2 4000 3 Ot 12
vz := 1000-i3 Vi =V 4+ V3
. V4 . L . —3 .
vg = 2.375 ig:= 2000 ig:=ig +i3 ig= 1.171875x 10 vs = 1000-ig Vg 1= V4 + V5
1
vg = 3.547 K= — K=0281938 vo=K10 vp=2819 V
vs
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3-25

24 O 40 Q Assume: ig:=1 vo = 20-10
‘lo iy = YSS(} +iQ vy = 40-13
CDWV 75 Q 800 3200 v -
i3:=1ip +1ip v3 = 24-13

vg=va+vi  vg=1224 K= 1 K-8169935x 1072 ip=K-10 ig= 0081699 A

v§
Vi
3-26 Assume vo=1 Iig:= o
1kQ 1k 1kQ 2000
—A\\V\, y A vy = 1000-ip vy =vi +Vp
o 2o .
v, 5kQ R 2kl y, R)= ® i3(R) :=ip + 12(R)
R := 3000
. . vaR) . .
VR = 3R)-1000 ViR =vsR) +vy i) = isR) = ia(®) +i3(R)
vs(R) := ig(R)-1000  v§(R) := v5(R) + v4(R)
Given vg(R)=4 R:=Find(R) R=3x10°  <—K=1/4 requiresR = 3 kQ.
3-27 Use the Unity Output Method 750 O 200 Q
. 1 . NN——\A\V O
vo=1 i300:=—— V200 := 1300-200 +
300
= = 1.667 500 = e *
V500 = VO + V200 vso0 = 1. 1500 = =05 Vs(") 500 300 O Vo
v750 = (is00 + 1300)-750 -
750 = (i500 11300)1 Vg = V750 + V500 9
vg = 6.667 K::—Vg K015
3 210(410% + 8107
3-28 With the current source turned off Rpy:=6-10" +
(444 +8)-10°
6 kQ 4 kQ 3 50
_ R Rn=9x 10 153 :=—
AAAY; s"A'A% Ry
+ Voi~ 3
vor = | — 6 1410°
50V 4 kQ - )
8 kQ 410° + 12:10°
? vo1 = 5.556 V
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3-28 Continued

With the voltage source turned off

- $.10°-0.005
6kQ 4 KkKQ 02-= 3 .3
AYAYAY; 4YAYAY, 8-103+4~103+-§-:%ﬂ9—5
+ Voo~ 6-10° +4-10
i 4kQ BkQ 77781073
i vop = 4000-(<igz)  voz =-1L111
Using superposition VO = Vo1 + Vo2 vo =-5.55V
3-29 With the 20 V and 1 mA sources turned off 3 1
RNy = 15107 + ; "
+ + —
| 5100 15100 10"
10k o o A
A~ ; U= Ry ist = 5641x 107
5kQ 5k0
—4
15 mg § 10KQ .
10V io1 = - . is
5 10 15 10 ) +10°

ls: L

With the 10-V and 1 mA sources turned off

imA

5kQ 5k0
15kQ

L

Using superposition

10 = 101 + 102 + 103

101 = 1.538 x 10—

1
(15.103)‘1 (15109 L0
20

igp = —— . 3
527 Ry is2 = 2153846 x 10

Rpyp = 5-10° +

104

102 = 1182

(15.103)MI + (15.103)a1 +10

iop = 9231 x 10

10%.0.001

1y =
P 1

10% +5.10° +

(5.10%) Y (15.103)"1 +1x10?
— 4

10 (i)
—- - p
[10*4+(5-103) 1+(15~103’) IJ

i03 = -1.538x 107 *

ip3 =

ip=5641x 10"

4

io=9231x 10 A
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i 1 11
3-30 With source v, turned off Ry =R + =R

1 5
—
y W @ 2R 2R+R
2R + v .
Vi 2R VQ 181 = .__1_ = _...._.1_
- Rt IR
® 2R 2R\ 5V 4-vy
=tz i 2 R=| —— || — .2 R) = —
YOLT 2R+ R+2R) D Y1 GTEY AT
With source v, turned off
i 11
R R @ Rpp=2R+ ! = T-R
2R + R 2R+R
v RS Y% %) 4-v
z — ISZ = IR e
Rppy 11
R R [ 4w 2-v2 4 2
vep = || ———— liigo |2 R= | — || = 2 R) = — VO = VOl +VOR T ——V] + =V
0z KZ-R TR+ R\J 82] (4.11) (11-1{) eR=7 o
3-31  With source i, turned off S G S P i
- I O RTaRr)T s
Wv A ) il
+ vo1 = Ripr =R | —
LD ’
L@® R RS v, .
31
- voz = Riigp = R-[—-g—)
With source i; turned off ‘= 3R (—i ) _ 3
27 GR+ 2R VYT s
. - ip 31
Using superposition vo =vo1 + Vo2 = R- i
3-32 p; =i;°-100 = 025 hence i := ,%3—05- i =005 likewise pz = iy-100 =4 hence ip:= %6

ip =02 Applying superposition i:=1j +ip hence p:= (iz)-loo and finally p =625 W.

Superposition applies to currents and voltages not power.

3-33 The output is of the form v = K;j-vs + Kp-is whenvg =10 and ig = 0 we have 2 = K,x10
hence K; = 1/5. When vg = 10 and ig = 0.01 we have 1= (1/5)x10 + K;x(0.01) hence K; = -100.
So the desired response is vp == (%)5 + (<100)-(-0.0) or vo=2 V.
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3-34 The input-output relationship is of the form: vo =Kk;-vsy + ko-vgo + k3-vs3
From the given data we have

Assume kj=1 k=1 k3=1 Given
0=k;-0+kpd +k3(-4) 15=k-2 + k-0 +k3:(2) 2=ki-2 + ko4 +k3:0

0.5
Find(k;, ko, k3) = | 0.25 <—Values of k's in the input-output relationship
0.25

1
3-35 Design requirements: (1) vo = K-(vs1 + 3-vs2) (2) output across 500 @ (3) K> e

The circuit below meet conditions (1) and (2).
Applying superposition with vg, off

o = 500+R vor = 500
O1= ™"00R ' 2000 +3R —°
RS0 R Vst V2 R M
500 O Vo
! 4 o
Applying superposition with vg, off
500-3-R 500
v = 500+3.R ver = 1500 v Vo= 2000 + :;,R'(VS1 * 3“’82) =K (VSI - 3'V32)
02 500.3-R 52 2000 + 3-R 52 500 1 8000
+-————~——500+3.R K= ————— > — Hence R<——
. \ 2000 + 3-R ~ 20 3
3-36
(@) Red : . Ry
a voc =vr=Rp1g  ISCTINF 18
Ri+Ry R: @ ——JlL
Rp=-2€ =Ry +R
T —=K 2 .
1SC ig ﬁ1 R
(b) vi  _ Ryis <

i = =
L Rr+Rp Ry+Ro+Ry, ®

{c) by current division
Ryis

i, & ——————————
L R; + Ry + Ry,
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3-37 Ry #PL

100 9 /t 20Q

(a) The lookback resistance and open-ckt

voltage are
0400
Ry:=20+ -——-————-—10 Rt =100
100+ 400
400
= . 50 — 15 =25
YT~ 200+ 100 T

2
v
(b) pr(Re):= (RL fRT] RL

pL(50) = 1389 pr(100) = 1.563 P1(500) = 0.868

3-38 Convert the 1.5-mA source to a 75-V source:

25 kQ 20 k0

i +

15 mACP : Vi

4
5.-10 -75

5.10% + 25.10° + 5.10"

3 50.10°.75.10°

Rp=2010° + —20 20 =50.10°
50-10° + 75-10°
(b) ir(Re) = — 0 vi(Rr) = ir(Rp)Ry, ~ ForR_ =10, 25, 50, 100 kO load powers
50-10" + Ry, are
w010 =5 wles ) =10 wls 10°) = 15 v (100103 = 20
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3-39 Convert the 200-V source to a 5-mA current source in parallel with a 40{|10 = 8 k(2 resistor

L]

40 k0D 4kQ

|
200V 10kQS  12mA %Fﬁ_

(b)

iol6:10%) = 1022 % 1072 i(12:10°) = 7.667 % 107

For R =6, 12, 24, 48 k2 load currents are
3

8.10°

(a) igc ;= 0.012 +

iN = 1LSC -0.005

12.10°
Rp=4.10° +810° Rp=12x 10"
vy = Rrisc vt = 184

i VT
Wlt) = g

io(24.10%) = 5111 % 1072 igl48.10°) = 3.067 x 107

3-40 Convert the 12-V source to a 1-A current source in parallel with an 12 Q resistor

12 Q 20 @ (@) voc =vr= (2 + 1)- 1224
WWV/ 12 +24
2A 24 Q Ry=2+ 1;2'2;4“0:20
100 i
(b)Fora10-Qload  if = —= =i 210 64 W
L= 20+ 10 PL =1L, pL = 0.
. 24 -5 .

(c) Fora 5-Vsource load  ij, = 0 pr, =115 pL=475 W
3-41 (a) Convert the 2 voltage sourcesto  Then combine the parallel elements Final Circuit

current sources iy = v,/R and i, = v,/2R.

as follows i; + i, and R||2R = 2R/3

. R
vr={i] +ip)2-—
R A R A ( ) 3
Y 2 1
+ + VT = ——-.Vl + ""'V2
R 2R RSy M+ Y2 RS> v 3 3
- Xz 2 R 2R <3 iy
5
2R o Rp= 2R
B B 3
RL 1
(b} By voltage division vp = — VT = R5 .(i-.vl + E'Vz] = ‘}{'VI + =V
L+ BT R+ —3'~R
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2400
3-42 (a =10 |—=" lyr=6 hence Ry = 400-vy— 2400 = 1600 Q I
(@) wvr (RT ") 400) VT T T L
3
. 10 . 2 Source
b R) = —mm— Ry} = 1\R )-R '
(b) i (Ry) 1600 + K. pL(Rr) (L( 1) )Ry N
For R, = 500, 1000, and 2000 ( the load powers are: I

pL(500) = 1.134 x 10 2pp(1000) = 1.479 x 107~ pr(2000) = 1543 x 10”  w

vT
— =003 ———
300 + Ry 500 + Rt

VT vT 12 - 10
= Find(vT,RT) = <-—-Thevenin Equivalent i:= e i=0.02
Ry Ry 100 Ry

3-44(a)v1:=—10 Vvo=-5 v.:=0 v.:=5 v.:=10 v =12 v:=13 vo:=14 < inV

343 assume vpi=1 Rp:=1 Given = 0.02

2 3 4 5° 6 7 8
ij=5 i=4 ig=3 i,=2 ig=1 ig=0 Q=1 ig=-2 <—inmA
n:=1,2.8
(b) On the range -10 <v < 10 the i-v characteristic is
5 i.—1
1
| a straight line whose slope is
Vs~ Y

\ & whose i-axis intercept is i3 =3 mA. The equation of this

203 = 2% 1074

n 0 1 { _
> X lineisi=-2-10 4.v + 0.003. The i-v characteristic of a

. C 1 .
Norton equivalentis: 1= (—i—]v + iy Hence on the
T

-5 ? ‘ range from -10 V to + 10 V parameters of the Norton
4

. . 10
Yn equivalent are iN = 0.003, Rt = Yy = 5000 and

(c) VOC=VT=15V VTziNxRT315V.

isc = iy = 0.003A

(d) The model says that v = 15 V whereas the data (vg) says Voc = 12 V. The model only
applies to the range -10 V <v < +10 V because the characteristic is nonlinear forv> 10V
3-45 The constraintis vo = vy — Ry, =5 - 150, = 5 — 150'———5——- >35
150 + Ry,
750 750 — 1.5-150

Hence 15> ——— and R > —————— =350 Q
150 + Ry, 1.5
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3-47 (a) By voltage division

300.10°
voc = vr = ‘12=9
3 3
300-10° + 100.19

(b) The output voltage Contraint js

Ry, Ry,
VO = \“"VT = \__\_.9 =6
Ry, + R

Ry, + 100.1¢°

Which yields Ry = 200.19% ¢,

00 @

The lookback resistance js

3 3
0-10°-100.
RT=25-103+ 300-10°. 100 10

3-48 See Prob. 3-47 above for circuit diagram

By voltage division

9 -
io= R Ry TS = 3610-6
Ri +Ry Ry, + 100. 103

3-49 Source i~v characteristics: YI'=5 Ry:= 500

Device .y characteristics: D) :=
using a Mathcag solve block: v .- 1

Numerica| solution: v - 2.582

0.01 g
0.009 [N\
0.008 [

i «(v)0.007

IS(V)O.OO(S

TT0.005 | -

n(Vo.oog |

..... 0.003 | -

0.002 |

S S
" i

0 H . i
0051 15 2

253354 45 5
v

1074 (v + 2-v3‘3)
Given

40

ip(v)
i=4836 1973

= 100.10°
30010 + 100.1¢°
100ka 05,4 J'U
+
(1) 300 kQ SR

3 3
300-10° 4 109,193

which yields R; = 150,147 O

. ~1 vr
I8(V) = — v, 1
Ry Ry

=ig(v) vo= Find(v) ;.- ig(v)

vi=0,1.5

<—Dashed Curve is device i-v char,

<—Intersection is the graphical solution
Approxv =2g Vandi=4g mA

<—-Solid line jg the source v char.




-1 vT
3-50 Source i-v characteristics: vy :=10 Rp:=200 ig(V):= i—-v + —

T Ry
Device i-v characteristics: ip(v) = \I 2510 4-v
using a Mathcad solve block: v:i=1 Given Ip(v)= ig(v) v:=Fmd(v) i:=ig(v)

Numerical solution: v=3.82 i=3.09x 10 2

v:=0,.1.10

0.05 & <—Das < device iy ch
0082 e Dashed curve is device i-v char.
0.04 | R

0.03 Lo
0025 | - <! ' <-—-intersection is the graphical solution

ipW 002 o7 v : = i =

enen0015 | | ; Approxv=38Vandi=31mA
0.01 {7 ‘

0.005 ¢

0

<---Solid line is the source i-v char.

[
.
012345678910

v
na @

351 2004 _40-(20 + 20)

N = =
N=0+20 N7 40+20+20

iN=02 Ry = 20 400 mA 200 <WAR

(a) R_= Ry =20 Q yields max pwr

1 @

.2 —
pmax = O.ZS'IN 'RN Pmax = 2% 10

(b) R, = Q yields maxvoltage  Vpax = iNRN  Vmax=4 V

(c) R = 0Q yields max current ipax = IN  Ilmax =02 A
3-52 Use superposition
current source off voltage source off
VW ' VW~
500 O 1kQ 500 O 1kQ

'<'8<+

. 10
i 1= e . . . . . .
SCl ( 1000-500 ) isc1 = 0.03 igcy = -0.02 iN:=igct +isc2  in= 0.01

1000 + 500

1000-500 .
T: Ry =Rt Ry =333333 vp:=inRy Prnax = VTN Pmax = 0.2
max =

= -1-—-*'——-——
000 + 500 1
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3-53  Using voltage division the open-ckt voltage is

10 30
VAR = .50 — -50 vap = -8.333
AB= 104207 30430 AB
- 10-2 0.3
VT = VAR Ry = 0 N 30-30
10+20 30 + 30
v 2
IN=— Pmax = 0.25iN -RT  Pmax = 0.801
Rt
vp=-8333 Ry=21667 i = -3.846 % 107 '
3.54

The open-circuit voltage is vr := 20-10° 3310

The look-back resistanceis RT=(1+3+ 1) 1()3
For max power R||6000 = Ry

1

5000

_5000-6000
1000

1 —

1
—+
R 6000

-
.
Pt
.
-
.
-
*
b
.
«
-
M
‘

2
vT

v, = —

2 PL =

4RT R_3x10"
W

Q

vi, = 30 V. pL=018

3-55 There are two constraints

. vr vr) vI 3

Given S = 000075 ———=0001 | |:= Find(vp,Rr) | o | = 3

Ry +2-10 Ry + 10° T T) \2x10

2

vT -3 3
pmax:= ——  RL=RT  pmax=1.125x 10 R =2x 100 Q

4-Rt

: VT _ VT _
checking ~75x10 " —1x10°
Ry +2.10° Ry + 10°
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3-56 The voltage delivered to the 2 k() load resistor is

5k

2000-10* (1-x)

4
20004107 (1~
vL(x) = 00 a0 -10

2000-10*-(1 - x) oV C_) 10kQ
2000 + 10%.(1 - %) |

5000 +

2
20-(1 - x VLX)
vi(X) = ——-éL-—,}-—-)- g and p1(x) = 5000
x:=0,.1.1 - %
4 0.004
3| 0.003 N\\
vi(x) 2 \\\ p1(x)0.002 N -
— ol N\
0 0
0 025 05 075 1 0 025 05 075 1
X X
(a) Max power occurs atx =0 pr(0) =3.125x 10~ 3
(b) Maximum voltage occurs atx=0 v (0) =2.5
3-57 By current division
L I
2750 -2 275kQ —

igc = -10
¢ 1 1 +
+ +
2750 | 3000 1000 10mA 1kQ 23ka V. SR,
isc=2.143x 10 ° X

i =310 0> ige = 2.143.107°

The specified load current exceeds the short-circuit current. Impossible.

3-58 See Problem 3-57 above for the circuit By current division

1

2750 s 3 1000-3000 3
ise = 10 2 i = 2143 x 107> Ry = 2750 + — 2 Ry =35x 10
s€ 1 L1 s¢ T 1000 + 3000 |

+
2750 3000 1000

vt =isc-Rr vr=15

The specified load voltage is 5V < v = 7.5 V. The required load resistance is

Ry, .5
—— _75=5 Ry = 3300
Ry, + 3500 75-5

Ry =7x 10°
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3-59 vg.=15 <005 —> Rg>20.vg - 100 = 200

Rs + 100

2 2
Vs Vs

=< 0.2 > Rg>—_100= 181.25

4(Rs + 100) 0.8

Any Rs > 200 O will meet both constraints
3-60 The contraints are vroo 0.05 120.vy 1

RT+300 R+ 120
which vield the following two linear equations
20-vy — RT+ 300 = ¢ 10vi — Rt~ 120=¢
N 0
whose solution is Vi 30 — 120 Ry = 10.vp - 120 vi=18 Ry = 60
2
vT
= =135
Pmax 4Ry Pmax
3-61 Many other desi ns are possible [ ——
y ans are p Rs [R5
Rg:=50 vg=10 Ry =59 BAAA
+vp -~
vi=4  j= L VR = Vg -~ V- iRg Vs
Ry,

1=0.08 Source current less than 100 mA.
3-62 Many other designs are possibie
Vs =15 Rg:=1000 v:i=0.7

i=10" Cexpaomy - 1y ;- 1446 x 1073

VR=V§ - v-iRg VR=12854 R = —VE
1 Vs

R=8888  i"R=1303.0073 . 50.1073
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363 vg:=15 Rg:=100 Rp:=2000 v=10% 10%
R:= —VE R =900 <—Nominal value
1
Try 100, 330, and 470 Q in series
Vs
R:=100+330+470 R=900 +5%
Ry == 1.0O5-R Ryg := 0.95R
Rp-vs I
For R=Rp vi=————— v=93852 <---\Viithin +10% tolerance
Rg + Ry, + Ry
Rpvs .
For R=Rj vi=—————— v=10152 <—-\Within +10% tolerance
Rg + Ry, + Ry
364 Rs:=75 Ry,:=300 Firstguesslet:  Rj:=75 Ry =500
Re R]-(Rz + RL)
RN = ————— Ry =69.767
R; +Ry + Ry,
‘e Rout = R: RIRS  Rour = 5375
UT =Ry + ——— uT = 537.
Rin Ry +Rg
Both answers are with + 10%
' Ry-(Rz + 500) Ry75 81.349 _
Given ——=75 Rp+ = 500 Find(Ry,Rp) = <-—exact solutions
R; + Ry + 500 Ry +75 460.977
3-65 Use a voltage divider Design requirements are
Ry
+ > 0.6 Ri +Rp about 100 Q
Ry + Ri +Ry
Vi R, V2
o o One solution is: R, = 50]|50]|400, or Ry :=23.53Q
O—M and R, = 200]|200]|400, or Ry:= 80
50 Q 400 g:
R 0.773 in>06
=0. <-—-gain > 0.
200 2 200 O R, + R g
e Ry + Ry =103.53 <---about 100

Other solutions may be possible.
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3-66 Design requirements are:i > 40 mA and v<2V. Ifi> 40 mA thenv>50i>2V
The design requirements are not consistent with a 50 Q2 load. There is no solution to this design
problem as stated.

3-67 Many other designs are possible vg:=10 Rg:=50 Ry :=50

V52 0.5
Pavail = ARg Pavail = VY.

pi=035 izz,lp-RL”l i = 0084

vgi=vg — i-R,—i-Rg Vg = 1633

Rg R=19.5

esssrmmmsinmoe
R R = 19.523
1

001 if v< 0.7 <—voltage current bound
0 if v>07

3-68 bnd(v) :=
v:=0.001,0.005..1.2

The load line i = 'ZVE + 0.03 lies entirely

point will fall in the allowed ranges. The
interface circuit design parameters are:
ige =30MA, v =12V, &Ry =400

There are many circuits that meet these
v . requirements.
- TO.QS ool e N , For example, the L-ckt at left requires

' A Assume R;:=1 Rp:=40

\ in the allowed region, hence the operating

bod(v) Ry
S Given 5=12 and
5+Ry

0 > 5-Ry
0 0.5 1 Ro +
5+Ry

) = Find(Ry,R2)

=40

Rp

Ry 1.579 X
= <-—0One design
Ry 38.8

v
voltage (Rl

Vg
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3-69 The Thevenin equivalent of the source circuit js

3 =
vog = 3010 100kQ  25kq . A
300-10° + 100.10° Intetace| +
VI=voc  vr=9 12V 300k | v SR
Circult

3 3 > 5

Ry :=25.10° 5 _100-10°-300. 10 >
100-10° 1 300. 103
Rr=1x 10°
R 4R

Design constraint: P V<4  which yields Rp < T 80.10° AnYRp i_ess than

Rp + Ry vr -4 80 kO will work

3-70 The Thevenin equivalent of the source circuit is given in Problem 3-69 above,
The maximum power available from the source is

2

vr _
Pmax=-——  p o =2025x 10~ %

4Ry
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3-71 (b) Using circuit reduction methods
Step 1: Convert the voltage sources in series
with 2R to equivalent current sources in paraliel

Step 2: Replace left-most 2R||2R by a single
resistor R and then convert the left-most current
source to an equivalent voltage sources v/2 in
2R R sefies with R + R = 2R.

Step 3: Convert the left-most voltage source to
an equivalent current sources in parallel with 2R
and then combine the two left-most current
sources that are connected in parallel to an
vi v2
equivalent current source —— + —.
4R 2R
connected in parallel with 2R||2ZR =R

Step 4: Convert the left-most current source to
Vi 2
an equivalent voltage sources —Z + —2— in

parallel with R.

Step 5: Convert the left most voltage source in

series with 2R to an equivalent current sources
Vi v2

— + R in parallel with 2R and then

8.R
+ combine with the right most current source to
R produce an equivalent current source
v 2 0B inparallel with R
V,+ V,+ V, —— 4 —— + ——_ in parallel wi .
4 273 Q 8R 4R 2R P
8R 4R 2R

Vi V2 Vi
Hence vo=| — + —

1 1 1
+ = [ R= —v] + —V3 + —V3
S8R 4R 2R 8 4 2

(c) Either method is acceptable. Method (a) is analytical and abstract. Method (b) is more intuitive
since it works directly with the circuit model.
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3-72(a)

Vg

-2 if 6 <vg

Vs
1—— if vy<—6
6

-—-5‘ if 6<vg<6

vg = —15,-14.9..15

0
50 —_

Nonlinear characteristic.
Linear on the range -6 <vg <6 V.

{b} Inthe linear range the slopeis K=-1/3

10 15

(¢) vg=-10V model predicts v, = 10/3 = 3.333 V whereas the data states v, =2.666 V.
vg = +10 V model predicts v, = -10/3 = -3.333 V whereas the data states v, =-2 V.
The 10-V inputs are outside the range for which the linear model applies.

(d) Forvg =1V input power is p;y = (vg)%/1000 = 1/1000 W
Forvg =1V, v =-1/3 hence pg = (v5)%/50 = 1/450 W
power gain = po/pyy = 1000/45C > 1

{e) Power gain greater than one--device is active.

3-73
(a)

R | =
eIl

YR =

I o *

(b)

w ) kR=0

}(1-OR=R

IN = —

(1-kR
—ve = (1 - KV
R s=(1-K-vs
v v
Rt = -—I =k(1-k-R
kR IN

Wiper at the top of the pot
k=0 -—>

output across an ideal v-source vg

Rr=0

Wiper at the middle of the pot
k= 0.5~>

output sees Ry = R/2||R/2 and vy =vg/2.

Rp=025R

Wiper at the bottom of the pot

ykR=R

8 R /q-—~<
{ 1 (1-k)|1=0

\{

49
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3-73 Continued

(c) k=0 pmax = o Wiper at the top of the pot so v is an ideal voltage source which can
deliver unlimited power.
VT2 Vs . . . .
k=05 ppax = TR = R wiper in the middle of the pot to R; > 0 and the available power
Rt .

is limited by max power transfer Thm.

k=1 pmax = 0 wiper at the bottom of the pot. output sees a short circuit hence zero
available power.

(d) Maximum power available when k = 0 at the top of the pot

{e) Applying voltage division yields two solutions for k
| R (1-k)-R |
’ .
R 1-k)-R “3“
Vg ( < T( o Vs 2
* R wET O
R4 vg/4 ;-(1 - kR >
| ™ + kR
[—Z +(1- k)-R}
k=L isthe only physically ) )
2 acceptable solution
3-74 Design requirements vy =36 Vand Ry <10 Q.
(1) First type requires 4 in series to get V; = 4x9 = 36 and two series strings in parallel to get
Ry = 4x4/2 = 8 < 10 Q. Total wt = 4x2x40 = 320 grams.
(2) Second types requres 9 in series to get V; = 9x4 = 36 V and one series string has
R; =9x0.5=4.5<10 Q. Total wt=9x15 = 135 grams.
The second type has the minimum wt.
3-75 R;:=1700 Rp:= 1400 Rz:=1000 vy:=-52
To find the Thevenin equi. seen by the load
we write a node-voltage eq. at the interface. TTLIn ECL out
V-Vl V-V v =0
+ +— +i=
Ri | Ry R 157 kQ
Solving for vin terms of v, &i Vg

vi-R2-R3 + v»-R1-R3 — 1R -Ry-R3
Ry-R3 +Ry-R3 + Ri-Rp

v(\q i) = = 1.31 kQ

Substituting numerical values -
o 1kQ

Ry:= 1570 Ry:=1310 R3:=1000 vp:=52 5.2V :_[

v(v1,i) = 0.25547 v — 1.6131 ~ 434.31.i =

This is the output voltage in terms of the TTL
input v, and the load currenti.
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3-75 Continued The output voltage is v(v; ,i) := 0.25547v; — 1.6131- 434311

Worst case occurs when the TTL input v, and the load current i are at their extreme values:

For TTL input low (v, = 0 to 0.4) For TTL input high (v, = 3.0 t0 3.8)
v(0.0,25-10' 6) = -1624 <-—These values v(3~0,25~10— 6) = 0858 <-—These values
-6 all fall within —-6 all fall within
v(0.4,25-10 6= -1.522 the ECL low v(3.8,25- 10 )6:: -0.653 the ECL high
0.0,-25-10" ) =-1.602 range: W3.0,-25-10 ) =-0.836 range:
04,2510 %) =15 11T 38,2510 o) ooz 0802

Ckt converts TTL inputs into ECL range output for all load currents from -0.025 to +0.025 mA.
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CHAPTER 4, Both Versions

41

Vs Vs

5000 + 10000 15000

{a) ix=

o 5 5m§ mmx*lmg Vo

- 20 VO 20
Vo = ”._S_.VS Kys—=—

i0
4-2 (b) ip=-100i, Ky=—=-100

@ vi=50ig ip=—i

2
: &——0
. _[1000-(-1041)] ~ —10 | 4
ip=s|———— | & — +
3000 3

>10I.,
§ Vo
1k 2k0

-1
Vo = ZOOO(;(;-V}) Ky

4&—+—0
i -
(b} Ki= _C_) = —169 = ——2- {c)} For i3:=0.002 vy:=50-ig PIN = V1-ig pIN=2x 10 4
1s
. 5. . 2 —2
10 = ~*'§~ls pouT :=1i0o -2000 pouT =2.222x 10
4-3
I i
1K 2kQ 500 p
= —WA— —AM———
+ + +
Vg (i> vy § <i> 100V, v, § <t> 50 v, vy §
0k 10kQ 750
— - ‘ >

75 000 0
V3= 2 50.v = 30. 1 0.10().‘71 = (30)- 2501 lggo__,vs = 25000~vs For vg = 0.001
125 12 3 11000

000 11
25000 v3 v is
V3= T v v3=2.273 i3 := = 1= 11()SOO K= -;I K =3.333x 10°




44 Rg:=10.10°

Vg =

0.01 (a) Writing a KoL €quation at Node A yields:

Yx~ Vg owy— (‘"99'Vx)
T —— Y

1000 Rp
ing for v yielq _Rew
soiving for v yields Vy =
glory vi * Ry + 100000
~2 \)
V2:=-99v, v =-9x 10 =
2 x V2 2 1000
Vg — W, )
1j = =X Kp=—= Ki=-99
1000 i
Vx
(b) Rpy= =X Ry = 100

1
. -6
4-5 i;:= 2510 Rp =

5000- (i, — is) + Rg-(ix + 199.iy) = o

25.i;
el

Solving for i ields: i, -—
97011 ields: i 254 Ry

2= -1994 iy~ 2618, 10
V2:=1000-ip vy - 5000- (i — ix)

V2
Ky:=-= Ky =-2211
Vi
v 4
{b) Rpy:=— Rin=9x 10
Ix
L 2000 2-vg ) . .
4-6 By voltage division v = T T vy = (a) Writng KCL equation at Node A yields:
1000 + 2000 3
R+3i-ig=9 10 =4.ip
. (-loo-v]) VO vy
ns—_ J v = o— T
2 1000 15 1000
.o vyp Vo
RE—= - - Y hence,
v 4 4500 2000
-vg A70) VO
e T = Solve fory -
15 1000 2209 [e}
v 400 Ve Koo -400
(¢} g Vs Ky:= p
v VO 1 —400 —400-3000
b) ig=_>_ i o T — v Ky= — 270 Ky = 44444 Ky = -266.667
®) is 3000 °°7 550 = 50 ( 9 S) T 5000 v 1
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4-7

Wiriting two node equations with vy = va! 0.01 v

Node A: /_;\X
1 1 1 ) 1 _ Vs N
+ + + 10 7 |va — v = v v
2000 4000 10000 10000 2000 2kQ 10 kO p B
AN ANN——0
Node B: +
1 —2 1 1 _ +
o000 T YA+ Toooo " 20000 ) BT 0 : 20 k
5 Vg Q_) 4k < vy Vg
Solving the Node Beq. forv : vp = —- -
g q W VA 02 VB
Substituting into the Node A eq & solving for vg: ¢—o
2020 2020
=——v, Ky=—— Ky=8178
VBED S VT Y
4-8 The sum of currents leaving the nodes
Node A R
-VA+VA~VS+VA_VC—{3~ Vg — VA — 0 ,V\';\’
Ya l Bk
Rg Iy R Iy I R Vi Vo
VT .
1 1 Vg — VA - iy
NodeB | — + — |'vB + B~ =0 Y
RC Ix Iy C'D L <"> HL
VS - HE ; RC r ﬂb
vC - VA vB) Ve "
Node C +B]—|+=—=0
Ry In Ry,

The given numerical values are
Iy = 1000 Rp:=200 Rc:=10000 Ry :=5000 Ry:=5000 B :=100

Subsituting these values into the node equations and using a solve block to find v with vg = 1.

vai=1 wvg=1 vgi=1 vg:=1 <—initial guesses

Given vg=1 <—-Start of solve block

A% VA — V! VA — V| Vg — V,
Node A: —é—+ A”TS + A C~—1()O- ST A =0
200 1000 5000 1000

1 1 VS — VA
Node B: (———— + ——~——ng + 100-(———-—) =0 VC — VA vB vC
Node C: + 100 —— |+ —— =0
10000 1000 1000 5000 To 5000

0.999 <—Node voltages with vg = 1, hence using proportionality
Find(va,vp,vc) =| -0.1
25418 the input-output relationship is vy = v¢ = (25.418)v
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4-9

Rg
= -
Yy
Vs
4-10

4-11

55

Applying KCL at Node A:

VO - vs VO

— e g.vx =(
Rg Ro

Applying KVL: Vx = vg —vg

Substituting into the KCL equation

VO -Vvs  vo
Ry "R Elsvo)=o

Solving for Vo
\ o

(1+ gRs)Ro
RS +Ro + gRg Ry *S

Sofinally g =0 _ (eRs + 1)-Ro

Applying KCL at the input
A

Rg
By KVL and Ohm's law
. Ro
YOS rix vo=Rgip hence x=—]q
r

and the KCL equation becomes

Ro1
ig o0 - E-io = 0 solving for io
Rg T

By KCL

is
iB+ﬁ-iB=iS or ip =
B +1
Applying KVL around the perimeter of the ckt
. using the KCL
-Vee +Re-Big + Vo =0 resuﬁ
B-ig .
-V + Ree +Vo =0 Solving for Vo
B+1
B-Rc
Vo = Vee -~ 5 i1ls




4-12 The input loop contains an open circuit, hence ig = 0. A KVL equation around the input loop is
~vg + Vg — Pevg =0

Hs RO i v§
e . , =
'—'-’V\/\rg : ANAD> Solving for vxylelds Vg —
v +
X
The open-ckt voltage is
\' Ct) - v = v, = "
s lJVX HL VT eV — vg
. —H-Vx
- The short-ckt current is iy =
> ko
vT
The Thevenin resistance is Rt = — =Rp

N

4413 Rp:=50100 RC:=2000 B:=100 V,:=07 Vcc:=10

¥
R Vce -
/\/\7\/ igC = — is(;:5><103
Rc
lic Assume active mode with vg := 2
Rg ip + .y vg — V.
NN - Vec ic = T8 ic=26x10°
Vee Rp
Vs _ ic<igc transistor is active

¢ vcg=Vec—-icRe  vep=48
vs - Vy . -3 . . .
R -B ic=86x 10 ic>igc  transistor is saturated
B -
veg:=0 ic=igc  ic=3x10 3

4-14 Same figure as Problem 4-13 Rp:= S(HO3 R = 5000 Vy,:=06 B:=50 Vcgc:=15

For vg:=5 ic =

Vce — vg — V. 1

igC = —cc isc=3x10 3 To remain in the active mode 0 <ipg = > Y < e
Rp B
To avoid cutoff vs> V, = 0.6 To avoid saturation isc'Rp
Vg <| Vy + 5 <3.6

4-15 Same figure as Prob. 4-13 Rp:=2010 Rc:=470  V, =07 B:=150 Voc:=15
. Vee . ~2 . . .
igc = —— isc = 3.191x 10 To remain saturated v — V. isc which requires

R¢ ig= 0 L _B._

isc-Rp isc'Rp

vg> Vy + Vy + =4955 vg>4955

4-16 Same figure as Problem 4-13 R¢ := 1000 Vy=07 B:= 75 Vee:=20 vep=10 vg:=25

(VS - Vv)
Vce

vg — Vy
Rp

\Y%
vcE = Voo —ReB-ip= Voo - Rcﬁ( ) = ;:CWhiCh yields Rp:=2-Rc-B-

Rp = 135x 107
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4-17 The Thevenin equivalent ckt to the right of the transistor is. Rep e 10 20
3 T, om0
Rp = 10-10 Vy=07 B:= 150 20 10
3 voc -3 L vs — Vy
voC = 6.667 Rr=6.667x 10" igc:=—— igc=1x10 ~ Assumeactive ip(vs):=
Rt Rp
for vg:=05 ip(vg)=-2x10"" 10kQ
B <0 transistoris cutoff  ve = voc io
i == = i -+ +
ic:=0 vgp=6.667 30kQ ig gmkﬂ _._::1GV
for vg:=1 ip(vs)=3x 107° Vee -
A7
ic=0 s -
ic:= B'iB(VS) ic=45x10 3 ic>igc Transistor is saturated i¢:=igc vcgp=0
5
. . . . 2.10 200
4-18 The Thevenin equivalent ckt to the left of the transistor is. Rp:= —— VOC(VS) [ e Y
1+2 100 + 200
Vee 8—‘(; 12 ic = g(’f;OO . _Y_(E isc=6x 107 3 . . ( ) VOC(VS) - Vy
= =0. : ssume active ig(vg) = ———
B y Rc B(vs Ry
For vg =1 iB(VS) =-5x 10" !
ig < 0 Transistor is cutoff
ic=0 veg=Vec vcgp=12
For vgi=4  ip(vs)=295x 10" >

ic = ﬁ-iB(vs) ic=236x10 3 ic <igc transistoris active vep:= Ve —icRe veg = 7.28

419 Rc=510 Rg:=5010 Veei=10 V=07 B:=100 Assume active

50kQ 5KkQ e YeE=Vy o Veeo (B +1)ipRc - Vy
T ,\N\/ Rp Rp
Jic
i Vee -V )
e, + oy i = (Vee - vy) ip=1676x 107"
) -;'5—10V (RB+RC.B +RC)
v —
CE
- ic:=p1ig ic=1676x 10“3
Vce

. -3 . .
iIsc=2x 10 ic < igC

igC =

Transistor is in active mode

vep=Vee - (B + 1)-igRe  vep = 1.538
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- R
4-20 ,\/\7\/ Rp := 500.10°
. l'c Rg := 5000
HB _|_§.> + —;
Wy Voo =100
Ve
VY =07
Vg
T -
..-T'.. Vas Vee =15
Vce Vce - VCE ic
(a) vep:=—— i i= ——————— g = — Vpp:=ig-Rp+ V Vpp =82 A"
2 Re p !
vg+Vpp - V.
) ip=—-T50 —> >V, -Vpg=-T5V
Rp
vs+VBR—-Vy Vcc VceRp
ic=p- - ' < > Vg<Vy-Vpp+———=75 V -T5<v<75
Rp Rc B-Rc
(€)  ver(vs) = | Ve if vs<-75 vg:=—10,-9.9..10
vs+ Ve - V.
Voo - o BB Y R if 75 <v <75
Rp
0 if vg>75
20

15 \
VCE(VS) ) , . \
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4-21 Cktisin inverting amp. Thevenin to the left of the interface is _ Vs _ 50.10°

V'I = —— RT —
S0kQ . 75K0  300kQ 2
3
-300.
v KT = ho..}.g___ KT =3
s o Ry + 75.10°
L vs
- - vo = KT"‘z“ VO = ~1.5-vg
4-22 Cktis in summing amp 10010 0015
S0kQ  25kn  1p0kq o= —— TV T (s
50-107 + 25.10 50.10
50kQ +
vs + VD Vo = 10 - i;..vs
5V 3
= R; +R 4., A
4237 ' (@ ig=o K=J§.__.%=lo_i‘.§~__m_=3
2
10k Yo = 3vg 10

(b) Vo= LS vo:= 3-vg

. YO . —4
I0=—— in=9x 10
9500 o
4-24
(a) Yo =Kivs) +Kyvgy
R
10kQ 20 k0 Vo Kj=—2=_
Ry
oy Ry +Ry
~J Vsi - K. L =12
VO = -2-vgp + 2.4-vgy
Ve Q20kp  J0kR B) Voo =15 vgy= 10
~Vee < -2-vg1 + 24-vg < Vee
- L ~Vee + 2.4-vg, Vee + 2 4.vgy
T - - V8] < —m—
2
45 <vgy <195
. . R, R, R,
4-25 (a) For an inverting summer: VO = vy — 3.y 5v3= ﬁ-..f.bivl - i. 5 — _ib..v3
Ry Ry R3
Rip=7510° R = IRy, Ry:=3""Rg Ry 'R,

Ri=75x10"  Ry—25, 10f R3=15x 10" q
{b) Ve =15 -Vee <-vy - 3-(0.5) - 5D < Vee—> Vee>vi-35> ~Vee

I85>vi>-115 v
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Ry
R; +Ro

4-26

(a) vp=vg VN=( ]‘VO+VBB

Ry
Vp = —_— Vg = vo+V
p=WN S (RHR'J 0 + VBB
Vo
- Ry + Ry
vo = ——|vg =V =K{vg—-V
% 1 0= "L 1y~ Vin) = s - Vi)
Ry +R2
Ry
(b) Vpg=5 Vec=15 Ri=R; K:=2 vg = —15,-14.9..15
) -Vee
vo(vs) = (*VCC) if vg< + VR
-Vee Vee
K- (Vs - VBB) if + V<< + VBB
Ve
Vee if —— + VB <vg
K
20 vo(12.5) = 15
10l ; . vo(5) = 0
"O(Vs) ol ; I N (0 = 10
-10 i ,
d | vo(-2.5) = 15
—20 ]
15 —10 =5 0 5 10 15

Vs

4-27 Circuitis a noninverting amplifer/summer. Using superposition and voltage division

Vg, Off R3+R4  Rp
Ry Ry s2 vol = : vs1
A~ R; Ri+Rp
L— +
) = Vo vgroff R3+R4 Ry y
R, ¥ 02 Rz Rj+Rp 52
+ vV,
$1 R, ! Using superposition
ty R3+Rg
s2 VO = Vo1 + Vo2 =

m'(RZVm +Ry-vs2)
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4-28

4-31

v, 10kQ

3=

10 kR

-+

I

o

15V

20+ 10

10

10kQ

o
-

I

-20) (-10
10 10

10kQ  20kQ

Switch open: ip=0 vwp=vg

Vs = VN +VO"VN -
R R

VO = 2:VN — Vg but vy =vp=vs

0

iN=0

yields YO~ Vs

Switch closed: YO~ R VST Vs

The circuit does the opposite of the claim,
hence, the claim is false!

Ryt + R R
Ingeneral K= i =1+ p
R
since 0 <Rpot <R
the gain range is 1<K<2

vg, Off Rz [Rs
vo1 = —i—l— : “ﬁ;‘ -VS§1
ff -Rs
VS1 o o7 - (E—JVSZ

Using superposition
YO ¥ Vo1 + Vo2

Rp-Rs Rs

Vi — Y
R;Rs S1 Ry 52

VO =

Va

10

61

A~ s + o),
;:>»J 20kQ
10kQ
i

10
vy — —-1.5) =6.-vi +9.




4-32 10kQ

20kQ
-+

V2

20 20 20 {10+ 10
vwEl— v +5)+ | — |V + ] — | v | =-8v - 10
2 (10)(1 ) (10) ! (10)( 10 1) !

v = [1004200) 3
O=VD 200 C 2C

N N E T
C 100, 50 )02 7O

_3(-vs _ -3 3
Vo = — T——VO —TVS*-:-Z—-VO

-3
Solving forv_yields vp = —-v:
d OV (6] o S

v, off _ (Rz + le (-sz)
Vo1 = =1
Rj R3

Using superposition

_(R4+R3 R2+R1) R4
vo = V2 - =W
R3 Rp J\R3

4-35

10k 10k 20kQ 100kQ

oM~ iy Y ——" Y vy
;1 10 kQ /I ~

o
)

oo (202102100 (-100Y (-10) oo
© 10 0 27\ 20 S0 1 2
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4-36

. -3
2.R-R
2ZR+R
4-37
+ R R
Vzo--\/v« *‘\I\é

(~2-R-R)
K=\2R+R)

—

2R 3

(@) _[R1+Ry Ry Ry
Ry

RS2 Lt Ry=i0t Then Ry =2.10%
1

R +R
! 2==3 hence -—-._R4 =]
Ry R3+Ry

Let  Ry=10* Then R3=0

R R o=, , R
= —V + — .y
PG AN ’, 0 R] 1 R 2
+
N Vg R3 R3
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At -300 °C the transducer output is 1.006 mV and

T(Q
‘. e the desired output is 0 V. At-100 °C the transducer
e outputis 1.00667 mV and the desired outputis +5 V.
_-' m ........................... _
................ o ouputrange _ - O =7.463-10°
mpui-range

(1.00667 — 1.006)-10 >

----- <-—Use three stages to kee
Y A K = (200)-(200)-(186.57) stagegainsbegiow1ooo.p

3 v(mV)
1.005 iong 1.007

Remove bias term after one K = 200 stage

bias = 200.1.006.10"° = 0.2012

block diagram

Vﬁ__» +

02012V l

+ R R R,
Vg NN \/
RO
>‘2o1.2mv +

1 L

Input-output relationship:  vo(vs) = 186.57-(—200)-{ (~200)-vs + 0.2012]

Vo

circuit realization

Rz
— =200
Ry

Rq
— + 1 = 186.57
R3

Checking vo(1006107 %) =0 vo(1.00667.10°%) = 5

Rp Ra
4-39 The output of the bridge ckt below is: Yo = VCC'(RP TR; R+ Rz)

Where Rp is the transducer resistance which ranges from 5
kQto 15 kQ. LetR,=10kQand R, =5k. Then for

5 5
R_ =5 kQ the outputis vo = Vcoor - =0
P fputls vo CC(5+10 5+10)

¥ s Vot
VCCC.D regardless of V.. When Rp = 15 kQ the output must be
15 5 \_ Vcc4
15+ 10 5+10)" 15
Vce = 18.75 Note: The problem was solved without using an
® Op-Amp. Engineers should not be limited in their thinking.

Vo = VCC‘( =5 hence,
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4-40 The output of the block diagramis vo =35+ (—2)-(5-V1 - 8-v2) =5~ 10vy + 16 vy

Py S
v1+ A >_ e
J ’

By superposition, the output of the circuitis vo = K1-5 — Kzvy + K3-vo  where

Ri-Ra
R R Rs+Rs| Ry +R +Rs
3 3 + ks 1+ K2
Ki=—=1 Kp=—=10 K3= . =16 LetR2=R_5=10~103 then
Ry R Ry Ri-Rp
R;i+ Ry
Ry + 10-10°

Ry =Rz=100.10" and K3 = T.(lz) =16 which yields Ry = 30.10°

10 kO and 100 kQ are standard values. To get 30 k() use three 10 kO standard resistors in series.

4-41 Since  vo=K(4v; +2vy+v3)  maxoutputoccurswhen vy =vy=v3=3 hence

K20+ 10+ 5) =10 = —;_95- For noninverting summer below the voltage at the noninverting input is

RgQ RgpQ Rpqg
vo = R -V + ZR-V2+ 4R-

v3

where Rgq is

Rpg = S S— %-R andvg is

1 1
— + —
R 2R 4R

vo = -;—-(4-v1 +2v3 +V3)

The gain G of the noninverting amp must be

E=K=19hence G=2
7 35
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4-42 By superposition, the output of the circuit below is vo = -Kj-vi + Kovg + K3-v3 where
R,

Ry
R: R; + R +V A~
K1=—2=20 Ky = R ((BirRe =3 1
Ry R3+Ry Ry ~ Vo
R. R+ R R3 +
K3 = SE N il R +v,
R3+R4 Rl R4
+
Va

o+

Kz Rqg 3 4
Let Ry =10 then Ry=20.10" Since —= = — = > let R3:=18.10" then Ry :=3.10
K3 Rz 18
R Ry Ri+Rp R3 Ri +Ry
checking 2 =20 . =3 . =18
Ry R3 + R4 Ry R3 +Rq R}
Ri=1x10' Ry=2x100 R3=18x10°  Rg=3x 10’

The summer will not load the transducers (Rt = 600 Q) since input resistance seen by each
transducer is 10 kQ or greater.

4-43
R, Ry Ry
Make the closed-loop gain of each stage ‘%\, O —AA, o
less than 1% of the open-loop gain A= l l ~ Vo
2x10%, i.e.make the stage gains )
s — +
K, < 0.01x2x10% = 2000 + Vg —E.:
Let K = (K))(K,) = (120)(-100) = -12,000.
Ri+Ry
1st Stage: K; =120= = Let R; =2000 Then Ry =23800(Q
1
) R4
2nd Stage: Ky =-100 = = Let  R3=2000Then Ry =20000(Q
3
Input resistance of the noninverting 1st stage is much larger than 300 kQ.
4-44 The interface ckt must implement a relationship
oo S100ka  100ka sogka = 100k vp=15 vo=5 15K +Kp=5
100kQ 15 0 15K; + Ko =0
- Vp.=_ Vo = 15K +Kp =
15 v'_’_-E_\NL +
l_ ! . . 1 15
= = which yields K= P Ky = e

The circuit at left implements this
relationship. Select R large enough to
not load the 1k pot.

vo =Ky vp + Ky
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4-45 The gain constraints are Ro+Ri +Rp +R3 10

R3

Let Rg:=10" then
R3

the constraint .
10

4
10+ Rj3
..___32
10" + Ry + 10

10* + 310" + Ry + 10°

Ro+ Rz
=2
R3

Ro+R; +R3 s
R3 B

yields R3 = 1()4

yields R := 3-10"

=10 yields Ry :=5.10"

the constraint
10"
checking
Ro+R; +Ry+R3 10 Rop+R; +R3 5 Ro+ Rz 5
R3 N R3 - Ry
446 vg:=-15,-149.15 (@ vp=vg w=5 Vog:=15 VgL, =0
V()(VS) = Vo if vg > v,
+15V .
VoL if vg <vy
R 2R
(b)
20
) - 15]
Vc. VO(VS)
st
V.
S 0
- -5
-“15-10 =5 0 5 10 15
Vs
4-47 Vor:=10 Vo =0 (@) vp=vg vypi=-2 Vo(VS) = | Vo if vg> vy
Vor, if vg<vy
+10V
(b) 15
10
4
- + volvs) s
— _l v
Vs =2V o 0
*1
== _— = =5
-15-10 =5 0 5 10 15
vs
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4-48 Voc:=15 Vaa:=10 Vpp:=5 Vou=Vcc VorL=-Vcc vg = —15,-14.9.. 15

VA(Vs) = VoL, ff vg>Vaa

+Vee

Vou if v<Vaa

VB(VS) = VoL f vy<-Vpp

Vo if vs> -VBR
vo(vs) = 0.5-(VA(VS) + VB(VS))

20
150
10
o) "
0
-5
Vv -“15-10 -5 0 5 10 15
“VCe © y
s
449 Vee=15 Vpg=-5Vog=Vec VorL=0 (a) v (v ) vt VBB v 0
plvs) = ——— n =
Y VQ(Vs) = |Vou if Vp(VS) > vy
+ .
R CC Vo, if Vn(VS) <Vp
VS+ -
(b] 20
VEE+ © Jr:{\f + s
10
] P * vo(vs)
— Vo
) 0
= - 10 -5 0 5 10
Vs
vg + Vpp
4-50 Veec=15 V=5 Vog=Vecc VoL=0 (a) Vp(Vs) = e vy:=0

2

vo(vs) = |Vog if vp(vs) > vy
Vor, if Vp(VS) <V

Same figure as in 4-49 above (b) 20
15

10
5
0

Vo("s)

=10 =5 0 5 10
Vs
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vp(t) = 10 sin(27-t) v = VBB

4-51 Vee:=15 Vpp:=35 Vou:=Vce Vor =0
vo() = if(Vp(t) > vn, Vo, Vor,)
+Vee t:=0,0.001..2
+ e
_— + v
v L) o
0 \‘ '0'
Vs Vee oot
= - 0 s 1 15 2
t
4-52 Vee=15 V() =10t  Vop:=Vce VoL =0  vp(t) = 10- sin(Zn-t) vp(t) := Vgt)
vo(®) := if(vp(t) > va(1), Vo, Vor)
t:=0,0.001.2
20 —
7~
Same figure as in 4-51 above 15 P o
vo(t) i
10 :‘ .“ P :o “‘
\?p(t) 5 .,' g :, .‘.
----- L~ | Do
vn(t) 0 / - . .. L 3 [
— - ‘:‘
-10 e ki
0 05 1 15 2
t
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4-53 a) Using node-voltage analysis
R. V& R (a) g " g "XLC
NodeB: 2 BTy
R, Rq R3
Ve R, Vi
S A\ Ve - Vi vC — Vi
S ML = -2 NodeC: —< B, X T 0_y
+ + R3 Ry R3
\ Since: vg =0
vo o v,
+ Node B: — = —
Rz Ry
1 VO.
Node C: ——2—~+——~ Vo = —
o R3 Ry R3
R3
2+— 1IR3
. . R2 Rypk R3
Solving for vo yields vp = Vg = vy hence Rypkx =|2+— |-R3 QED
Ry Ry R
(b)Let R; =20000 @ Then Rypg =KR;=810"0Q
2
i R3 6 5 R3
(c)With Rypg =|2+— |R3=810"Let R3=10" Then Rp=———=12820
Ry 8000000 — 2-R3

{d) Circuit No. of Resistors Resistance Spread Total Resistance
inverting 2 400 8.02x10°Q
bridged-T 4 78 2213x10°Q

The inverting amplifier uses fewer resistors but requires a larger spread and total resistance.
Resistance spread and total resistance are important design parameters in circuits that

fabricate the resistors using film technology.

4-54 (a) Input mesh (RS + Rl)-il —pvp=vy Output node (—L + —1——)-v2 +pi1=0

v,

Ro Ry,

(b)with R, = 2000 Ry = 5000 Ry = 50000

s

+

Ry v

Re R
—AAS R
C—D . WV, % %ﬁh

Ry, = 150000 p =0.0018 = 50

R § Input mesh

Qutput node

7000-1; — 0.001-vy = vg

vy + 5011 =0

150000

Ldd

which yield ij = 1.127.10" “vs and vy = -211.268-v,

V. A7)
(€) Rpy=— — Ry = 8873 — 2000 =687.Q Ky = — =-211.268
1

Vs
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4-54 Continued

2 2
4 2 va© (211.268-v) 5 Pout 3
d) Py =vgip = 1.127-10 - Pyt = — = = ().298-v Kp = — =2.64-10
(d) Pip =vsiy Vs out Ry 150000 S P P
iti - i 1 1 1 VRef
4-55 (a) Writing node-voltage equations Node A: |~ + LI € _y
R R+AR Ry R
2 1 VO  VRef
NodeB: | = + — |vg—— — — =0
R R v R [R RF) TR R
'/ + F . _ .
A 'F'VRG’ B VWV ,  Foranideal OP AMP v, =vg, solving for vo
- 3 AR-Rp Ry v
R+AR R Vo= 2 R Ref
2-RRr + RpAR + R™ + R-AR
Vo  For AR/R << 1 this reduces to
-1
R RF | AR AR
= Re vo=||2+—| | VRet = K-—=VRef
VAV‘V“ RF R R R

1

-
(b) For vg = + 3V when AR/R = +0.0004 and Ve = 15 V requires
R -1 _
FhoR) e tis=3
R Ry
. . Ry . 3
This requires Y = 1000.5 Since R=100 Q we have Ry = 100.05-10

4-56 Summing currents at the inverting input  Vec =10 k= 10 6
Vee Vo

+— —kTa=0 Solving for v,
Ri R +Voo
Ro R1
vo =RykTp - — Ve
Ry
Tao=Tc +273  hence
Ra
vo = Rp-kTe + 273-kRp — —Ii—--VCC kTA
1
The design constraints are _

_1 Ra “Vee
Ry k=10 273-k-Rp - -I-i—--VCC =0

1

10° Vee
Ry = —mm Ry = —
k 273-k

R =3663x 100 Rp=1x10
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4-57 Ry )-\5?, Be Vo

i R Ry

Vo H!

Cl

(a) Circuit C1 is a differential amplifier with

vo =Kovp + Kjvp = - Ri+Rs+Re v + =6 A%
O T I T R v R3+Ryj | Ry +Rs ) 2 |Rj+Rs) '

Applying superposition in C2.

- Rs + R4 . R3 + Ry
withv, off  vo; =Kjv = ( %J-(———}vl with v, off Vo2 = Kavp = = vy
3

(b) For Ckt C1 with K, = -K, =5 R, =R, =1kQand Ry = Rs = 10 kQ the constraints are

R4 1000 + 10000 + Rg ) S Rg
1000 + 10000 + Ry )\ 1000 + 10000 } ~ 71000 + 10000

R4:=1000 Rg:= 1000 Given (

4
5.5x%x 10 S

Find(R4,Re) = . Ra
55x 10 <—Rg

(c) For Ckt C2 with K; =-K, =5, R; =R, =1 kQ and Ry = R; = 10 kQ2 the constraints are

R4 := 10000 Rg:=10000 Given [ 10000 +Rg Rq ) __ 10000 +Ry _
10000 10000 10000
4
4% 10 .
Find(Ry,Rg) = “Ra
25x10°) <R
{d) Circuit Resistors OP AMPS Source loading
C1 6 1 R; loads v, and R; loads v,
c2 6 2 None

C1 requires one less OP AMP but loads both sources.
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4-58

(a) Circuit C1 is a half-bridge amplifier which operates as an inverting summer.

Circuit C2 is a full bridge amplifier. Writing node equations at the OP AMP inputs:

A% Vi . . 2-vp
Inverting Input: 1 + 1 + 1 VN — a . 0 Noninverting Input —— - —=0
Rx R Ry R

. vi RF RpYlwm
For an ideal OP AMP vp = vy WEvpE Hence vo= |14 ——— |—

1 1
b) Forcircuit C1  In bright sunlight Ry =2000 Rgj————|15=-10
(b) g g X F [R 2000]

1
10000

In complete dark Ry = 10000 RF.GE = ].15 =10ty Rp:=1000 R:= 1000

11 1 3333x 100 | <R,

Given Rp|—-——|15=-10 R L__L )i5=10 Find(Rg,R)=
R 2000 R 10000 3333 10°) <R

. . . Rr  Rp
(¢) For circuit C2 In bright sunlight 1+ ———— | —=-10

R 10000

3 LR
Ry Rp V1 Ry R 5 6.667 x 10 F
(l b — _..).._.5. =10 (1 s Doy pind(Rg,R) =
R 2000/ 2 6.667x 10°) <—R

Rre  Rp )15 .
In complete dark 1+ — - —— |.— = UTry R:= 1000 Rp:=1000 Given

(d) Circuit C2 requires 2 more resistors than C1.
When Ry =2 kQ, C2 dissipates 99 mW, whereas Circuit C1 dissipates 210 mW.

When R, = 10 k2, C2 dissipates 32 mW, whereas Circuit C1 dissipates 120 mW. .
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4-59

4 ko
Joshua's Design
v1

= 80kn 10 k0 Vo

r—\M 4 J\.l‘..
v Py 9

180k 1

(a) Neither design is totally correct. In the required input output relationship the MSB is v3 and
the LSB is vi. In both proposed designs the MSB is v; and the LSB is v3. The connections to
vy and v3 must be interchanged in both designs.

(b) Standard Custom OP Parts Costs
Resistors Resistors AMPs per Unit

Joshua's Design 1 3 1 $0.29

Marisa's Design 4 3 0 $0.295

Joshua's design cannot drive the required load since the OP AMP must source 15/500 = 30 mA,
which is more than the 10 mA rating of the available OP AMPs. Marisa's design can drive the
specified load since the 500 ohm load is built into her circuit. Choose Marisa's design since it
can drive the load and the parts cost are nearly the same.

4-60 The figure below shows a circuit diagram as it appears in Orcad. It also shows the Probe
output and the specific run that yielded the closest Rin to 50€. The run was conducted by
varying RF using the PARAM function and running a Transient Analysis using a Parametric
sweep. Thus, Rin = 50Q occurs for RF about 17.5 kQ. The input resistance can be found by
setting the input current source to 1 mA and looking at the node voltage V(N00482) divided by
11 (1.0 mA) in Probe. The calculated value of Rin is found in the output file produced by
PSpice's Probe . For 1 mA input and RF = 17.5 k€ the output file lists V(N 00482)/11 = 50.1Q.
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| SCHEMATIC1-Prob 4-60

PARAMETERS:

RF
iy

Jresistor}
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CHAPTER 5, Both Versions

wx) = |0 if x<0 5(x) = 100-(u(x) - u(x — .01)) (x):= |0 if x<0
1 if x>0 x if x=0
51 (a) i) =5u) (b) wo(t) :=-5ult-2)
10 0
vit) 3 vo(t) =5
0_5 0 5 10 _10"5 0 5 10
t t
(€} v3(t) == vi(®) + vao(1) (d) va(t) == vi(t) — vo(t)
10 f 10
v3(t) 5 . va(t) 5
0”5 0 5 10 0‘5 0 5 10
t t
52 (a) wvi(t):=51x(t) (b) va():=-51(t-2)
50 ; 25
0
vi() 25 — V(1) \\
0"5 0 5 10 *50‘5 0 5 10
t t
(€} v3(1) = vi(t) + va(t) (d) v4(t) = v (1) — vo(t)
15 100
-10 -5 0 5 10 O“IO -5 0 5 10

5-3  v(t) = Va-(u(t + 0.5.T) — u(t — 0.5.T))
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54

V(1) = —5-uf—(t — 0.003)] + 5-u(t — 0.003) — (10-u(t — 0.005))

10
5
v(t)
5 0 0.002 0.004 0.006 0.008
10
t
5-5
w(t) = 2500-1¢0)-{uct) — ult - 2.1073))
10 ‘
5|
v{t)
—_— 0
—5 !
0 0.001 0.002 0.003 0.004
t
5-6 (a)  vi(t) = 10-exp((-2-1))-n(t) (b) () == 10-exp(-0.5-1)-u(t)
Va=10 Tc=05 Va=s10 Te=2
15 15
10 10
vi(t) 5 v ) 5 ‘\
-5 -5
-1 0 1 2 3 -1 1 3 5 7 9
t t
(€)  v3(t) == —10-exp(~20-t)-u(t) (d)  v4(1) := —10-exp(~0.05-t)-u(t)
Vao=-10 Tc =005 Va=-10 Tc =20
5 5
0 ; 0
vy(t) =5 // vgt) =5 ,/
-15 : -15 :
=005 0 0.05 0.1 0.15 02 =10 10 30 50 70 90
t t
57 (@) vi(D) = [10—exp((~2-))-u(®)] (b)  va(t) := 10-exp(-0.5-t)-u(t)
25 25
20 | |
« o3l
15 !
g—v;(t) 4w, //
! 10 =417 |/
— 4]
~15
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(—0‘005)

exXp T

- . -0.006 C 0.006

58 Va-exp ~0.005 =4 Va-exp) 0 =2 —_— =) exp =
Tc T Tc

C (—0.006)
exp
Tc

(0.005)
2-exp| —
Tc

. . _ 005
0006 1oy + 2995 po 1 qe-14427x1077 Vo= deexp 0009) v, = 128
Tc Tc 1000-1In(2) Te
Checking soluion  128.exp — 222 ) _ 4 128.exp[ —2C |2 Checks
14427107 ° 1.4427-10°

-0.005
59 exp
-0.005 —0.007 Tc 10 (0007 _ 10 0.005
VA-exp =5 Vaexp| — =35 —————<L = —exp| —— |F —eXp| ———
Tc ) C Tc 7 Tc

0.007 . — .
0007 In 10 + 0.005 Tc = ! Tc = 5.6073 x 10 3 V= 5-exp) 0005 Va=12.196
Te 7 Tc 10 Tc

500- -

005 ~0.007 .00
12196-0xp| —2%2 15 12.196-exp _ 0007 N L35 12196exp| —22 ) - 8537
56073107 ° 5.6073.10°° 5.6073.107 >

5-10 Substituting the suggested solution into the differential equation yields

—o-t R § -t - ot
%VAe * +o-Vae * =—q-Vpe @ +a-Vpae *
t

The expression on the right side sums to zero--QED

511 (a) v(t) = 10-cos(2000.7-1) + 10-5in(2000.x-t) £:=1000 a:=10 b:=10

1 -b To ;( ] } 80
To=— ¢ = ata —~] Tg:=—¢-— Vp= a2 + b2 ¢ = ¢ !
f a 27

4

To=1x10° f=1x10° Va= 14182 Tg=125x 10" ¢=—45
(b) vo(t) := ~30-c0s(2000-7-1) + (~20)-sin(2000-7-t) £:=1000 a:=-30 b:=-20
1 -b To 2 .2 180
To=— p=atan — |+n Tg=—¢p— Var=yla +b ¢=¢—
f a 2-m T
— 3 3 — 4
To=1x10 ~ f=1x 10 VA =36056 Tg=-4064x 10 = ¢ = 14631
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5-11 Continued

{c) t . t 1
va(t) ;= 10-cos| 2-x-— | + (-10)- 2-w-— fi=— a=10 b=-10
3(1) = 10cos 2770 |+ (10)-sim 277 10
- To 180
To=t  po=at —b‘) rg= gt Vamf(@@eb) o=l
f a 2 T
To=10 f=01 Va=14.142 Tg=-125 o =45
(d)  v4(t) = ~20-cos(800-7-1) + 30-sin(800-m-t) £:= 400 a:=-20 b:=30
-b To K—‘) 180
Tp ::-I— ¢ = atﬂl{—) - Tg=—— Va= z12+b2 o= ¢-—
f a 2-m s
To=25x107° £-400 Vo=36056 Ts=859x 107"  ¢=-12369

512 (1) := (10 — 30)-cos(2000-7-t) + (10 — 20)-sin(2000-z-t)f := 1000 a:=-20 b:=-10
1 ( -b To
Tg = — = atan| — | + Tqg = ~¢-— ’( 2 2; 180
0 R ¢ a) n S "¢ rm VA;: a +b ¢:=¢,___.n__
_3 3 _4
To=1x 10" f=1x10 VA=22361 Tg=-4262x 10 ¢ = 153435

513 v = 15~cos(o) ot + ¢) -3—v(t) = —15~Sin(m ot+ ¢).m0 positive slope at t = 0 requires
t

_15sin(p) >0  hence <0 v(0) = 15cos(p) = 10 o= —acosG—g) b =—-0.841
a:=15cos(p) a=10 = —15-sin(¢) b=1118
5-14 The waveform is of the form ) = VA‘oos[z-n45<106~(t 1510 9)] “(0) = 10
VA-GOS[Z-E-S-106~(O ~ 125107 9)] =10 Vgi= —10 V= 14.142
cod2.2:510%(0 - 125107 4]
_ T.
To:= L org=125007° b= 2m—  a=Vacos(p) b= -Vasin(p)
6 To
5-10
b =-3.927 o3 25 a=-10 b=-10

n
v(t) := a~cos(2-n~5-106~t) + b-sin(2~1t~5-106‘t) ti= 0,%‘. To

v(0) = -10 V(IZS- 100 9) = 14.142 20

Checks
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5-15 (a) vi(t) = 20-cos(4000-7-t — ) £:=2000 VpA:=20 ¢:=-x

To = 7 a= VA-COS(¢) b= —VA~sin(¢)

f=2x 100 To=5x10"" a=-20 b=0

Vo(t) = 20-005( 4000-7-t — —’5) o=

\ £:=2000 V=20 2

(b) 1 .

To:= T a:= VA-oos(d)) b=-Va sm(¢)

3 —4

f=2x10 Tp=5x10  a=0 b=20
{c) t 4 1 T

v3(t) = 30.co8l 2., — — — fi=—— V=30 =

3() 200 4 a0 4 b=

To:= -IE a:= VA~COS(¢) b= ~VA-Sin(¢)

£=25x10 ° Tg= 400 a=21213 b=21213
(d) vyt = 60-[sin(2000-7r-t + %D = so.ms[(zooo-n-t + %) - ﬂ £:=1000 VA:=60 ¢:= ?

1
Tg = T a= VA~cos(<}>) bi=-Va sin(¢)

f=1x100 To=1x10°  a=42426 b = 42.426

5116 v(t) = (20.c0s(4000.7-t — 7)) + 20.cos(4ooo.n.t - —’25)

V(1) = 20-cos(4000--1)-cos(x) + 20-sin(4000-7-1)-sin(x) + (20-005(4000-n-t)-c0s(£) + 20-sin(4000-n-t)-sin(§

2
n ) 1
cos(m) =—1  sinfn) =0 cos(;) =0 sin(:’— =1 12000 Toi=
2
) = —20 - si . — - > > B
v(t) = —20-cos(4000-x-t) + 20-5in(4000-7-1) a:=-20 b:=20 Va = vlaz RE mﬂ( _E) .
a
f=2x100 To=5x100 "  V=28284 PRy
I
checking  a:= V-cos($) b:=-Vasin(p) a=-20 b=20  checks

517 Waveform is of the form  v(t) = 75.co4 20010%n(t — Tg)|  c0420010%2(5.107® ~ 1) = 0

3 6 3. 6 3 1 )
[200-10 -n(S-lO - TSH = —2—’5 Tg =510 ° - —f——rs —25x10°° Ty
(200-10%x) 10°
positive slope requires  —V5-200-10°-x-sin| 200-10° «n(& 10 %= TS)} >0
—sin[ZOO- 103.n(5. 10 %= Tg)] -1 slope is positive b= _M.E a:=75-cos(¢) b = ~75-sin($)
am0 bos e T -
- - n 4= Tg=-2.5x% 10




— 200-t

518 (a) vi(0) = 10-(1—2-e .sm(moo.n.t)).u(t) (b) vy(1):= (20—10-{ 1000“)

u(t)
=010 % 51072
30 : 20 —
20 ®
V.
Vit 10§ 2D 15
\ =
-10 3 10y 0002 0004
0 0.002 0.004 ) ’
‘ t
(€  va(®) := 10(2 - sin(1000.x-t))-u(t) @ =10t - 26 1000-) ey
35 T 40 T f
25 /\\ /\’
S\ A
5 f 20 { f
0 0.002 0.004 0 0.002 0.004
t {

519 v(t) = VA.a.t.eXp(*—(x.t) %VA*a't-eXp(——ai) = VA~oc-eXp(~oc~t) 3 VA~m2-t-exp(-{x~t)

2 1
VA-O(.-SXp(——Obt) - Vo -t-exp(—oc-t) =0 at t=—
o
5-20 from the final condition V,:=10 fromt=0 condition V,-Vg=8, hence Vp:=2

from the t = 5ms condition we solve for o

—6
o :=1000 Given V5 — Vpe L Yo Find{o) o = 1.386 x 10° v({t):= Vo - Vpe & !
t=0,10".30.10"°
10 ——
Checking /
v(0) = 8
- v(t) 9

51078 =0
v(1) = 10

8 z z -

0 110 ° 210 ° 3.10 °

81
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521 Tp:=22510° fi= Tl £=200 p=2nf B=1257x10
0
Vae * 0 Gn(1257.0.001) =35 Voo * 0% 6in(1257.0.002) = 0.8
Ve @O Gna1257.0001) 35 35
= -(—)—g yields o = 993.577V4 = Va=9938
Vae * 092 Gna2s7.0002) (e * 098 G 1257.0.001))
t:=0,.00025..0.004 v(t) = Vae * sin(p-t)
Checking 4 /f_‘\\
\\
v(0.001) = 3.5 3T
| A\ N
v(0.002) = 0.801 () L
. . o
v(0.0025) = 0 N
v(0.005) = 0 - __(_) 0.001 0.002 0.005 0.004
t
522 v(t):=u(t— 1) +u(t—2) + u(t — 3) - 3-u(t — 4) :=0,0.002..5
4
v(t) 2
0
0 1 2 3 4 5

t

523 v(t):==2-10 “u(t) — 210 u(t— 1) = 10" “u(t = 2) + 10 “u(t - 3) t:=0,001.6

0.002
0.001

V(1)

0
=0.001 1T
—0.002—
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5-24 from condition att=0

from the periodic condtion

w(t) == Va ~ Viz-sin(B )

checking
v0)=5

To
i
4 )

v(To) =5

2o

Va:=5

6 f::--L
T

0
t:= ~To,~To + 0.05-Tg.. To

Tp:=5-10

from the minimum value condition Vp:=7

Bo=2nf B =1257x 10°

12

oc

7\

6

4

5 | L
o .

NS

_2‘6
5

-5.10 ¢ -167-10 °

16710 °

t

5-10

t _

5-25 The waveform is of the form v(t) = VA + VB.co{z.nT) with Tg = 2.10° % —1x10°
0

VA + Vp-cos(0) = -5 hence Vp=-5-Vp

Va+ VBCOS(‘II'.) =2 hence Vp=2+Vp 2+Vg=-5-Vpor Vp=-35 Vpao:=-15

v(t) = ~1.5 — 3.5.c0s(1000.%-t)  t:=0,0.05Tp..2- Ty

Checking  To=2x10 ° ST |

W)y =-5  vTo)=- w TN
-14o /0001 \'0:"02' 0.004

— | = v — + = -
2 2 0 5
t
5-26 From Prob. 5-25 above v(t) = -1.5 - 3.5-oos(1000-n-t)
—g—v(t) = 3.5.1000-7-(=sin(1000-7-0)) = 1.1-10"-s5in(1000.7-1)
t
5-27 v(t) = 2.1(t) — (41t — 1)) + 4-x(t — 3) — 2.1(t — 4)
h(t) = 2-u(t) — 4-u(t — 1) + 4-u(t - 3) — 2u(t — 4) t:=0,0.004.. 4
4 4
i h(t
MO T N A b
-2 -2t
._4 _.4..1.
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5.28 The waveformis  v(t) = Vao-(1 — exp(-o-)) v(0) =0 () = Vo <—Final Value

v

50% rise means VA-(I - GXP(*OVT])) = —Eé or exp(on-Tl) =20 Tp= (}—l%) = -(—)f—?i
529 To=0005 f=To | p=2nf p=1257x10° To_ . -3
=2
v pexploo13.10 3 sinl 1257.(13107%)] = 18
Vox ﬂ-(l.s-lo‘ 4 E}]-siu{1257~[13-10_ " Eﬂ =-10
\ 2 2
v pexplooi13-10” 3).sinl 12571310 3] (replesio? )18
3 _3)] . -3 P R R A e AT
v pexpl (131073 + 2510 ) i 1257.(1:3.107% + 2.5.10 )]
{3)
b MOJ il 1130070 Va8 VA=24483 B =1257x 10°
251077 ¢ *sin(p-0)

v(t) = V p-exp(—o.-t)-sin(B 1) v(1.3-10’ 3) =18 v<1.3-10_ 3 0.5~T0) —_10 <-—checking

5-30 (1) := u(cos(t)) t:=—4,-3.99..4 The period of v({) is equal to the period of sin(1),
hence Tg:= 2=

Checking t:=05 v(y=1  v(t+To)=1
t=15 vy=1 v(t+To)=1

_‘,’_(2_ 051 v(f) is not zero for t < 0 because cos(t) has both
0 ; positive and negative value fort < 0.
0.5 Changing the period of the sinusoidal argument

4 -2 0 2 4 will change the period of v(f).

Changing to v(t) = Vau(cos(t)) will change the
amplitude.

5-31 (a) vi(1) = 150 — 80-sin(2000-x-t)-u(t) aperiodic, causal  Vipax = 150 + 80  Viip == 150 — 80

Vp = Vinax  Vpp = Vimax — Vi Vp = 230 Vpp = 160

(b) va(t) = 40-sin(2000-x-t)-(u(t) — u(t - 1)) aperiodic, causal V=40 Vpp =80

(€) v3() = 15-c0s(2000.-t) + 10-5in(2000-71) ~periodic, noncausal Vy:= J10% 415

Vv
P
Vp=18.028 V= 2-Vp Vpp= 36.056 Vips = ——z Vims = 12748 Vgyg =0
(d) va(t) = (10 — 5-exp(-400-1)-u(t)) aperiodic, causal Vp=10 Vpp =5
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5-32 (a) vi(t) := 10-c0s(2000--1) + 10.5in(2000-7-t) £:=1000 a:=10 b:=10

V= \Iia2+b2; Vpi=Va

Vp = 14.142 Vpp = 28284

—~1
Vop=2VA  Vimg=ValY2) Vay:=0
Vims = 10 Vayg = 0

(b) va(t) = ~30-cos(2000.-t) + (~20)-sin(2000-7-t) f:=1000 a:=-30 b:=-20

VA:=\Haz+b2j Vp:=Vap

V.

»=36056  Vpp=72111

-1
Vep=2Va  Vims=VA(2)  Vay:=0
Vims = 25495 Vayg =0

(c) t . t 1
0= 1008 21— | + (~10) sin{ 27~ f=Ll w10 b=-10
O Ty I G 0

V= \MaZerz; Vpi=Va

Vp= 14142 Vpp=28284

(d) va(t) = —20-cos(800-7-t) + 30-sin(800-x-)

Vp = \Ha2+b2§ Vpi=Va

Vp = 36.056 Vpp = 72.111

5-33 (a) vq(t) = 20-cos(4000-7-t — x)

Vayg =0  Vp=120

(b) vo(t) = 20«003(4000%-‘[ - g-)

Vavg =0 Vp =20

(c) t 4
= 30. J TSRS ——
v3(t) = 30 005(2 s 200 4)

Vavg =0  Vp=30

{d) v4(0) = 60 sin(ZOOOqt-t + —}:—)

Vayg=0  Vp=60

Vpp = 40

V=20

Vpp = 40
Va =30
Vpp = 60

V=60

Vpp =120

Vpp :

-1
Vpp=2VA  Vims= VA2 Vayg=0
Vims = 10 Vayg = 0

f:=400 a:=-20 b:=30

-1
=2-Va Vims = Va- (ﬁ) Vavg =0
Vims = 25495 Vayg =0

VA=20 Vpi=Va  Vpp=2VA Vipgi= valy2) !

Vims = 14.142 Vayg = 0

-1
Vp = VA Vpp = ZVA Vnns = VA(\,E)

Vims = 14142 Vyg = 0
\ !
Vp=VA Vpp=2VA  Vimsi= vay2)
Vims = 21213 Vayg =0

-1
Vp=VA Vpp=2Va  Vims:=Va({2)

Vims = 42426 Vayy = 0

534 v(t):=ut- 1) +u(t—2)+ut—3)-3ut-4) Vp:=3 Vp:=3

1
Vavg = Z'r V) dt  Vayg=15 Vpygi=
0

l.r v dt  Vips = 1.871
4 0
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5-35  v(t) == (2-u(t) — 2-u(t — 1) — u(t — 2) + u(t — 3))-10° 3 Vp = 0.002 Vpp 1= 0.003

5

—l—-rv(t)z a=Y210"%= 11181077
4 0

4 —3
1 -
Vayg = -Z—f vty di = —QZ_ =25.10
0

Vims =

2

- = Va- _— ~T
5-36 v(t)=Vap eXP(TCJ W)=V A'GXP(:E—I-) =0.707.Vy Tj = -Tc-n(0.707)
C
~Ty
v(T2) = Vp-exp = [=026VA  Tp=-Tch©26)
c

Tggr = Tz — Ty = Te-(In(0.707) — 1n(0.26)) In(0.707) — n(0.26) = 1 Tgy = Tc

5-37 The cosine term has a max of +10 and a min of -10, hence V;+10<15and Vg - 10> -15
whichyields 5> Vg> -5

538 v(t) := 2-u(t) — 3-u(t — 0.01) + 5-u(t — 0.06) — 4u(t — 0.07) t:=0,0.0002..0.08

Vmax =4 Viin =1 Vp = Vinax
4 ,
3+ , , ‘ Vop = |Vmax| + |Vmin| Vpp=35
AR . r.m
Vayg 1= " v(x) dx
=) Y
0 ]‘0 20 30 40 50 40 70 80
4L
Vayg = 0.143
1000-t
5-39 Given (i) = 100 — 200-cos(2-7-10000) — 75-sin(4-7-10000-t) + 35-cos(8-x-10000mV
fo= 10" To= -EO- To=1x 10" Vavg = 0.1V V=200  fpay = 40000

. T
5-40 Given v(t) = Va-(u(t) — u(t — T)) Vg = 1 VA= Va T _ VAD
ave To To
0

541
C1

[vo +(Vi- VQ)-(l - exp(%nexp[j%ﬂ it Tp<t

T
v(0) = Vo + (V1 - Vo)-(1- D =Vq V() = Vo + (Vi - VO){l - exp['—rE?D-exp(%) = Vg

vy = |Vo+ (Vi - Vg)-(l - exp(%)) if 0<t<Tp

-T
IfV, >Vothen Vi = v(Tp) = Vo + (Vi - Vo)-[l - exx{-——D—D IfV, < Vothen Vi, = Vo

Tc1
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5-41 Continued

Vo=1 Vy=2 Tc1=1 Tcz:= 1 Tp:=5T¢1

C1

v(t) = |Vo+(Vi- VO)-(l - exp(}“—t-D if 0<t<Tp

<—For graphing purposes only

[vo +(Vi - Vo){l - exp(%?)}exp[:(—t%?lb if Tp <t

t:=0,001Tp..Tp +5- T2

SPICE EXPO
25 3 :
2 /_.-f
o v(t) 1.5 :
4
1
0.5
O |
0 2.5 5 7.5 10
i
Time
Duration = Tp + 5T,
5-42 vg() =256 2 Vog=10V VoL =0 V
+16V
A

-

e
R{L.i>'—$§ Y0
U

87

Tp

v(Tp) = Vo + (V1 - Vg)[l —e

t = 0,0.000001...001

va®) = |Vou if vs(®> 16
0 otherwise

ve® = |Vou if vs(® > 12
0 otherwise

ve(®) = | Vou if vs(t) > 8
0 otherwise

(O = |Vor if vs(t) >4
0 otherwise

g




5-42 Continued

25\ 1
VS(TA) =16 TA ln( 6) '*2-'66—0—

25) 1
vs(Ts) = 12 m(lz) 2000

25) 1
T T e

1000-Tp = 0.223

1000-T = 0.367

1000-T¢ = 0.57

vA(t) = Vorru(Ta - 1)
vp(® := Vorru(Ts - 1)

ve®) = Voru(Te - t)

vs(Tp)=4  Tp:= 2 )L 1000-Tp = 0.916 vp(®) = Vorrw(Tp — t)
4 ) 2000
2 10 & 10
g valt) g) vp(t)
T Ei
0 — 0 —
0 510 ¢ 0 510 4
t t
time (s) time (s)
% 10 E 10
& ve® & vp(b)
E E
0 - 0 _
0 510 * 0 510 4
t t
time (s) time (s)
5-43 (a) KCL at Node A t:=0,001..10
R R R RF th) VA VAZV3 VA-VB_
i + =
* 2R 2R R
R 2R %2
f R 2R - KCL at Node B with Vc=0
WwOuwd [ B-VA W-V2 VB _
+ —
- - = - Vec=£15V R 2R R

KCL at Node C with Vc=0

vB Vi vo
— - —— = ()
R 2R Rg

Ao Ry ( )
Vo= — == l——1l{v3+2.v3+
(o] A SR 3 2

2 -1 0
VA
-1 25 0 v
0 1 R | ’
Rp MY
4~v1) QED
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Multiply by R & placed in matrix form

0.5'V3 AO = —0¢5'V3 - V) — ZVI
= 5- R

0.5-v A=4.—

0.5 Ry




5-43 Continued
(b) vy =5ut-1)-5ut—-5  va(t):=5u(t-3)-5ut-4)+5u(t-6)— 5ult-10)

VO =5UO = SUH I 22 150 + 290 + 4100)

(c)
5
va(t)
I <---Digital LSB
0
0 2 4 6 8 10
t
5
vo(t)
0
0 2 4 6 8 10
t
5
vi(t) <---Digital MSB
0 :
0 2 4 6 8 10
t
6
5| .
) <~—-Analog Output
1L |
0 ‘
0 2 4 6 8 10
t
5-44

Do(t) = u(t — 50) — u(t — 100) -+ u(t — 150) — u(t — 200) + u(t ~ 250) — u(t — 300) + u(t — 350) — u(t - 400)

D1() = u(t — 100) — u(t — 200) + ut — 300) — u(t — 400)

Ds(t) = u(t — 200) — u(t — 400) Dy(®) := (D2(t) A Do(®))

vo(t) = Do(t) + 2-D1(t) + 4-Da(1)
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5-44 Continued

Dy(t)

Dy(t)

Dy(t)

Dy(t)

vo(t)

[

S N s N e

t:=0,.1..400

50 100 150 200 250 300 350 400
t

50 100 150 200 250 300 350 400
t

50 100 150 200 250 300 350 400
t

50 100 150 200 250 300 350 400
t

—

50 100 150 200 250 300 350 400

S0




Va 1
A5 ya=106=50100 n=12.10 V=5 @V =— To=—
1 31 4]
£k, 1) =V, - Z vi-sin((z.n-i-fo.t)) t=0,-—.2To
i=1
dc + first 5 harmenics
10
(5,0 . /J\ £(10,1)
% 1 2
t .
TQ TO
5-46 Answer: Sawtooth wave
(T
2 Ty
- i X ) ax Vsin] 21— | dx
Vabsyyg = ng - V- sm 2'7‘",‘1’,;)‘ - ASin -n-TO
0 To
2
1 -1 2-Vp
Vabsavg = %{; -T—C-»T()-VA— (—;{—-TQ-VA)} = -
V, v
oy = Ke_mms A % _ T g g-1111
2 Vabsayg 2 2VA 242 24/2

K applics only to a sinewave. A different factor would be required for other waveforms.
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CHAPTER 6, Both Versions
0 if x<0 3(x) = 100-(u(x) — u(x — .01)) 1(x) =
I x>0

0 if x<0

x if x>0

Cw(x) =

ST ve(t) = 3-exp(~4000-t)-u(t)

ic(t) = C-(:—C-vc(t)) = 210" ®.(~4000)-3-cxp(~4000-t) = —24-10" ~-exp(~4000.1)

pe(t) = 3-(exp(—4000-t))~(—24-10- 3.exp(—4000.t)) =-72.10 3»exp(—8000~t) Pc <0 delivering

we = 0.5-Cove()” = 0.5:2-107 . (3-exp(—4000-1))° = 9-10 -exp(~8000-1)

82 0 233107% va) = 15.008(2-7-100040) we® = 0.5-Cve(h)’

— — — — — 4
wel051073) 371221077 welo7s17Y) =0 welio ) 237124 10

6-3  L:=100-107° i(t) =30-10  ~-exp(—4000-t)-u(t)
(d _3 _3
vi(t) = L-Ld—iL(t) =100-107 °-(~4000)-30-10 " -exp(~4000-t) = —12-exp(~4000-1)
C

pLD = v (D-L(D) = (30.10' 3-exp(—4000-t))-(—12~exp(—4000~t)) = —0.36.exp(—8000-f) pr(t) <0 delivering

3

wL() = 0.5.L-I (1) = 0.5.100.10” .(30.10‘ 3-exp(—4000-t)) = 45.10 ®.oxp(~8000-1)

~

64  1,:=5010 °Tg:=510 ° C:=2510 6 ic(t) = Ia-(u(t) - uft - Ts))

1
1| . Ia
vt = —-j ic(x) dx ve(t) = —-(x(®) - 1{t - Tg))
cJ, C
pc(®) = ve(t)-ic(t) t:=0,0.00005..0.01
20 06
04 <—pc®>0
ve() 10 pc(t)
- — 02 absorbing power
0 0
0 0.005 0 0002 0.004
t t
_9 . 5
6-5 C:=200-10 ve(0) =30 ic(t) = 0.4-005(10 -t)

[t t
ve(t) = é- J ic(x) dx | + ve(0) = 5.106-J 0.4-c08{10°.x) ax + 30 = 20.5(10%.1) + 30
0 0
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66 C=0510° T, =1010"% Tp:=3010° T3:=4010°% Vo=10 B=—=

ve(® = B-(xt) — 1t - Ty) - {t — T2) + ot — T3))
ic() == C-B-(u(®) — uft - Ty) — uft - Tz) + u(t— T3)) B-C=05  t:=0,0.0000002..0.00005

pc(® =ve(®)-ict)  we) = 0.5-C~vc(t)2 v(H(V)

1
05
iC(t) 0 ) o i o
e ) ] 0 10 20 30 40 501(ps)
- - B | |
0 2500 5.0 ° -
t 4:10 [
5 —
welt) o5 —\
P 0 0 E—
—_ 0 2107 4-10
; t
-5 = :_5 <— Pc(t) is positive and negative
0 210° 410 - .
" delivering and absrobing power.
67 108 Ty=510° T=1010° 12002 B=IaTy | B=4x10® YO

i
ic(t) = (B-(t) — 2-Brft — T1)) + Box(t — T2) ve(®) = —éj ic(x) dx + ve(0)
0

Ity (mA)

B

2 T
ve(t) = %‘:g—-u(t) —(t- Tl)z.u(t -Ty) + —(————2-—-2—)—-\1(t - Tz)} -5 ”0

vels1079) =0 wlio1 =5 wlo0®=s
(

0 5 10 tus)

68  L:=1010> ip(0)= 107> v(t) == 50-10" -exp(~5000-t)

t
j 50-10° 3-exp(—-50()0-x) dx + 10 ip(t) =
0 100

. 1
i (t) = 0~exp(-5()00-t) + -5—0—5 t=0,107 5” 107 3

101077

-3
1) = 150-10 " -exp(-5000-1)/-
pL(D ( p( ))(1000

1
-exp(—5000-t) + —
Xp( ) 500)

PL(E) = =510 >-exp(~10000-t) + 10~ “-exp(~5000-t)

The dominant exponential in p, (t) is positive, hence the inductor is absorbing power
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2 —2000-t

69 L=05 i(H):=10 e sin(1000-t) vy (t) = L-(—;«iL(t)
it

vi(t) = 0.5.% 107 26 2% Gn(1000-t) = (~10-5in(1000-1) + 5-cos(1000-t))-cxp(~2000-)
it

Vi) = 5.~ 0% (2.6in(1000-1) + cos(1000-1)) £:=0,10>..0.002
. — 2000-t — 2000t
pL(®) = v ,(O)-1 (1) = 5-¢ .

pL(t) == .05.¢ 4000":-(—2

(—2-sin(1000-t) + cos(looo.t)).(lo' 2e -sin(lOOO-t))
-sin(1000-6)° + sin(l()()()-t)~cos(1000-t))

2 -6 . 2
wi() = (O.S.LJL(t)z) =02 5_(1 0 e 2000’t.sm(1 000. t)) wi (1) = (25. 10 -exp(»4000.-t))-sm(1000-t)

0.004
0.003
0.002 \
P8 0.001 \ <— pr(t) is positive and negative
0 \

—0.001
—0.002

R B e Inductor absorbs and delivers power.

0 5-10% 0001 00015 0002
1

t
6-10 L =005 v (1) = 5-00s(1000-t) — 2-sin(3000-) ir(t) = ilff VLX) dx
0

sin(1000-t) + —
3000

t
1 5
i) = —— | (5-c0s(1000-x) - 2-5in(3000-x)) dx = 20
LO= 505 L (5-00s(1000-x) (3000-29) (1000 3000

-c0s(3000-t) — ——g—-—)

i() = ~1333-107 2 + 107 sin(1000-t) + 1.333-10" >(cos(3000-1))

In v; () the amplitude ratio of the 1000 to 3000 ac components is 2.5:1 whereas in i; () the ratio is 7.5:1. The
integration produces a dc component and reduces the high frequency relative to the the low frequency ac
component.

6-11 C:=50.10°  ve(t) == —100-exp(—1000-0) () = C-gt-vc(t)

ic(t) = 50-107 - (~100)(~1000)-exp(~1000-1) = 5-10 >-exp(~1000-)

pe(t) = ve(t)-ig(t) = ~0.5-exp(-2000-1) pc <0 delivering
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— — — - 3
642 L:=0025 Ty:=510 % Tp:=1010" % 14:=2010° Bi=IxT," ' B=4x10
i (®) = (B-x(®) — 2Ba(t - Tq)) + Ber(t - To)  vi(0) = LB-(u(t) — 2-u(t — Tq) + u(t - T2))
L0 = vLOHr(d w0 = 05Lir(®°  t:=0,107°.2.10° LB =100
0.02 200
/\ 100
I —100
0 - ~ — =200 _ - — -
0 510° 110 ° 1510 ° 0 510° 110 °15-10 > 210
t t
610 ° 4
y N
4-10
—2110 —
0 4 6 5 5 5
0 5~10"6 1.10"'5 1.5.10"5 0 5-10 1‘10’t 15-10 © 2-10
t
6-13 1 s10° 1 1
13 1001076 (51079 =0= —f 1054 dt +ip(0) = — +i(0)  iL(0) = — = -0.125
4 8 8
1074 %o
614 C:= 1010 ¢  VC(V = 30— 25-exp(-5000-0) ic(t) = c.g-vc(t) = 10" >.25.5000-cxp(~5000-)
t

ic = 125-exp(~5000-0) pc(®) = ve®-ic® | _ o 1476

40 pc(® >0
30
pe® 201N
0 S ~—
0 510 % 0001

L1077 pe(t) = 62.5-exp(=5000-) — 31.25-exp(~10000-

T
A
vc(l_)zz v(l)

10 uF

For t>0 the capacitor is absorbing power

645 210> vory = 101 - ¢ 1) = C-Gi—vc(t)) = 107 %10 (10006~ 1991 = g 1 &~ 10001
t

pc(t) = ve(t)-ic(t) pc(t) :=¢
03
pe(t) pct
0 0.001 0.002 0.003 0.004

t

- 1000-t o 2000-t

t:=0,0.00001..0.004

>0 Fort>0 the capacitor is absorbing power
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616  L:=200-10"° i(t) == —20.107 >-exp(=500-1) ir (t) = ~i(t) = 20-10" -exp(~500-1)

Vi) = Lg-iL(t) = 200-10" °.20-107 >-(=500)-oxp(~500-t) = ~2-10" ~-exp(=500-t) pr(t) = vi.(t)-i (£)
It

VL) 1= =2-107 -exp(=500-)  pr.(t) = —40-10” ®-exp(=1000-6)t := 0,0.00001..0.003 py(t) <0
i(t i
O / I 4.-——-"( ) I—-—-»(D
+
- Y, Ai=0
2-10
Pty VL(I)
- 200 pH
-410 °

0 0001 0.002
t

617 L:=200-10"° i(t) = 40.10”

For t>0 the inductor is delivering power

3 3

20107 2 exp(=500-ip (1) = ~i(t) = (401073 — 2010 > exp(-500-1

3

v () = L-(—;—iL(t) =200-10 6-20~ 10 ~-(=500)-exp(=500-t) = -2-10" 3-exp(—i()()"[) pL(Y = v (O)-1,(D)
t

VL() = ~2-107 2-exp(=500-1) pr.(0) = 80-10" -oxp(~500-t) — 40-10” .exp(~1000-1) t = 0,0.00001 .0.01

3

410
- pL(t > 0  For t>0 the inductor is absorbing power
pr(t2-10 °
o S~——
0 0.005 0.01
t
~6
6-18 C=2210" R=200 ve(t) = 10-c0s(2000-t) + vn(t) - vC(t)__
, d 6, d o wW—} O
VR(D) = Rei(t) = R-C-—v(t) = 2.2-10° -200-=(10-c0s(2000-1) !
dt dt 200Q 22yF
VR(t) = —8.8-sin(2000-1)

D —

619 L=03 R=10" i ) =10 2exp(~1000-)

i =-v£t—)-=-l—'i._(!.' =——q}—-9. 32. — .
iR(t) X R dtlL(t) 10000 [dt(m exp(-1000 t))} IL(t) L>

ig = =3-10" *.exp(~1000-1)

300 mH

6-20 L =0002 i(t) = 100-t-exp(-1000-t) vi(t) = L--Z—iL(t) = 0.2-exp(~1000-t) — 200-t-exp(~1000-t)
t

PL(D = (0.2-exp(~1000-t) — 200.t-exp(-1000-t)).(loo-t-exp(-looo.tpL(o.s.10‘ 3) = 1839x 107> absorbing
pL(L 10~ 3) =0  Neither pL(z. 10 3) = 7326x 10 * delivering
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6-21 Summing currents at the inverting input

vs(t)
= * C-%(vs(t) -vo(H) =0

- 4
%Vo(f) = %Vs(f) + -‘E-(—tz
t vs®'s

R.C

Integrating both sides
.
vo(t) — vo(0) = vs(t) — vg(0) + —*J vg(x) dx
R-C 0

6-22 Voltage at the inverting input is v, = vo/2. Sum of currents at the noninverting. input is:

R R VSZ.RVP + VOZIRVP - C-g;vP =0 but p=vy= Yg—
vO vO
P2 % av_ 1w avo_
VS('[) 2-R 2.R dt 2 2 R dt 2
0 vo(t) .
* Cl hence %t-vo = —g% or vo = i%fo vs(x) d&x QED

6-23  Summing currents entering the inverting input

vo(t) — V(D)
CrB; (vs10) - VN(t)):} + Cz-[%("sz(t) ~ m(t))} AL L A

R
for and ideal OP AMP vy (1) =0 hence Cy R
vaqt) o—
d d C
vo(t) = R-Cy-Svg) (1) — R-Co-Svgp (1) 2
(0] 1St 252 Ve (1)
32 -l-: l S
v (1
o0
6-24 The circuit is an inverting integrator with R := 20 10° €¢:=10010"° RC=2x10"°
kQ '
20 100 nF vo(t) = -10 - 500-j 5dx=-10 — 2500-t
+ + 0
VS(t) vﬂ(t) OP AMP saturates with vo =-15V
vo=-15  t=2F10 5 0?
L ~2500
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1 T 3 -3
825 T o= ij Sdc+0=-5005T=-15 '~ 500 - 0X 10
RC J,
6-26 L =500 1 (! 5
) -R_C - vo(t) = -—-—-{ 5-sin(c0~x) &x+0=-5 —-(1 - cos(a) t)) =-15
RC 0 ®
00
worst case occurs when cos(w-t) = -1 _500.}9 =_150r © = _1%_
®»
L . L . . 3 ~ 12 -6
6-27 The circuitis an inverting differentiator with R := 100-10°0 C:=10-10 RC=1x10

For vg = VA-sin(106~t)-u(t) the output is

10pF 100 kQ
+ + o) = l—lo’ 6-(%VA-sin(106~t))
Vet vVt
s o) [vo®| = l——VA~oos(106~t)‘ <15
e To avoid saturation [Va] < 15 .
L . . . . . 3 — 12 — 6
6-28 The circuit is an inverting differentiator with R := 100-10° C:=10-10 RC=1x10
For vg = 5-Sin(m~t)’u(t) the outputis
[vo| = !—10“ 6-(9—5-sin(c0~t)j
dt
-6
[vo®| = l—s.lo -»-cos{ -t)l <15
To avoid saturation © < = 3~106.
5107 °
6-29 The circuit is an inverting differentiator with R := 100100 C:=1010° 2 RC=1x10°
For vg(t) = 5-exp(—oc-t)~u(t) in the linear range the output is
[vo®| = l-m‘ 6-%5.exp(—a-t) = ‘s.a.lo‘ﬁ.exp(«x.t){ <15 hence |a < =3.10°
510

6-30 t
vo(t) = -5-vg(t) — zo-J V() dx
0

vg(t)
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6-31

I d
vo(t) = S-vg(t) + —-—vg(t
o(t) s() ZOdtS()

vg(t)

6-32 s 4
vo(t) = ——.J vg(x) dx + 25-Svg(f)
50 J, dt
vg(t)
6-33 t
vo(t) = -5-vg(t) — 20-[ vg(x) dx
0
ve®1mMa 1HF qkp 4kQ 1kQ  5kO
° _
+
t
One possible solution 0( )
T v =5+ sdwo VSO 0050F {MQ  1kQ 1kQ
Volt
One possible solution
6-35 vg(® 10pF 5MQ 10k 10kR

t
vo(t) = -I——J vg(x) dx + 25'-(—1—"’3(0
50 J, dt

One possible solution
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6-36 ForCl:

-1
1 1
Cro:= +
—6 -6 — 6 ~ 6
10 " +510 210 " +4-10

CEQ=3x 10% F

For C2:

-1
_ 2 1
Lpg= 107"+ —+ -
10010°% 151073 + 2000107

LEQ=10493x 10 > H

6-37 Eq. (6-30) Given a series connection of N inductors, by KVL the voltage across the connection is
vty = vi(t) +va(t) + .. + wn(b)
Using the derivative i-v relationship for each inductor

d. d. d.
v(t) = Lj—i13(t) + Lo—ip(t) + .. + Ly—15(t)
1 dtl 2 i 2 N &
In a series connection KCL requires

iy = M) = i) =..= N
Hence the i-v relationship can be written as

d. d. d. d.
v(it)y = Lp—i(t) + Lo—i(t) + .. + Ly—1(t = (L1 + Lo+ .. + Ly)—i(t)
® 15O +122HO N0 (L1 +L mm

Therefore Ly = Li+1+..+Ly and igg(0) =i(0)
6-37 Eq. (6-31) Given a parallel connection of N inductors, by KCL the current into the connection is
i) = iyt +is(t) + .. iN(t)
Using the integral i-v relationship for each inductor

t

t t
i)y = 17O+ —}- vi(x) dx + 1(0) + —LJ v(x)dx+ .. + -—I-J (X)) dx
I 0 Lo 0 Ln 0

In a parallel connection KVL requires
vy = ovi() = vt == N

Hence the i-v relationship can be written as

t
i(t) 11(0) + 12(0) + .. + in(0) + [—L + 1 + .+ —1—)[ v(x) dx
L L 0

1 L2 N

Therefore

-1
Lpg = (Elf LI ...__.) and igo(0) = 1j(0) + i(0) + .. + in(0)
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1

-1
6-38 LEQ::[ — 3) Lpg=2464x 10 > H
12107

3107 + 10010~ °

1 1 \! 1 1 Y} 6
6-39 Cpq:= + + + p Cro=5.339x 10" F
6810° 6810°° 331008 47107

g
& Z
\%\m@“‘l == 20 yF
all capacitance in pF 10‘“[—' Bll.lJF
B -1
~1 -1
-1
1 -1
poaT! 1 L !
cap = |||[||| G0 +20 *T&} PRy T ] TP OYS] cap-d1swF

-1
9 1 1 o Gp——
6-41 (a) Cpg:=2510  + ( + 9) 25 nF

N N -8 9
251007 50.10 CpQ = 4.167 x 10 D

1- —=50nF
-9 -9 - 8
b) Cpp:=2510 ~ +50.10 Ceo=75x10 ==
(b} g HQ @ To50F
2-Wstored _
642 Vohage = 5000 Wigored =250 Cropal = ——i% hence  Cig =2 x 107~
Vcharge
minimum number in series = —15;5- = 3333 Therefore, connect 4 in series
2010 ° | Ctotal
Cseries == number of series strings = =4 total of 16-20 pF capacitors

Cseries

4 strings each consisting of four 20 uF capacitors connected in series, total of 16 capacitors

6-43 2.L=260.10 6 therefore L:=130.10" 6
@ Lgo=L Lpg=13x10"" 11 L i2 1. L i2 1i L 2
O A 12V T
R s 4 L i3 4 L 3 4 L '3
= — =65x%x 10
BQ=y EQTEOX @) )
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6-44 Replace inductors by shorts and capacitors by opens

500 Lj Lo 10e C1 C2
) L[_J\W
12v = i 1000 12v:T- L] soo
CA C2
ForC1 ijs:= P _:2100 if1=1n vc=12100 i;; =008 12=008 vc=38

ForC2 when (C; isopen i :=0 hence vcp:=0 and vgp:=12 V

6-45 Replace capacitors by opens

C R R
[ :
=5V VQ(t)

For C1 when C is open the source and OP AMP are disconnected hence vo:=0 V

For C2 when C is open the OP AMP circuit is an inverter hence vo=-5 V

-3
6-46 (a) Cpq:= 11.(12;1_1_3.._.) Cpg=1031x10"° F

(b) Wioial = 0.5-CEQ(16:300)°  Wiggeg = 1.188x 107 J

500-t - 500-t _ - 500t

(€) w(t) := 4800.¢~ i(t) = CEQ%V(Q = CpQ-4800-(~500)-¢ = 2475.¢
t

the power delivered by the capacitoris p(t) = v(t)-(-i(t)) = 11.88-¢ 1000-t
The peak power occurs att = 0 with pya, = p(0) = 11.88 MW
5 1

T
(d) Ti=—— Payg:= -.j 11.88-exp(~1000-1) dt  Payy = 1.188 MW
500 TJ,
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_ 25mH 1,
647 251070 12251077 V=30 °><,/ o A
i(t) = 2 (exp(=2000-1) — exp(~8000-1)) e
25 yF ......-Vc v
>

(a) vi(t) = L%i(t) = 2.5.107 - (~4000-exp(~2000-t) + 16000-exp(~8000-t))

V(t) == 40-exp(~8000-1) — 10-exp(-2000-t) v (0) = 30

t
(b) vc= %J i(x) dx + Vo <-—Note minus sign due to reference directions for i(t) and v(t)
4]

t
vo(t) = —4- 104.J 2-(exp(=2000-x) — exp(~8000-x)) dx + 30
0

ve(t) = 40-exp(-2000-t) — 10-exp(—8000-1) ve(0) = 30
(¢} v(t) = ve(t) — v () = 40-exp(-2000-t) — 10-exp(—8000-t) — (40-exp(—8000-t) — 10-exp(-2000-t))

V(1) := 50-exp(~2000-t) — 50-exp(-8000-t)  v(0) =0

(@) R =20  50ep(2000:) - 50.exp(-8000-) _
ity 2-(exp(~2000-t) — exp(-8000-1))

6-48

{a) The voltage follower output is v(t),

-R
hence vp(t) = —i{—z-v(t) and the voltage
1

across the capacitor is vc(t) = v(t) — vo(t)

Ry
or vo(t) = (I + E—)v{t). The voltage
1
follower draws no current, hence

it =ict =cLvewy = ¢ 1422 4 \(t) sofinally Cpo = 1+ 22) ¢ qep
a - R, ) dt EQ R

R
{b) Since vc(t) = (1 + —ﬁ%)-v(t) v(0) = Vo
1

Rp + Rz'
2
1 2 _1(Ri+Rg Ry Ry 1 2 Ry
(6) —Cpgv(0)’ = c v | = [ cve©?]= Wo
2 2 Ry Ri + Ry Ry +Ro \ 2 R1+Ry
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6-49

) . r

v () } } =

ﬁ1

R R ov By v C vét)

(a) The 1st OP AMP is a noninverting amplifier with K=2, hence its outputis 2 V. A voltage v appears at
both inputs to the 20d OP AMP, therefore the voltage across R, is v and the currents through R and C are
both v/R; . By KVL the output voltage is vo = v - vo. By Ohm's law i = (v - vg)/Ry = ve/Ry.

Using the i-v relationship for C v (1) = —- Ig ) & + ve(0)
0
ve(t ve(0
But i(t) = v __1 J V() dx + @
Ry Rl Ry-C 2
vc(0)
so finally Lgg=R;-RpC  QED with i pQ(0) = T
2
. : ve(0)
(b}ift vec=Vy then ippp(0)= R
5

4

Ry

1 1 Vc(t) R1 2
{c) wi, = —Lgo-i() = —R1-Ry-C. -——-C»v = — W = W
L= oleg () 5 Rk C 5 C= v

Rz R2 2

6-50 (a) two possible designs are shown below, both with RC = 1/50

AL

104
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(b) In the RonAl Circuit vp =vg Foranideal OP AMP vp =vN=vg hence the currenti; is

v 2-vg

= —— by KCL at the inverting input

G

2-vg
iR=ic = = by KVL vc =vp —vg Using the

w

W oy ol

v |

i-v relationship for the capacitor

. d d d
ic=C—vc=C—{vg-vg) =C-—vg - C-—vg = —
dt dt( ) dt

t
Solving for the output voltage vo = vg + —ﬁz—c—j vs(x)dx ForR=10kQand C=4puF
~ Y0

Re =50 and the RonAL design will work.

(c) Relative part costs for the in-house and RonAl designs

RonAl Design Design 1 Design 2

1C 1500 5R 2000 3R 1200

DA-10 5000 iC 1500 2C 3000

Total 6500 20As 5000 20As 5000
Total 8500 Total 9200

RonAl < Design 1 < Design 2

6-51 .
d Vo-Vi 55_3 —4
4 e = = = 8333.10
@ W 3000 A % -l9>

b = c{%m(t)) hence | + 2%
. = Vg = Vo
C= = ! =12 F - T"

(%vc(t)) (8333-107%)

©  Wr=we©) - we(T)) we= (0512559 051232 Wg=1275 1

(d) Vi-V
1-V2_3-2 _
e = = = 8.333.10
dt To,-Tp 1200

4 Yes, they are consistent
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6-52 .
vg(t) = 5-sin(2-n-£:t) 40nF 10KQ

+ +
vo(t) = _R-C(%vs(t)) = -5.R.C-2-n-f-cos(2-n-£-) vs(t) v ét)

to avoid saturation 5.RC2.xgf< 15 -

hence RCx«

since f < 1000 the least upper bound occurs when f = 1000, hence
2-n-f

8

RC<477510 *Let R:=10" Then C€<4775107° letC=40nF
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CHAPTER 7 Standard Version (7-1 thru 7-30)
CHAPTER 7 Laplace-Early Version (7-1 thru 7-33)

7-1 Char Eq: s+ 1500 = 0, natural response, vy(t) = Ke"150%, forced response vg(f) =0.

v(0) = -15 requires K = -15, hence v(f) = -15e"150% js the solution.

7-2 Char Eq: 104s + 10”1 = 0, natural response, iy(t) = Ke1%0%, forced response ig(t) = 0.
i(0) = -20 mA requires K = -20, hence i(t) = - 20 e"190% mA is the solution.

7-3 C1: Lpg=2010 3101077 RpQ:= 10+ 50
LEQ _4
10mH 10 20mH Te= Rio Te=35x10
C2:
20mH 50 50 imH r -1 7!
[1OmH [ ppo=2010 0+ (1073 (01073 |
L
C1 107 Rpg=50 To=—t  Tc=4.182x 107°
REQ
74 2ke  1kQ ct:
I 1
-1 -1]
3 3 3 3
c1 RpQi= 210 + 3.10 +[(1010) + (7.10) |
AR Cpo:= 10" 7 Tc:=RpgCrg Tc=9.118x 10 4
3k 1kQ L
. P }_ 3 -1 3 - 1‘!
C2: Rg ::]_(1010) + (1010 ) |
o2 1 nF Q 0 0
1 kﬂ = ) ) =
mkﬂ]-mnt: T )] CpQ=1010 " +1010 ~  Tc:=RpgCrQ
' Te=1x 10"
7-5 -1 ATt
10kQ (5,7 3 R
O>’(c AAN —1 Rpq = (3.10 ) + (10-10 ) | Cc=10010
t=0 Te = RpoC Te=3333x 10 ¢ To '=3x 10
+
Ve (t)== 100 nF 5kO ve(t) .= 15-exp(-3000-1)
. _ve® _3
- 1ip = 1ip(t) = 1.5-10 ~-exp(-3000-t)
: 10
-1
7.6 —— [ -1 -1 B
IL(t)‘ N Rpq = (210®) 4 (3107 | L :=400-10 >
L 4 . -1 :
3k 2 kQ Tg = —— Tc=3333x 10~ Tc =3x 10
§ :} v g c ¢
04H - . _3 3
i(t) ;= 2510 ~-exp(-3000-1) Rpg=12x10
8-

vo = -i(1)-Rpg vo(t) := —30-exp(-3000-1)
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T..VA _-I::VA - =W _—T—;VA
C1 C2

(@) SW in Pos. A the initial conditions are: C1: IC=vc(0)= Vs C2: IC=i(0) = VAR !
SW in Pos. B the final conditions are; C1: FC = vc(w) =-Vp C2: FC= iL(oo) =-VaR !

(b) SW in pos. B then RT = R and the time constantsare C1: Tc =R.C C2: T¢= %R—

(c) For both circuits y(t) = FC + (IC - FC)exp(-t/T¢), hence

Cl:y®=vct) =V -(4 + 2.€ (w»i—) C2: y(t)y =1 (t) = y—é -1+ 2.ex —B-t-
oy C A \ Xp RC ty L R p L
Te=1 t:=0,0.1.4 y(t) == -1 + 2-exp(-t)

1 i
0 2 4 0 2 4

7-8 See circuits with Problem 7-7 above

(@) SW in Pos. B the initial conditions are: C1: IC = vc(0) = -Vo C2: IC =i (0) =-VAR !
SW in Pos. A the final conditions are C1: FC = vc(w) = Va4 C2: FC=ip () = VAR '

(b) SW in pos. A then F{T = R and the time constantsare C1: Tc =R.C C2: T¢= —IP’:

(¢) For both circuits y(t) = FC + (IC - FC)exp(t/Ts), hence

C1: y(t)y = ve(t) = Va (1 2 exp( R~Cj C2: y() =i () = R (1 2 exp( T ))
Te=1 t:=0,01.4 y(t) .= 1 — 2-exp(—t)

| / — ! —
~1 ~1
0 2 4 0 2 4
t t
Te Te
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7-8 The given initial condition is IC = v¢(0) = 0 By inspection the final condition is FC = vc(oo) = AR

and the circuit time constantis Tgc=R-C

The state variable response is of the form
y() = FC + (IC - FC)exp(t/T¢)

t
hence ve(t) = Io-R| 1 - =
noe ve(® = Ia [ eXp(RCD <--forced respomse |,R

The outputis vo(t) = vc(t) <- natural response is -1,R exp(-t/RC)

+4

(0 F{§ cL vt
: )\

o1

Va

7-10 The given initial cond. is IC = i1 (0) = 0 By inspection the final condition is FC = iL(oo) = ——R
o . L
and the circuit time constantis T¢= —

The state variable response is of the form
y(t) = FC + (IC - FC)*exp(-¥T¢)

VA —R.
hence ij(t) = —R—(l - exp(%)) The output is

vo(t) = Rip(t) = Va- (l - exp(——*_R'tD <~ forced response V
L <-—- natural response is -V, exp(-LtR)

-+

Vel RS vyl

Py
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7-11 By voltage division with sw in postion A:

4
IC= 10 12=3
10* + 10% + 2.10°
4
In Pos. B FC = jlo———- 12=6
10% + 10

vep(t) =6 <---Forced Response

AL A !
Ry= (10 ) + (10 ) =5000  ven(t) = —3-exp(-200-t) <-—Natural Response

8 to=5x10"°

ve(t) = 6 — 3 exp(—200-t)

Tc = 500010

=0 A
QAN
10kQ B 20KkR
+ 14
12V__--—-T 10kQ  1F == v ()
10.10°12
7-12 See circuit in Prob. 7-11 above. By voltage division with sw in position B: IC = — =6
20-10

~1
3 -1 -1
T 10-107-12
With sw in position A: FC = ———==3 Rp= [(10- 103) + (30.103) :l = 7500
AN

® Te=75x10"7  vo(t) = 3 + 3-exp[<(133.3-9)]

Te = 7500-10~
vep(t) =3 <—-Forced Response
ven() = 3-exp(—133.3-t) <—Natural Response

7-13 byinspection: IC:=0

-1 2000
~1 ~1 FC= —————.15 FC = 11.538
Ry:= [(2000) + (600) ] + 500 2000 + 600
Ry = 961.538
To=RpC Te=9615x 100° - = 10400
Tc
t
ve( = ”'538'(1 - eXp(“TCD t:=0,0.1.Tc..5-T¢
_7
vep(t) = 11.538 C:=10
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7-13 Continued =0

=0.1pF
15
t ve(t) 10
veN(D) = -1 l.538-exp(~—-——)
Te 11.588
0 = . - 4
0 110%  210%  310% 40
t
7-14 See Figure with Problem 7-13 above
fort <200 us : IC:=0 FC:= -—-——12-—0—0—?-——15 FC=11538 C:=10 !
2000 + 600
3\ ! - 1T I -5 1
Ry = (2.10 ) +(600)” | +500 Rp=961538 Tc:=Rp-C Tc=9615x 10 o =
C
ve1() = FC + (IC - FO)-exp(~ay 1)
for t > 200 us: IC = vCI(zoo. 107 6) IC = 10097 FC:=0
; » agie L
Ry := 500 + 2000 Rr=25x10 Tc:=RpC Tc=25x10 Te

vea(t) = FC + (IC - FC)~exp[-oc2-(t -200-10° 6)]

ve() = |ver if t < 200.107°

vea(t) if t> 200107 ° t:=0,0.1-Tc..5-Tc

15

0 210 * 4.0 ¢ 6-10 ¥ 810 4

1M1




715 ‘:i-tv(t) 1+ 200v(t) = 25-c05(100-) V() = Keexp(-200t)  VR(t) = A-cos(100-1) + B-sin(100-1)

g—tVF(t) + 200-VE(t) = ~100-A-sin(100-1) + 100-B-cos(100-t) + 200-(A-cos(100-t) + B-sin(100-1)) = 25.c0s(100-f

1
hence -100-A +200.B =0 100-B + 200-A =25 A=2B 500B=25 B:= 5% A= —1—6

1 1 1
V() = —-cos(100-1) + —-sin(100-t) + K-exp(-200-t) v(0) = — + K=0
(t) 10 s( ) 20 ( ) p( ) v(0) T

-1

K:=
10

1 1 . 1
v(t) = E-cos(lOOi) + E~sm(100~t) - —16~exp(—200~t) checking in Mathcad

df 1 1 . 1 1 1 . 1
af 2 cos(100-t) + —-sin(100-t) — —-exp(~200-t) | + 200-| —-cos 100-t) + —-sin(100-t) — —-exp(-200-t
dt(mcS( ) 208( ) 1o p( )) (100( ) ” (100-t) 10 xp( )}
using Mathcad symbolic evaluation yields 25.c0s(100-1)
7-16

d

av(t) 4+ 200-v(t) = 25.5in(100-)  v(D) = K-exp(-200-t)  VE() = A-cos(100-t) + B-sin(100-t)

g—vp(t) + 200-Vi(t) = ~100.A-sin(100-t) + 100-B-cos(100-t) + 200-(A-cos(100-t) + B-sin(100-t)) = 25-sin(100-9
{3

hence ~100-A + 200.B =25 100-B + 200-A=0 B=-2A -500A=25A:= -——2% B:= —1—6

-1 1 -1
v(t) = —-c0s(100-t) + —-sin(100-t) + K-exp(-200-t 0)=—+K=0 1
) 20 ( ) 10 ( ) p( ) v(0) 20 K= —

20

-1 1. 1
v(H) = -2-6--008(100-0 + E-sm(lOO-t) + —2—6~exp(—200-t) checking in Mathcad

ar-1 1 . 1 -1 1 . 1
—_ 100-t) + —-sin(100-t) + —-exp(-200-t) | + 200-{ —-co! 100-1) + —-sin{100-1) + —-exp(-200-t
( cos( ) 10 ( ) 0 p( )) (20 S( ) m ( ) >0 Xp(. ))

dr\ 20

using Mathcad symbolic evaluation yields  25-sin(100-t)

77 T-;.G_Q'BZ_O Ry =15 GN=-1~1-§
iL(t)
60 2 20 Vs . VT
V= — Vg = — INE—— F— Vg= 20-cos(5-1)
y 80 4 R
t=0
() 200 1H

GN'L%t‘iL(t) () = in(0)

1 4. . 20
e q7 (1) + 17 (1) = —-cos(5-t
15 L) +ip (M 60 (5-1)
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7-17{cont)
;i—iL(t) + 15-1,(t) = 5-cos(5-1) iN(t) = Kexp(—151) ip(t) = A-cos(5-t) + B-sm(5-1)
t

%ip(t) + 154p(t) = —5-A-sin(5-t) + 5-B-cos(5-1) + 15-(A-cos(5-t) + B-sin(5-1)) = 5-cos(5-1)

3
hence -S5.A+15B=0 5B+ 15A=3 A=3B 50B=5 B:= —1% A= To
3 1 ‘ . 3
i (t) = —-cos(5-t) + —-sin(5-t) + K-exp(~15-1) i) =—+K=0 -3
10 10 10 K:= To

oL 3 1 . -3
()= T(')"QOS(S't) + —1-(-)--sm(5't) + -ia-exp(-l5-t) checking in Mathcad

d( 3 1. -3 3 1. -3
2 —.cos(5:t) + —-sin(5-t) + —-exp(~15-1) | + 15- —-cos(5-t) + —-sin(5-t) + —-exp(-15-t
dt[w (5-0) 0" (-9 T p( )) (10 (5-9) m (CRY T p( ))
using Mathcad symbolic evaluation yields 5-cos(5-1)
5 _ . -
748 SwinposA: iL(0) = IC:=510 > SwinposB:  Gy:=5000"" L:=0.1

Te=GnL Tc=2x10° a=Tc |

B
=2 WY s reeS Reoix107?

000
‘ if (t) := FC + (IC — FC)-exp(~a.-t)

if () := 0.001 + 0.004 exp(-a-t) t:=0,0.1.Tc..5-Tc

5k

5

1000.1; () 25 \

0 |
0 0.05 0.1
101
1010 _
749 swinpos A IC:= — = 1C=5  Ci= 110 6

Rp=9x 100 Tc=RpC a:=Tc

-1
- -1
Sw in pos B: Rth[(104) 1 + (9~104) ] « = HLH1 FC = 9010

il

100
10kQ ve®) =9+ (5 - 9)-expl-a-t)  t:=0,0.1.Tc..5-Tc
.  —
—_.VC(t) 61 //
ve(t) "
4
2
0

0 0.005 001 0015 002 0025
t
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7-20 fort <0 swi#1 in Pos A and sw#2 in Pos A: C := 10” 'IC := 10

for 0 <t <20 ms, swit1 in Pos B swi#2 in Pos A:

FC=0 Rp:=200100 Tc:=RpC
1

50 kQ Tc =0.02 ar=T¢
a1 =50 vei(t) = IC-eXp(—ocl-t)
+
0.1 F "'"'-vC(t) for t > 20 ms,
swi1 in Pos B swi#2 in Pos B:
IC:=vcy(0.02)  IC=3.679
FC:=0 Rp:=50-10 Te=RpC Tc=5x10° oap=Tc ' o =200
veo(t) = ICexp[ (1= 002)]  ve(® = [(ver(®) if t<0.02 t:=0,0.1-Tc..5-Tc + 0.02
(vea(v) if t>0.02
10
8
6
ve(t)
—_ 4
i \-
0 8 16 24 32 40
1000-t
7-21 Fort<OswisopeniC=0. ; -1 -1
For 0 < t < 2 ms the switch is closed and Ry = {(3'103) . (15'103) ] Rp = 2.5 x 100
i=2 ms _ = R -1
3kQ X c=10"° Te=RrC = (1)
— AN T ——o ; s
y + oy = 4x 10 FVi=—15 FV=125
t=Q) 18
+ - -
D15V 1503 WF= voll v = 1vi(i - oxpfecr)
- vei(t) = 12.5.(1 - exp(—400-t )  0<t<2ms
—eo
Fort>2 ms the switch is open again IV := VCI(Z 10 3) IV = 12.496
Rr=1510  To=RpC og:=(Tc) '
FV:=0 oy = 66.667
veo(t) =1V- exp(—ocz-t)
vea(t) = 6.883.exp(-66.667-t) t>2ms
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7-22 For no initial capacitor voltage the zero-state response for 0 <t<Tis

s R ve(t) = VA-(I - exp(ﬁED = 5-(1 - exp(%))

+ This response reaches 4 V when

C.D Vs(t) C v, (t) 5-(1 - exp(gé)) =4 or exp(%) = (1 - -9 =02

hence t =-RCIn(0.2) = 32.2 ns.

__>\ To be detected the pulse duration T must exceed
- this time. Hence the minimum duration is 32.2 ns
. - 1000-t . — 1000-t -1
7-23 zero input respose v¢(t) == 10-¢ and ic(t) == -0.02-¢ (a) T¢ := 1000
1000 _ 1000. 0.0
(b) ve®) =10 (¢) ic() = C-Lvo® = 10.-1000)-C-¢” 2%t = 00267 19" hence €= —2
dt i 10-1000
- Tc
c=2x10 ° and Ri=— R=500
2
(d) We:= O.SC-(VC(IO_ 3)) We = 1.353x 107~
7-24 zero-input resps ir () = 0.005.¢” 00 8 vi(t) = ~10.67 " (a) T = 50007
(b) ir(0)=5x 10"
d. — 5000-t - 5000t 10 L
¢) v.() = L-Lip (1) = 0.005.(~5000)-L-e = 10 Li=——" L=04 Ri=—
(e) v = L2 (0 (-5000) 0.005-5000 Tc
R = 2000
. 2 -6 - X - X
(d) Wi, =05L (i)’ Wp=5x 10 ve® =15 - 106 229 () = 0.01.6~ 200
7-25
@ Tc=2000"" Te=5x10" ®  ve©@=5 C= ic® o012
d - 2000-t
. _ Tc dy oy 10-2000-c
ce 2 clsi1077 R=—S R=1x10 e
20000 C
3 2 5
vs=velow) =15 (d) Wg:=05-C vc(lo' D W = 4.656x 107
7- _ 500. — 500.(— _
2 0= 10— 100 00 15,67 00000 il 0005) €= 1001070
-1 -3 T,
— = = = — C
(@ Tc:=500" Tc=2x10 ®) ve(0) =0 veloo) = =5 (© Ri= R=2x 10"
vg = 10-u(t) — 15-u(t — 0.005)
7-27 i) =0005-001.c %" v =¢ " @ Tc:=1000"'(b) ir(0) = -0.005
' vi(t) - 1000-t
i(0) =0005 (c) L= =2 L=01 R=—  R=100 vg = if(w) R = 0.5

- 1000- T
g}iL(t) 0e ¢

(@) (o) = |ir(0)] = 0.005 hence Wy (0) = W (w) Wy = 0.5.L-(0.005°  Wp=125x10"°
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7-28 zero-input respose vi(t) :=-10.¢ 500t (@ Tc:= 500~ !

(b) state variable zero-input response is

i) = 001-¢ %" and therefore vi(t) = L%iL(t) = 0.01-(=500) L-c~ 20" = _10.¢~ 200"
t
10 L
hence, L:=———— L=2 and R:=— R =1000
0.01-500 To
7-29

1 -6 1
- . = w) = (= — Let = =
vet) = 10— 10 1001 V8 vcle) =10 R-C 100 C:=10 ~ R:=

T00C R=1x 10"

~t .
7-30  vg(t) = 5-u(t) hence ve®)=5-— S-exp(—ﬁé—) the requirement ve(005) =25 oone
-3
. - - 214-10
5- S-exp(_OR(z?S) =250r  RC=721410 ‘et =108 ro 410

C

R=7214x 10

7-31 (Laplace Early) For the RC circuit below the step response is v¢(t) = VT-{i - exp(—ii—f—-aD
'I‘.
where

+ vi= ;’R 15=10 Rr= 221h{R~RR = 3’35
+ | " ’
15V = 2R —~C V¢ To meet the design requirement the time at
- which the reponse reaches one-half of its final
value (T;,zp) must be in the range

L 4 -
0.001 < T}, < 0.002 s. For a first order step response Ty = Tcxin(2), hence

_3  0.001 : -
1443107 7 = 2220 (1o < 0002 _ 5 8851073
1n(2) (2)

Tc _
Let Tc:=0.002 and R:= 104 then Rp:= 2-1;- and C=— C=3x10 7

Rt
ve(t) = (1 - exp(—fr%j) upper(t) ==

0.5 if 0 <t<0.001 lower(t) = 10 if 0<t<0.002

s 1.01 if 0.001 <t 0.5 if 0.002<t<0.010
t:=0,10 ~.0.015 099 if 001<t
1.5 7 Testing design
vc(0.001) = 0.3935 < 0.5
ve(t) 1
— ve(0.002) = 0.6321 > 0.5
lower (t) / ve(0.01) = 0.9933 > 0.99
upper(t) 0.5 . . .
/ Circuit meets design requirements
0

0 0.005 0.01 0.015
t
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7-32 (Laplace Early)

< Sample-hold circult

12

Switch Rog = 50, Rofr = 10° and the capacitor € = 20-10

12

(a) sample mode: Tc = 50.20.100 “=10 9; hold mode: Tc = 10%.20.107 12

=2.107°,

(b) Let N=number of sample-hold cycles/second, for f = 1000 Hertz,

N>2f = 2000 sample-hold cycles/sec.

(c) Let N = 10N,,;,=20,000; T;,=sample mode time, Tp,,=Hold mode time, T=cycle time;
T,=1/N=1/20000, T=Tomt Thm= Tem 9 Tsm=10T s Tsm=T,/10=1/200000=5 us.

(d) T.,=5 us, in the sample mode 5T.=5 ns, i.e. Toy>>T., hence capacitor will be charged.

(€) Ty=9T,=45 us, in the hold mode T =2 ms, exp(-45 ps/2 ms)=0.9778, or about

(1- 0.9778)x100 =2.225% will be lost during the hold mode.

7-33 (Laplace Early) Riest =200 Viesi:=10 Viated = 11 izp< 1510 3 Cpom := 1.4 +80% -20%
After the switch closes the capacitor voltage is

I lt%t — —t
A AN o~ v = Vil 1 — €
‘ C(t) test (1 Xp! Rtest'c)

The test voltage is consistent since
Vi °3

n

ve(t) < Viest < Viated
The currentis

Viest -t
it = Cdvat) = ——exp
dt Reest Riest-C

i20(C) Viest exp -30.60
; 30(C) = :
the 30 minute current depends of the value of C Riest Riest-C

Cmax = 18-Coom  130{Cmax) = 1406 x 107> Cpin = 08-Coom  130(Cmin) = 1.618x 10 >

The 30 minute current is less than 1.5 mA for C within the specified range.
The specification is internally consistent.
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CHAPTER 7 (Cont) Standard Version (use 7-XX) and
CHAPTER 8 Laplace-Early Version (use 8-XX).

-8
7-31, 8-1 Char. eq: s2 + 16-s + 64 =0 roots are polyroots((64 16 I)T) = [ 8) critiqauy damped

WO =Kpe i Kpte Tl vp =0 v(t) = v + Vi)

v(0)=0 implies K; =0 j—v(O) =12 implies K; =12 Solutionis w(t) = 12-te Bt
t

2 ( T) -10 — 201
7-32,8-2Char.eq: s + 20-s + 500 =0 roots are polyroots\(500 20 1) )= 10 1+ 201
-10 + 201

underdamped

10-t
{

wt) =e Kj-cos(20-1) + K2~sin(20~t)) vp(t) =0 v(t) = () + vp(t)

v(0)=5 implies K;=5 d&v(O) =30 implies —10-K; +20-K5 =30 hence Ky =4

Solutionis v(t)=e¢ }O't-(s-cos(w.t) + 4-5in(10-t))

7-33, 8-3
C1: parallel RLC with

-1
10kQ L=410"® c= 10 Gy = (2010%)

char eq: L-CAs2 + Gn-Les+ 1

1am§ 1nF-|T-4mH L
C1

N
(2.5% 10% + 4.904i x 10° j

polyroots| | GN-L | | =
LC 2.5 10" - 4.994i x 10°
roots of are complex--C1 is underdamped

C2: series RLC with

3
L= 110_ 3 C-= 10— 9 RT = 10-10
10 kﬂg 2 mH 2 mH Char eq: LCSA + RT.C.S 1
! 6
-9.899 x 10
- polyroots| | RT-C | | =
C2 L.C ~1.01x 10°

roots are real & distinct--C2 is overdamped

7-34, 8-4 Series RLC cktwith: R; :=2000 R2:=3000 L:=1 C:=05.10 6 Va:=10
fort<Oswopen vg(0) =Va 11(0)=0
fort> 0 sw closed vc(oo) =0 iL(oo) =0
and vi:=0 Rr=Ry

& d
L-C.—ve() +Rp-C—ve() +ve®) =0
dt dt

Char. eq. L-C-s2 +Rp-Cs+1=0 rootsare
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-2 X 103)
polyroots((l RT-C L~C)T): 3) overdamped o = 1000 ap := 2000
~1x 10

ve(t) = Ky -exp(-o1-t) + Kp-exp(-a2t)  ve(0) = Vo implies Kj +Kp=Vp S;—tvc(()) =0 implies
—-a1-Kj—a2Ko=0 Kj=1 Kp:=1 <-—Initial guesses for solve block

{20
Given K1 +K2=Va —o1Kj - 02Ky = 0 Find(K;,Kp) = [\ 10}

ve(t) = 20-exp(—1000-t) — 10-exp(-2000-t)

evaluating iy (1) = C~%Vc(t) =05.10° 6.%(zo-exp(—1ooo.t) ~ 10-exp(-2000-1)) yields
t
iL(0) = —10-107 >-exp(=1000-t) + 10-10” >-exp(~2000-1)

7-35, 8-5 Series RLC cktwith: Ry = 3000 Ro:=2000 L:=1 C:=210/ V=10
fort<Oswopen vg(0) = Vs i1(0)=0 See Figure P7-34 above
fort > 0 sw closed vc(ao) =0 iL(oo) =0 and viri=0 R7=Rp

2
L-C-—d—jvc(t) + prCivc(t) +ve(® =0
dt dt

Char. eq. L-C-s2 +Rp-C-s+1=0 roots are

3 . .3
T\ | -1x10"=2ix 10
polyroots{(1 R-C L-C)') = underdamped o := 1000 B := 2000

-1 x 103 + 2ix 103
{c) vc(t) = exp(%x-t)(Kycos(B-t) + K2~sin([3~t))

ve(0) = V4 implies Ky = V4 = 10 g—vc(()) =0 implies o Kj +pKa=0 Kp= %Kl =5
t
vo(t) = exp(—1000-t)(10-cos(2000-) + 5-sin(2000-1))

evaluating if (t) = c-g_t.vc(t) =2.107 7.3— [exp(=1000-t)(10-cos(2000-) + 5-sin(2000-t))]
t
1
yields  ir (1) = —-xp(~1000-1)5in(2000-1)

7-36, 8-6 Series RLC ckt with: Ry := 5000 (a) for t < 0 sw open vc(0) = Vo if(0) =0

Ry:= 12000 L:=0.5 C:=2510 Va=10 Ry
L for t > 0 sw closed vc(oo) = VpA-———— = VT
Ry | R + Ry
L

AVAAY, 03 Ro-Rg

ii(0) =0 and vy:=7.059 Rp:= -
{=0 | + 1+R2

s Ve T-C (v LC dzv(t)+R v +ve® =0
Char. eq. L~C-s2 +R7-Cs+1=0 roots are
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A [-3529% 10° - 8218ix 10°
polyroots{(1 Rr-C L-C)') = underdamped o :=3529 f := 8218

3529% 10° + 8218ix 10°

(€) vt = Ky-exp(—o-t)-cos(B 1) + Kp-exp(—a-t)-sin(B 1) + -g% ve(0) = Vo implies Ky =V - vp

%vc(()) =0 implies —o-Kj +p-Kp=0
Ki:=1 Kp:=1 <-nitial guesses for solve block

: 4 2.941
Given K1 = VA - vy —oKj + B-K2 =0 Find(Ky,Ko) = 1.263

vo(t) == exp(=3529-1)(2.941-cos(8218-t) + 1.263-sin(8218-t)) + 7.059
natural ><—forced-—>

evaluating ij () = Cg-vc(t) = 25107 9-%—[exp(—3529-t)(2.941-cos(8218-t) + 1.263-sin(8218-1)) + 7.059]
t t

yields

i) = 25107 | exp(~3529-1)(2.941.-8218-5in(8218-1) + 1.263-8218-cos(8218-1)) .
+(=3529)-exp(=3529-1)-(2.941-c0s(8218-1) + 1.263-sin(8218-t))

-1 -1
t:=0,01-a2 .50

Capacitor Voltage

Inductor Current
16 2-10 T

ve(t)

71 -
-3.10 ¥
6 ~ -410 * —
0 510 7% 0001 0 510 % 0001 00015 0.002
t t
Circuit is underdamped
g K . e R Ry Vu
7-37, 8-7 Series RLC ckt with: Ry:= 1000 (a) for t < 0 sw closed vc(0) = = =10
Ry:= 2000 L= 0.5 C:=40010 ° V=15 1+ %2
i (0)=0
See circuit in 7-36, 8-6 above. fort> 0 swopen VC(OO) =Va=15 iL(oo) =0

and vi:=Vp Rp:=Ry
& d

{b) L-C~-—2~Vc(t) + R7-C-—v(t) + ve(t) = vp
dt dt

Char. eq. L-C-s2 +R7-C-s+1=0 roots are
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polyroots((l R1-C L-C )T) -

1% 10° + 2ix 10°

1% 100 = 2ix 10°

underdamped o := 1000 f := 2000

{c) ve(®) = exp(ﬂ-t)'(Kycos(B ,t) + K2~sin([3-t)) +vp ve(0) =10 implies Kj + vp= 10

d

S—VC(O) =0 implies —oK; +p-Ko=0
t

Ky:=1

-5
Given Kj +vp=10 -aKj+p-Ky=0 Find(K;,Kp) = ( )

Ko:=1 <--Initial guesses for solve block

-2.5

ve(t) = exp(~1000-1)-(=5-c0s(2000-1) — 2.5-sin(2000-1)) + 15

< natural ><-forced->
evaluating if (t) = C%vc(t) = 400-10” 9-3—[exp(~1000~t)~(——5-cos(ZOOO-t) — 2.5-5in(2000-0) + 15]
t t
_ -1 -1
yields  if(t) :=5-10 3.exp(—1000.-t)-sin(zooo.-t) t:=0,01a .5
natural >
Capacitor Voltage Inductor Current
20
0.002 N
0 N\
10 - -0.002
0 0.002 0.004 0 0.002 0004
t t
Circuit is underdamped
7-38, 8-8 Parallel RLC ckt with: Ry :=3000 R5:=2000 L:=04 C:=02510 6 Va=15
fort< 0 swopen vg(0) =0
R R I Va -
1 2 i1(0) = =3.10"°
—\\N\4—"\N\—2 | R + Ry
. fort>0swclosed ve() =0 () =0 and
t=0 . -1
1+ >§> Ve .“::‘.C%L iN:=0 Gn:=R»
-
L o1 VA - d2 d
L-C~——§iL(t) + GN'L'a;iL(t) +1i(t)y=0
dt
*

Char. eq. LVC-s2 + GN-L-s+ 1 =0 roots are
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3 . 3
A [ -1x10° +3ix 10
polyroots{(1 Gn-L L-C)') = underdamped o := 1000 f := 3000
3 . 3
-1x 107 - 3ix 10
i) = expl-o-t)-(Ki-cos(B ) + Ko-sin(B 1)) ir(0)=3-107" implies K; = 310> g-iL(O) =0
t

implies ~oKj + pKa=0 Kp= —g—-Kl =10°

() = exp(——lOOO-t)-(3- 10 3~(>os(30()()-t) + 10 3-sin(30()0~t))
. d. d -~ 3 ~-3 . .
evaluating vc(t) = L~EIL(t) = ().4~:i—[exp(—1000-t)-(3-10 -c08(3000-t) + 10 ~sm(3000-t)):l| yields
t t
ve(t) = —(4-exp(—1000.-1)-sin(3000-1))
7-39, 8-9 Parallel RLC cktwith: Rj :=3000 R3:=2000 L:=008 C:=02510 6 Va=15
See circuit in Prob 7-38, 8-8 above

fort <0 swopen vc(0) =0 fort> 0 sw closed Vc(oo) =0 iL(oo) =0 i (0)= =3.10" 3
R; +Rp
. -1 & d. N 2
and iN:=0 Gn:=Rp L-C-—21L(t) + GN'L"d—lL(t) +i(t)=0 Char.eq. L.Cs" + Gy-Ls+1=0
dt t

3 3
T =1x 10" +7ix 10
polyroots{(1 Gn-L L-C)') = underdamped o := 1000 B := 7000

1% 10° —Tix 10
iz (1) = exp(~o-t)-(Ky-cos(p 1) + Ko-sin(p 1))

i(0) =310 implies K = 3-10"° %iL(O) =0 implies ~aK +B-Kp =0

Ky -
Ko = %«Kl Kpi=— Kp=4286x 10 4

i (1) = exp(—1000~t)-(3~ 10” %.c0s(7000-1) + 4.286.10 3.sin(7ooo.t)) Vo) = Lg-iL(t)
t

ve(t) = 0.08-[%[“})(—100040-(3.10‘ 3 00s(7000-t) + 4.286.10” 3.sm(7000-t))ﬂ = —1.714-exp(~1000-1)-sin(7000%)

7-40, 8-10 Parallel RLC ckt with: Rj := 4000 Ry :=4000 L:=08 C:=50.10" s Va=20

fort<Oswpen vg(0)=0 i1 (0)=0
for t> 0 sw closed vc(oo) =0

R v
! ip () = -R—A =5.10"° and

+ 1

. -3 -1 -1
VA ‘J: vc(.t) iN =510 Gy = (Rl + Rz )
- &, d. . .
L~C~—-—2—1L(t) + GN-L—ip (1) +ip(t) = in
dt dt

Char. eq. L~C-s2 +GN-L's+1=0 roctsare
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-5 X 103

polyroots((l Gn-L L-C)T) = X critically damped o := 5000
—5x 10

ir(6) = Ky-exp(-a-t) + Ky-texp(a-t) + iy i(0) =0 implies Kj +in=0 %iL(O) =0 implies
t

wKi+Kp=0 whichyields Kj=-510"" Kp=-25
i(H=-510 3.exp(-5ooo.t) — 25-t-exp(~5000-) + 5-10” 3
. d. d -3 -3} .
evaluating vg(t) = L-:i—tlL(t) = 0.871—(—5-10 -exp(—5000-t) — 25-t-exp(-5000-1) + 5-10 ) yields
t
ve(t) = 100000.-t-exp(~5000.1) V

7-41, 8-11 Parallel RLC ckt with: Ry :=4000 R2:=4000 L:=125 C:= 50100 Va:=20
fort< 0 swopen vo(0) =0 i (0)=0 See Figure in problem 7-40, 8-10 above

Va _ - -
for t > 0 sw closed vc(oo) 0 1L(oo) R =510 3 and in:=35-10 3 Gy = (R1 ! +Rp 1>
1

2
LS + O LS © +i® =
dt dt

Char. eq. L-C~s2 + GnL-s+1=0 roots are

Ty | -8x 10°
polyroots\(1 Gn-L L-C) )= overdamped o := 2000 a := 8000

2% 10°

ir(0 = Kp-exp(-a11) + Kooxp(-uzt) + iy i(0) =0 implies Ky + Ko +iN=0 (—;-iL(O) =0
13

implies —1-K1 — g Ko = 0 which yields Ki = ~6.667-10° 3 Ky=1667-10°
(1) = ~6.667-107 °-exp(~2000-t) + (1667.107-cxp(-8000-9) + 5-10” 3)
. d 3 -3 —3
evaluating vc(t) = ——IL(t) =125% 4] 6667107 .oxp(~2000-t) + (1667107 -cxp(-8000-t) + 5-10 )]

yields vg(t) = 16.67- exp(—2000 1) — 16.67-exp(—8000.-t) V
7-42, 8-12 Parallel RLC ckt with: Ry:= 1000 Rp:= 4000 L:=0625 C:= 62510 Va=15
(a) fort <0 swPos A: v¢(0) =0

= 3-10—3 fort> 0 Pos. B:

Va
o=
1O T8
. Va -3
veloo) =0 i) = o =-3.75.10 ~ and

= -375107° Gyi=(Rg)

&

(b) L-C-Sir 0 + Gy LLin (o + i =
&t dt

Char. eq. L'C-s2 + GpLs+1=0 roots are
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0 [-32x10"
polyroots (I Gn-L L-C) = 5 overdamped « := 8000 «y:= 32000

-8x 10
{c} ()= Kl-exp(—(xl't) + Kg'exp(-«xgvt) + 1IN

i700) =310 implies K; + Kz + iy = 310"~ or Kj +Kp=67510"° g-iL(O) =0 implies
t
—3 —~ 3
o -6.75-10 -0 6.75-10 "o -3
~01-K1 — a2 Ko = 0 which yields X} := —m——— Ky = ——————— K;j=9x 10
o]~ 0 o] — 0

Ko=-225x 1000 ig(t) == 9-107 “-exp((~8000-t)) — 2.25-10" >-exp((=32000-t)) — 3.75.10" >
natural > <--forced-->

evaluating

d. df, . -3
ve®) = L-Sip (1) = 06255 9-10
dt dti‘

-exp((—8000-1)) — 2.25-10" 3 -exp((=32000-t)) — 3.75-10 3] yields

-1 -1
ve(t) i= —45..exp(-8000.-t) + 45.-.exp(-32000..t) t:=0,0.l-ap .50y

< natural >
Capacitor Voltage Inductor Current
0.005 T
ve(t) 1 (1)
-30 - -~ —0.005 = -
0 210 % 410 0o 210 * 410"
t t

Circuit is overdamped

7-43, 8-13 Parallel RLC ckt with: Rj:=10 Rop:=40 L:=1 C:=10010 6 Va=12

(a)fort<OswPosB: ve(0)=0

‘ Va _3
ir(0) = = = -300-10 fort> 0 Pos. A:
2

=240.10" > and

=0 i =
See Figure 7-42, 8-12 above vel) i) Ry +R2

ini=240-100° Gyo= (Ry +Ry)

) LC- L0 + On L i + i) = i
dt dt
Char. eq. L«C-sz + Gn-L-s+1=0 roots are
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( T}y (-100Y)
polyroots\(1 GnL L-C) )= 100 critically damped o := 100

{c) i) = Kl-exp(—oc-t) + Kz-t-exp(—(x-t) +1iN

3

i (0) = —300-10" > implies Ky + iy = -300-10"° Ky := 30010 " — iy K; = -0.54

%iL(O) =0 implies —oK; +Kz=0 Kp:=aK Kp=-54
i) = ~0.54-exp(~100-1) — 54 t-cxp(~100-t) + 240-107°
< natural ><-forced->

evaluating ve(t) = L%iL(t) = 1-%(~0.54-exp(—100-t) sS4 texp(1004) + 240.107 )
t

-1 -1
yields  vc(t) = 5400.t-exp(-100.t) V t:=0,0.1-¢ .. 10-c

<ememe—--natural--—-——>
Capacitor Voltage Inductor Current
20 0.5
ve(t) it
T , L
0 ~ -0.5
0 0.05 0.1 0 0.05 01

t t

Circuit is critically damped
6

7-44, 8-14 Series RLC cktwith: R; :=500 R:=500 L:=025 C:=32.10  Va:=5
R . fort<0swPosA: vo(0) = Va ir(0)=0 fort
%{3 |L(t) >0 Pos. B: Vc(oo) =0 iL(oo) = ()
t=0 —1 and vi:=0 R7:=Ry
-
- B Ve 2 d
= Va L (b) L~c-_dt§vc(t) + RT-CB;VC(t) +ve() =0
Char. eq. L~C~32 +R1-Cs+1=0 rootsare
3 .
: T -1 x 107 — 5001
polyroots|(1 Ry-C L-C) )= underdamped o := 1000 B = 500

3 .
~1x 10° + 500i
(e) ve® = exp(-o-t)-(Ki-cos(p 1) + Kp-sin(B-1))  ve(0) = Va implies Ky :=Va Kj=5

%vc(()) =0 implies —oK; +pKa=0 Kp:= %Kl Ko = 10
ve(t) == exp(—1000-t)-(5-cos(500-t) + 10-sin(500-t))

evaluating if (f) = C-%Vc(t) =32.10 6%—[6}(})(»10001)-(S-QOS(SOO«t) + 10-5in(500-1))]
t
yields g () = (4. 10‘2).exp(—1ooo..t).sin(soo..t) A
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7.45, 8-15 Series RLC cktwith: Ry := 500 Rp:=500 L:=025 C:=10 0 Va:=S5
(a)fort<OswPosB: vg(0)=0 1, (0)=0 fort
>0 Pos. A: ve(w) = Va ir() =0

See Figure 7-44, 8-14 above and vi:=Va Rr:=Rj+Ry

{b) L-C~%Vc(t) + RT-C-QVC(t) +ve(t) = vt
dt dt

Char. eq. L-C~s2 +RT-Cs+1=0 rootsare

0 [=2x10°)
polyroots{(1 Rp-C L-C) | = s Critically damped o := 2000
-2 x 10
{c) ve(t) = Kl-exp(ﬁx-t) + K2~t-exp(—(x-t) +vr ve(0)=0 implies Kj:=—vp Kj=-3

-(-;;V()(O) =0 implies -a-Kj +Kp=0 Kp=a-K; Ky=-1x 104

V() = —5-exp(~2000-1) — 10™-t-exp(—2000-t) + 5 V
evaluating ir (t) = C-%t-vc(t) = (107 6)~%(-—5-exp(—2000ot) _ 10* texp(-2000-6) + 5)
yields i (t) == 20-t-exp(-2000-t) A
7.46, 8-16 Series RLC cktwith: R :=3000 L:=25 C:=2.100° Va:=100

ve(0)=0 11(0)=0 Rr:=R

L-C- ——-vc(t) +Rp-C- —--vc(t) + ve(t) = 100
Va u(® &
Char. eq. LCs +R7-Cs+1=0 rootsare

polymots((l R1-C L. C) ) —1x 10 overdamped oy :=200 ag:= 1000
-200
ve(®) = Ky-exp(-op-t) + Ko exp(—«ocg 1)+ 100 vc[(0)=0 implies K; +Kp + 100=0
d . —100-0p 100-a1
—vc(0) =0 implies —a1-Kj —axKa=0 Kj:= Ki=-125 Kp:= Ky =125
dt o2 — ol o2 — o

ve(t) = —125-exp(=200-1) + 25-exp(=1000-1) + 100 vo(t) = L%iL(t) = L-%;(C-%tvc(t)]

2
vo(t) = L-C-(%Vc(t)] LR o L (125.exp(-200-0) + 25.xp(~1000.6) + 100)
dt dt
VO(1) = ~25-exp(~200.-1) + 125-exp(~1000.-1) V
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7-47, 8-17 Parallel RLC cktwith: R := 4000 L:=0.16 C:=2510 ? V=100

ve(0) =0 if(0)=0 iN=0025 Gn=R

2
Lo+ GN.L%iL(t) +ip(t) = 0.025
dt

Char. eq. L~C~s2 +GNnL-s+1=0 roots are

3 . 4
7\ | -5%x 107 - 15ix 10
polyroots\(1 GN-L L-C)') = underdamped o := 5000 B := 15000

5% 10° + 15ix 10"
ir() = exp(-o-t)-(Ky-cos(B-t) + Kp-sin(B-1)) + 0.025 i [(0)=0 implies K +0.025=0

.3;11,(0) =0 implies —Kj+BKy=0 Kj:=-0025 Kp=-833310 °

i (1) = exp(—-SOOO-t)-(—0.025-003(15000~t) - 8333.10° 3~sin(15000-t)) +0.025

vo(t) = L%imn = 0.16% exp(~5000-0)-(-0.025.c0s(15000-1) - 8.333-10° 3 4in(15000.0))
t

VO(t) = 66.67-exp(=5000.-t)-sin(15000.-t) V

7-48, 8-18 Parallel RLC ckt with: R:= 4000 L:=04 C:=12510 > Va:=100

C ve(0) =0 if(0)=0 ix=0025 GN=R '

+
&. d. o
Vau(®) L R Vo L'C'—;t-le(t) ’*‘GN'L'Et-lL(t) +ip(t) = 0.025

O Char. eq. L‘C-s2 + Gn-L-s+ 1 =0 rootsare

4 . 4
T -1x10 -ix 10
polyroots\(1 GN-L L-C)') = underdamped o := 10000 B := 10000

1 10% rix 10
i () = exp(~a-t)-(K-cos(B ) + Kp-sin(B-1)) + 0.025 ir[(0) =0 implies K +0.025=0
g—{iL(O) =0 implies —oKj +BKa=0 Ky:=-0025 Ko:=-0.025
i1.(t) = exp(~10000-1)- (~0.025.c05(10000-t) — 0.025-sin(10000-t)) + 0.025
Vo) = Va - L-%iL(t) =100 - 0.4.:‘;; expl-10%.1) (20.025.cos{ 10%1) - 0.025sin{101)) + 0.025]

vo(t) := 100 — 200-exp(~10000-t)-sin(10000-t) V
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7-49, 8-19 Series RLC circuit with vo = vC Rr= E) and vi= -5— in general the ckt diff. equation is

& d
—5vc(® + RpC—ve®) +ve®) = vy
d dt

which becomes

L-C.

2
R.C Vs
L.C.—(-i—zvo(t) + —-ivo(t) +vo(t) = —
it 2 dt 2

the standard form is

1 & 2
—;-—‘%(y(t) + _é_.%y(t) ¥ = x(t))
op> ®0
hence @Gz_l_._ C:BF
,[L.c 4L
7-50, 8-20 Applying KCL
Y Node 1:
] d vs — V1
Ci—(vi —v0) =
C1 ! dt( ! O) Ry
R Rz )
1 e Node 2: 1 Vi = YO
3 ol ™ ol
ve(d C, - VgD d 2
I L

solving Node 2 for v,

Substituting into the Node 1 equation yields

vy = R2~C2~£;——‘Vo + Vo

Vg — (Rz-Cz%t-vo + VO)

d d which reduces to
Ci-—| Ryp-Co—vp +vQo— VO | &
1 dt( 2-%2 & O O O) Ry
2 - 1 Rp-C
d d B —— 2C2
R1-R»-C1-Crosl| vo + Ry-Co—vp + Vo = Vg ‘[——*——“ 2=
1-R2-C1-C2 dt?'( o+ RaCo (0} R1-Rp-Cy-Co R;-C;
7-51, 8.21 Series RLC dirouit.  vo(0 = 10 — 506~ °% 4 d0e” %" €= 107 6
the natural frequencies are s=-4000 and s=-5000 so the characteristic eq is
Rt 1
(s+4000)(s+5000)=5 + 90005 + 20-10° = s” + e
@ Lo=— L=005  Ryp:=9000L Ry=450 v = veleo) = 10
20.10°.C
® o= c.%vc = 10704 (10 500~ %0t 4 s0” 5000t} -;—~exp(~4000-t) - Ti’«-m@(—sooojA
t
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7-52, 8-22 Series RLC ckt:  ij(t) :=5-107 3.[exp(—zooo-t)-(sin(moo.t) ~ ¢0s(1000-1))]
the natural frequencies are s=-2000-j1000 and s=-2000+{1000 so the characteristic eq is

R 1
(s+2000+{1000)(s+20001000)= 5 + 4000-s + 5-10° = s + —.5 + =

(@ L:=01 C= C=2><l()_6R:=4000-L R =400

5.10°.L

(b) With zeroinput ~ ve=—v;,—vg = VL= L%tiL

VR = R,

vI(t) = 0.1,[%5.10‘ 3 (exp(~2000-1)-sin(1000-t) — exp(—ZOOO-t)-cos(lO()Ol))}
t

VL(E) = ~0.5-exp(~2000-8)-sin(1000-1) + 1.5-exp(~2000-)-cos(1000-1V

VR(®) = 2-exp(~2000-1)-sin(1000-t) — 2-exp(~2000-1)-cos(1000-t V

ve(t) = —1.5-exp(-2000-1)-sin( 1000-1) + 0.5-(2.exp(—2000-t)-cos(1000-t) V

7-53, 8-23 Parallel RLC circuit:

ve(® = ¢ %L (5-c0(500-1) + 25-5in(500-t)) i) == 002 — 0.025-¢~ % .cos(500-t)

the natural frequencies are s=-100+j500 and s=-100-{500 so the characteristic eq is
1
(s+100-j500)(s+100+j500)= 5° + 200-5 + 26.10° = s> + ——.5 + ——

LC
d. ve o %N (5.008(500-0) + 25-sin(500-t)
vi,=L-—i}, =vc hence L= = 2
dt g‘iL ¢ 199 (2 5.008(500.1) + 12.5.5in(500-1))
t
L=2H Co=—t C2193x10°% F Re—— R=26x10 ©
e 10tL 200-C

7-54, 8-24 An RLC circuit:

ve® == 2-¢ 22 cos(1000-t) — 4-¢ 22 in(1000-8) i (1) == ¢~ 2°°".(~0.08.cos(1000-1) + 0.06-5in(1000-t))

-1
(a) In a parallel circuit L = (vc(t))-(%iL(t)) In the present case

2.6 2% cos(1000-0) ~ 4 2" 5in(1000-) _ 1 (c0s(1000.1) - 2.-5in(1000.-))
2000, 10 (11.-c0s(1000.-0) — 2.-sin(1000.-¢
g-te 2000t _6.08-c0s(1000-t) + 0.06-sin(1000-1)) (11.-c0s(1000-t) ~ 2.-sin(1000.-1))

The ratio is not constant, hence this is not a parallel circuit

-1
In a series circuit C = iL(t)-((—;;vC(t)) In the present case

16200 0 08.005(1000-) + 0.06-5in(1000-0)] _
d ( ~ 2000.t - 2000.t
2-e

dt

C

107 > Is a series circuit with C=10 5 F

.c08(1000-t) — 4-¢ -sin(l()OO't))
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- L R 1
(b) the characteristic equation is (s + 20()())2 + 10()02 = s2 + 4000-s + 5000000 = 52 + -}—:-s + f~c—
-5 1

C:=10 I e L=002 H R:=4000L R=80 Q
C-5000000

7-55,8-25 Parallel RLC circuit with iy (t) == 0.01.¢™ " "cos(20-)  vc(0) = —10

4
dt

1 1

ve(t) = L-g—tiL(t) =L—-00l¢ O't.oos(zo-t) =-01Le O't.[ c0s(20-1) + 2-[sin-(20-1)] ]

ve(0) = —0.1.L = -10 L:=100H vo(t) = 10.[e“ 104 [ cos(20-) + 2-sm-(2o.t)}] \

7-56,8-26 In a series RLC circuit 1= 400-107° vi(t) =Kj-c 00 4 Koo 000!
. . 2 7 2 R 1
the characteristic equation is (s + 5000)-(s + 10000) = s + 15000-s + 5-10 =s + i—«s + ic =0
R:=15000. R=6x10" Q C:= C=5x10"° F

510" 1L

R [C 00 = —— = 4.10°
7-57, 8-27 In a series RLC circuit =—. [Z=05 P07 -

£=3 \[: vL-C
let C=10°F Le—2U L-625x10° H R=|% R=25% 0
2 C
(4109

7-58, 8-28 for a series RLC: s° + %-s + 1—3-5 = (s + 200)-(s + 800) = s> + 1000-s + 16-10" hence the

_4
105 _ LetR =500 ohms, then L = 0.5 H, and C =12.5 uF

. . R
design constraints are T =1000and L-C =

7-59, 8-29 for a parallel RLC: s2 + —I-il—é-s + _ﬂ% = (s + 500)-(s + 500) = s2 + 1000-s + 25~104 hence the
1 107
design constraints ar RC = 1000and L-C = EYE LetC =10 pF,thenL=04 H, and R =100 Q.

~y

7-60, 8-30 In a series RLC circuit ¢ = —%. ‘E c=10°% L=2510" Rpnax == 300 Rpypiy = 50

C‘._Rmin C _Rmax C
250 O 50 R e, JL TR L
Cmin = 0.5 Cmax = 3
1 uF ==
2.5 mH
o (00
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7-61 Forthe RC circuit below the step response is vg(t) = VT-[I - exp( R CD where
T.

A Vr=—R 15210 Rp=—nk o ZR
MN——1— + T"2R+rR °  'T2R+R 3
+ -0 To meet the design requirement the time at
—_— which the reponse reaches one-half of its final
15V = 2H§ —~C V¢ value (T},) must be in the range
o —
0.001 < T},55< 0.002 s. For a first order step response T = Toxin(2), hence
1443107 3= 2001 0002 ) egs107 s
In(2) In(2)
R Tc _
Let Tc:=0.002 and R:=10" then Ry~ 2= and C=—= C=3x10 7
T

0.5 if 0<t<0.001 ower(t):= j0 if 0<t<0.002

’
ve(t) = Ll - exp(-—T%D upper(t) :=

s 1.01 if 0.001 <t 05 if 0.002<t<0.010
t:=0,10 ~.0.015 099 if 001<t
15 Testing design

ve(0.001) = 0.3935 < 0.5
ve(t) 1

— ve(0.002) = 0.6321 > 0.5

lower (t) / ve(0.01) = 0.9933 > 0.99
upper(t) 0.5

Circuit meets design requirements

O i
0 0.005 0.01 0.015
t

7-62, 8-31 for a parallel RLC the characteristic equation is

2 2

1

S+ LgiL =(s+210) +(10) = (& + 2105 + 10004.10")
RC T LC

hence the design constraints are

L. 4100 and L.C = 10~ 14 N N 0 O !
RC

i
Since R = 50, then C =50 nF : + Y 4
and L =0.2 pH. Att=0the i Vo—C L
current through the resistor is : B i
; Pulser

Vo . a_____X¥uYes ____
——R— = 2000 A, hence

Vo = 2000.50 = 100 kV.

131




7-63, 8-32 (a) Waveform is of the form v(t) := Ve OM-s;im(ﬁ -t) with t=0 at the left edge of the
screen.

6

The period is about 7.25 division. To:=7.2510 ° P = z.TL B = 8.666x 10°

0
at t=1610° w()=4805=24 at t:=53-10°C v(t)=-24.05=-12

- 5 .
Initial guesses for solve block Va:=24 o :=10" Given

0 —6
Ve 110 8 666.10%16.107%) =24 Vae * 531 ginl8.666.10%53.107 %) = —12
3309 5
Find(Va,00) = 5 | hence v:=3300.¢" "> * n(8.666.10°1) t:=0,004.Ty. 1210~
1.9x 10
\

t
- . . . 2 2
(b} Characteristic Equation (s +a +J-ﬁ)-(s + o - J-B) = sz +2-0-8+a + P
2 2
B=8666x10° o:=1910" § +2-05+0 +B =5 +3810-s+7.872-10')

. R 1
(¢} for a series RLC ckt 52 + i—-»s + ic = 32 +3.8. 1()5~s + 7.?:‘.72-1011 hence for R :=2200

~1 -1
L=r(3810°) c=(L787210")  L-s789x10° c=2194x 1071

YO _(; 504.10~3)-expl-1.9-10%) sinl8 666.10° -t))iL(O) =0

(d) i) =ir(t) = 5200

V() = L%iL(t) = (5.789. 107 3)-% 1.504.10 3-expl-1.9.10° ~t)-sin(8.666- 10° -t)

V() = —1.654-exp(—1.9- 10° vt)-sin(8‘666- 10° -t) + 7,545-exp(-1.9- 104-t)-cos(8.666- 10° -t)

ve() = —(vg +vr) = 1,655 exp-1.9-10°-¢)-sinl8.666.10°.1) — 7.545.xp(-1.9.10°.1)-cos{ 666.10°.1)
ve(0) = ~7.545V
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7-64

12

Switch Ry = 50, Rof = 10° and the capacitor C =20-10"

3

12 =2.10 .

(a) sample mode: Tc = 50.20-10° " = 107 9; hold mode: Tc = 10%.20.107 12

(b) Let N=number of sample-hold cycles/second, for f = 1000 Hertz,

N>2f = 2000 sample-hold cycles/sec.

(c) Let N = 10N;,=20,000; Ts=sample mode time, T,,=Hold mode time, T;=cycle time;
T,=1/N=1/20000, T =T Thn=Tesm* 9 Tsm=10Tsm, Tsm=T,/10=1/200000=5 ps.

(d) Toy=5 s, in the sample mode 5T.=5 ns, i.e. Tg>>T,, hence capacitor will be charged.

(€) Tym=9T.m=45 us, in the hold mode T =2 ms, exp(-45 ps/2 ms)=0.9778, or about

(1- 0.9778)x100 =2.225% will be lost during the hold mode.

765 Ry =200 Viest:= 10 Viea =11 i30< 15107 Coom:= 14 +80% -20%
After the switch closes the capacitor voitage is

Biest = B —t
AN A o~ ve(t) = Viest| 1 — exp Reet C

The test voltage is consistent since

VtestC) C = ve(t) < Viest < Viated

The currentis

A%

. d test -1

i) = Cve() = ——-xp

dt Riest (Rtest' CJ

30(C) = Viest exp -30-60
the 30 minute current depends of the value of C 3087 Ryost Ryest-C

Cmax = 18-Coom  130(Cmax) = 1406 x 10~ > Coin=08Crom  130(Crmin) = 1618 x 107 >

The 30 minute current is less than 1.5 mA for C within the specified range.
The specification is internally consistent.
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7-66, 8-33 The output of the RC circuit is governed by the differential equation

Ry-Cp-dvp + vy = vg (1)
Vdt) Ry vt L v dt
" N v, is the input to the RL circuit
CI Rzﬁ which is governed by the diff. Eq

d. .
L-—iy, + Ro-11, =y
dt

but by Ohm's law v5 = Ry-i1, hence
this equation can be written as

L d
——V2 +V2=V] @
Ro dt
differentiating eq. (2) yields _L__?‘.z_ vy + §_V2 = ivl
Ry g dt © dt
using eq. (1) to eliminate g-v1 from this equation yields L d2 v 4+ d v = v§—vi
dt R, dtz 2 2 RCy

using eq. (2) to eliminate v; from this equation yields

Vi L dV + v
S—1——V2 2
—-I-J—dz V+dV"' R; &
Ry o2 = @t R1-C

which can be rearranged as

R, I~C1--—L—~—§-—2—2— V2 + R1~C1 + L -§—V2 + vy = Vg
Ry g Ry ) dt
This is a linear 2" order differential equation relating the input vs to the output v,.

the characteristic equation is

L L
R,1.Cp— |-s* + | Ry-Cp + — s+1=(R;-Cp-s+1) Losii)=0
Ry Ry R

-1
= -R
whose roots are S G and = Lz QED
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CHAPTER 8 Standard Version (use 8-xx) and
CHAPTER 15 Laplace-Early Version (use 15-xx)
81,151 V| = zso.exp(j.-ﬂ
V5 := 150-exp(j-0) + 1oo-exp[j.(%ﬂ
Vi = 176777 + 176.777j V5 = 150 — 100j ,mé

V1 + Vp = 326.777 + 76.777j
[V1+ Vo = 335675

}-?—Q.arg(vl + V) = 13222
T

VI(1) + V(D) = 335.675.cos(m -t + 13.222)
8-2,15-2 11 :=6.exp(j-0) 1 =6

-m) :
L= 3-6@(}-—') L=-3 ‘ —# fo
2 \Q::
Q »
[ + 1| = 6708 @.arg(ll +Ip) = ~26.565 7
T

i1(1) + in(t) = 6.708-cos(o -t — 26.565)

_ e Aln 4 m
8-3,15-3 (a) Vl(t)—Re[lO-exp[J(IO - 6Jﬂ 1000{10 { 6)

= A 1. 4. - _1_[.. = 60 4. —_ L
{b) vo(t) = RE{GO e>q{1 (10 t—220 180):“ 60 00{10 t—220 180)
4, 4 3
{c) () = R&{iexp[j-(w 4+ Eﬂ} = 5-005(10 4 %J

(d) ix() = R{z.exp[j.(m“.t + 3%)}] = 2~cos(104-t + 3%}

84,154 V| = 10-exp(-j%) V] = 8.66 - 5j I = SGXp[_]g) I = 5i
~-j-11-m . LT .
V3 = 60-exp -—~——9——— Vo = -45.963 + 38.567j Ip = 2-exp j~3-’5 b =-2j
2.V]+Vy=-286+286] |2:V]+ V3| =405 L+3b= [h+3bk|=1
180 180
——-arg(2-V1 + V) = 135.075 —-arg(l} + 3.Ip) = 90
(i (e
4 o . . o
2viy+vp = 40.5»005(10 -1+ 135.075 ) 1) + 3= cos(200»t - 90 )
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8-5,15-56 V:i=20+j-5 o =20 j-o-V =-100 + 400j

li-w-V| =412 lgq-arg(j-w-V):lOét g;v(t)=412-cos(m-t+1040)
n

80
8-6,15-5(a) V)= (10+j-40) |Vi| =412 i—.arg(vl) =7596 wvi(t)= 41.2-cos(lO~t + 75.96°)v
i

(b) Vo= (8 - j-3)-5-exp(—-j--;£) |Va| =427 -1~:—-(-)-~arg(V2) =-806 w(t) = 42.7.oos(zo-t - 80.6") \

(€)1 =8-j3+ 'j" [n| =10 J—:-}—()--arg(ll) = -36.87 i1(t) = 10-cos(300-t — 36.87) A
T

3+
(d) b= "

J; || =1 —lﬁ-arg(lz) =90 ip(t) = cos(50-t + 90) A
¥ T

8-7,157 V= 10~exp(j-§—] Vyi=j .soo»-z-(l)—O--vl +V) Vy = —10.607 + 24.749
0
|Va| = 26.93 —1-8—~arg(V2) =1132
T

vo(t) = 26.93-005(500-t + 113.2") Vv

8-8,15-8 V) = 50«8@(—}%—) Vo= 25<exp(-—«j-12[—) V3= —-(V1 + Vz) !V3! = 69.948

E-(—)--arg(\fg) = 120361 so finally v3(t) = 69.95-cos(m-t + 120.4°) \Y;
i

8-9,15-9

v(t) = 12.\/’2‘.005[1000-7:-(t ~ 2510 4)] = lz.ﬁ.m{looo-n-t = -’i—) V= lz-ﬁ-exp(—j-ﬂ V=12-12

8-10,15-10 Vy:=-3 +j-4 ~1-§9--arg(V1) +90=21687 V= 10~exp[j~[216.87~-1—%6)]
s
[V2| =10 Vo=-8-6j va®) = Re(Voxplj-o-t)) = 10~cos(o> t+ 216.870) v
1 o) !
8-11,15-11 Zpqg(0) =25 +j-0-0.02 Zgp(o) = (25“ +j©-20-10° )

(@) Zpgi(1000) = 25 + 20j |ZEq1(1000)| = 32.016 180-w I-arg(ZEQl(IOOO)) = 38.66

(b) Zp2(1000) = 20 — 10j |ZEQ2(1000)| = 22.361 1801 l-arg(ZEQz(l()OO)) = -26.565

~1 !
Zpgs(o) = (ZEQI (@) + Zpgolo) )
(€) ZpqQ3(1000) = 15.529 - 0.118j  |Zgq3(1000)| = 15.53 180-% 1-arg(ZEQ3(1OOO)) = -0.434

(d) Zpg3(4000) = 6.595 — 10388 |Zp3(4000)| = 12305 180-% 1~arg(ZEQ3(4OOO)) =-57.59
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1 Z

8-12,15-12 Z:=25-j-25+

N N 1260
N T
(~j~1()0 20+j-50) —VVN—I

250
o
7 = 93.966 + 47.414j ko 1
T f1ea
|z} = 105.25 —l—gg-‘arg(Z) = 26.775 200
T
o <
-1
8-13,15-13 1 1 1
’ Zrotle) =j0-01+ ———  Zgplo)=|—+
) =001+ —— Z5calo) =45+ o]
jo-10 .
(@)  Zgp1(2000) = 150j |Z5G1(2000)| = 150 180-n -arg(Zpq1(2000)) = 90

(b)  ZpQp(2000) = 30 + 30j |Z5Q2(2000)| = 42.426 1801 1-arg(ZEQ2(2()OO)) =45
ZEQs(w) = ZEQ1(C°) + ZEQz(m)
() 7Zpg3(2000) =30 + 180j  |ZpQ3(2000)| = 182.483 1801 1~a.rg(ZEQ3(2000)) = 80.538

-1
(d)  Zpgs(1000) = 12 +24j  |Zpq3(1000)| = 26.833 180-n  -arg(ZpQ3(1000)) = 63.435

Z
8-14,1514 Z:=j-150 + 1 1
[aj-zs 600+ j-900) peen | jooq
Z = 0.333 + 124.514j ’525“‘[ 600 Q
|Z] = 124515 180-n -arg(Z) = 89.847 o !

8-15,1515 V:= 200-6Xp(~j~§~) 1:=20.107° 4.0
v .
(a) Z:=— Z=5000 - 8660

\ _ _
(b) V= 150~exp(—j-3-§) Ii=— 1=-1299 10 21 75ix107°

m=15x102 2apm=150

T

i(t) = 1.5-10° 2-oos(1000-‘[ + 150") A

8-16, 15-16 2
- 1 N 1 S 5 uF
= - |
§-20.10°.5.10”° ! N 1 o— |
i2010)25107% 204 !
i{2010%).5.107° 2.5mH g 200
i - 7=25-10j Q
3-0.1  —-0.02 + 0.04 +3-0.02 o
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3 -9

847,1517T R=600 L==10 > C=10° 7. (@1)=j101 cO=

j10°-C

. -1 1
Given Re[[k"l + 7 )C 1)} + ZC(C)} = 100 m[[p( Lzt 1)] + ZC(C)] =0
L LY [2683x107°
= Find(L,0) | |-
¢ 4472 % 1078

-1
-1 -1
Checking solution: [Rwl + (j-lOS-L) J + (j-105~C) =100 as required
8-18,15-18 i(1) = 10 2-cos(1000-t) v(t) = 2.\[§~cos(1ooo.t - 45") R := 200

-2 . LT \' .
=10 “exp(j-0) V:= Z-ﬁ'exp(—yi—) IpQ = T ZpQ = 200 — 200j Ze = 55200
1

Ci=—— _6
1000.200 C€=5x10

8-19,15-19 1 600 . 600 _ 1 j

—— = +j- = +
600 -§600 , (2 ", 002 1200 1200

Y = %: +j-(oo‘C) =

10

R=1200 0 =10° C:u= c=8333x10 " F

1200-w»
i

checkin
° [é +j-(m-C)]

8-20,15-20 V=110 01:=2%-60 02:=2n400 I;:=025 L:=0.12

(

cﬂz2.L2 ~ (ml)sz - (

= 600 — 600j

\%

I

\%

b

P EIRG) o

J (Dzz_ <D12

2
) = (R+jor1]) =R+’ (

IR

L=0324 R =422747

2
) = (R +j021|) =R 40,717

v
I

15

2
\% 2
-—-) ) ~L2

8-21,15-21 V:=10+j-0 R:=100 Z; :=j-500.004 Z:=R+7;  Z =100+ 20j
A
I=— -2 . -2 -2 -1
7 1=9615x 107 °—1923jx 107 || =9.806x 10" ° 180-n -arg(l) = ~11.31

i(t) = 98.06-00s(500-t — 11.31) mA
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8-22, 15-22 by voltage division

-Va-exp(j-0)

; Vo Va

= = = .(R
joL R+j2olL

2
R” +(2-0-1)
8-23,15-23 [:=03 +j.0 R:=10"

1 1
IR = -I = .
R-Ygq Zc-YEQ

1

Ig=015-0.15 Ic=0.15+0.15

i = 0212 E-g-arg(IR) = -45
7!3

[ic| = 0212 —I-?—O—-arg(lc) = 45
T

iR(H) = 212-008(2000-t - 45°) mA

ic(t) = 212-003(2000"{ +45°) maA
8-24, 15-24 by current division
1

jo-C .
——Taexp(-0) =
2-R +

I
Ig= A

j©-C

R.Ia
1+j02RC

RIp
Ve=RIg=

1+ (02rC)

8-25,15-25 V = 50-exp(j-§—) V = 35355 + 35.355j R:=5000 Zc:=

\"4
Ig=—
R=R

v
=7

~

R=7.071x 107> +7.071jx 107~

Ic=-7071x 107> +7071ix 10°°

|ik|-1000 = 10 180.% 1~arg(IR) = 45

-1
[lc|-1000 = 10 180-x -arg(Ic) = 135
iR(t) = 10-cos(1000-t + 45) mA

ic(t) = 10-cos(1000-t + 135) mA

Z¢c:

1+jo2R

~j2L)
1 11
= YEQ e
§-2000.50.10"° R Z¢
Im
"
(»
P
L]
. 45 { L
-45°0.2 04 Re
%
921
R
AN\
c 1 *
ig(® T C R v{d
(1-j-®-2RC) + + o
1 .3
Zc=-5x 10
§-1000-200.10" °
4]
o
30 —_
m —_
04
5"
: % \Fa
-20 Q 20 0
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8-26,15-26 Z = 500 Q 0.25 H

- ¥ 4 O
§2000.2:107 ° + - ¥ %
250 + §-2000-0.25
ZN =500 + Z Zpg=625—375] <Inputimp. 2 F 250 Q Vgt
By double voltage division _
$ <> O
z 250
VX = ——"15 - " Y
(zm ) 250 + §-2000-0.25 15 cos 2000tV

Vy=-0882-3529) |Vy| =3.638

@-arg(Vx) =104 v(t) = 3.638-cos(2000-t - 104")
T

\';
. i
827,15:27 I:=1+j:0 Z:= — 1 ZnuF
— i %
200 500 + 3
j-10 2.10° 8 2000 500 Q Vy
Z =162.162 — 27.027} <-— Input Impedance -
o
L 200
by current division Iy := 1 cos 10001 A

200 + (500 + ——~—-—}—-——-—~—w

i-10%.2.107¢)

Ix = 0.189 + 0.135] Vi := 500.Ix

|vx| = 116248 180 ]~arg(VX) =35.538

vx(t) = 116.3-cos(1000-t + 35.54) V

8-28,15-28 Z:= N

—+
100 50-j.50
Z=40-20j ZiN:=--20+7Z

ZN = 40— 40j <-—input impedance 100/0° V C‘) 100 2 PBOo2 7= W
— X

by double voltage division

. O
Vyi= Z_ 00l 229
7ZIN 50 —j-50

Vx=50-25] V
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8-29, 15-29 With the right source off use
current division

! J15 2 500 by

+ ——
—1-60 50
03 0.5,0° A

Ly = 0.171 — 0.053]

With the left source off
1

=30 T = T 1
—
30 —j-60
.—50.exp(j .—Tf-j
Loy — N 2/
TN Ly = 0.107 — 0.658

Lg + Lo = 0278 — 0.712j A
8-30, 15-30 With the upper source off

1

. —6
-1000.10
Vg = — -10-exp(j-0)

500 +
j-1000-10

Vxi=8-4j |Va|=8944

6

}E-(-)narg(vxl) = -26.57
n

Vel (1) = 8.944~cos(1000~t - 26.57°)

with the lower source off
1

. —6

-2000.10
Vo = ] -5-exp(j-0)

500 +
§-2000.10~°
Vo = 2.5 - 2.5 |Vxa| =3.536
0

-1~§~~arg(Vx2) = —45

i

V(1) = 3.536~cos(2000-t - 45°)

3on§ Tisoa

500 Q

>

Y1oces 1000tv) o o *
T ™ wd

500 Q

*)5 cos 2000t v
3
T WF Via(D
] -

/—’\/\8/\/—'%

o)

———
g 2
B==

Q

V(1) = vy (1) + v (1) = 8.944.cos(1000.t - 26.57") + 3.536-cos(ZOOO~t - 45")/
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8-31, 15-31 With the right source off [:=0-j-1

0
L= 2 I

20 + 200 +
§-2000-2-10
Vyi = Ix1-200 8 Vi = 9.017 — 7.935j

6

|Va| = 12011 }Eg-mg(Vxl) = 41348
i

v (1) = 12.011.cos(2000-t - 41.384")

With the left source off V.= 10+ -0
200
Vi = . (V)
20 4+ ——— + 200

§-4000.2-10"°

Vi = ~6.872 — 3.905j

Vyo| = 7.904 180 ra(Vi) = ~150.396
r

vier(t) = 7.904.cos(2000.t - 150.396°)

V(1) = V1 (1) + V(1) = 12.01 1~cos(2000~t - 41.384") + 7.904.cos(4000.t - 150.396") v

8-32, 15-32 Use voltage division on the left and right dividers.
=k -5()exp(~j-—§) Vieft = -8.718 — 8.429j

Vieft =

20 -5
Vi = — 20— 50.0xp| % | Vyight = ~12.321 — 18.66]
T T Rt WD i 200 Mo Q
Vi = Viet — Viight  Vx =3.603 + 10.231; 50/-680° V(ib + Ve —
|Vx| = 10.847 —l—z}-g—.arg(vx) =70.601 B0 200
n
) 1
7N = [(20 —§-5) + (20 +j-40)" ] Zpn = 17.168 + 2478 Q
\%
8-33,15-33 V=1 I := —Z('E Vi=13-10'
—-10
10kE 10kQ
Vo=1+Vy b= =L+ —\\N o
—§-2:10 +
+\ pokQ=— JI00kQ==
V3= I::,~104 Vg=Vo+ V3 K= —\—[1* 50/0° V- L k0= 'I Vy
s
Vg ;

K=0.682-0.503] Zmn:= —i-—-
3

7y = 1.028x 10" — 1.669jx 100 For Vg=50+j.0 Vy=KVs

Vy=34.111-25.135] |V = 42371 1807 1.arg(v,) =-36.384
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1

— L j10%05.100 9)
i-10%1073 1 mH

8-34,15-34 Z1:= 1000 +

Zp=1x10° +2jx 10°

~§-2000 7 . 500pF=F
Vpi= —————.30-exp| §-— | VT =60 p
T 3000 —j2000 ~ o p(F) TTEH l
v _ /
1;:—2—15-66 V=500 |1 =24 %10~
+
o | 30 cos10°tV

-1
——arg() =-143.13  |V| =12 180-m -arg(V)=-143.13
T

i) = 24~cos(106~t— 143.13") mA v(t) = 12«008(106«t— 143.13°)v

-1
8-35,15-35 Zc= ——— Zp=50+ [(100)‘ Y (o) ‘] 77 = 55.882 — 23.529
. 4 —
1-2-10 -2-10

100 Q soQ 1,
ANN———

Using superposition, voltage division, &
current division yields the Thevenin voltage as

Ic -1 4
Vrp:= [————————] 10»exp(-j~£) + U 21100 A
100 + Z¢ 2 ~1 -1
1007 +Z¢
<——due to V source-——-—-><—--due to | source---—->
2 Vr

Vt=9412 - 47647} Zp, =100 +j-2-104- 107 73, =100+ 200 I:=
Zt+ 7,

1051 200001V L2 cos 20000t A

I=-0125-0.164f V:=LZ; V =20265- 41.432j

-1 180

' 1800 arg(l) = -127.371  |V]| = 46.123 -—-8——-arg(V) = —63.936
T

i(t) = 206~cos(2~104-t - 127.4") mA v(t) = 46.I-cos(2~104-t - 53.9") Vv

1] =2.063x 10~

1
8-36, 15-36 Iy := 0.0048 — j-0.0036 7y = —-2-10" —_—
ANN
71 _ 7 ria
=10 240 Zpm— +

Zr=18x 10"+ 2.6)x 10°
Vr:=IZt V=180 + 60j

-1
§-37,15-37 Isc = 08 - j-0.4 71, = (j-2.10%10" ) ZL=-500j =340

Vg VT vVt ‘ Vr 360 + 480
Given — =Igc =1, = Fmd(VT,ZT) = ]
Zt 71+ 71, 7T 7t 120 + 660j

The capacitive reactance in Z; cancels part of the inductive reactance in Zy so that
|21+ 71| =200 which is less than |Z1| = 670.82 thatis, |Z, +Z| < |Z4].

hence, the load current is greater than the short-circuit current.
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8-38, 15-38 Treating the -j100 k() capacitive reactance as a load

-1
-1 -1] : 4
§2.10 .
ze=10%+ (109 +(5210Y) | Zr=18x10°—4jx 10° vp= — 20 5o v - a0- 205
4 4
S 10" ~j2.10
~-10°-V
Vgim ————  Vy= 34111 - 25.135]
Z1-j-10°

8-39,156-39 Vg:=100+j-0 Vg:= SO-0.0I-exp[j-(—ii%%ﬂ o = 10" Using a voltage divider

72 Vo
. =—y Let Z,:=50
Zi+Zy Vg

. Vs
Solving for Z, 7, := (—— - IJ-ZQ
Vo

71 = 8.142x 10° + 5.736j x 10°

Im(Zl)

o

R; :=Re(74) Ry =8142x 100 Q L= L;=0574 H

8-40,1540 vg = IOO‘exp(—j»’zij Vo= 50-exp[j-(—-}ﬂ © =10

Using a voltage divider

%) Vo
=— Let Zp:= 104
Z1+7Zy Vg

i

. Vs
Solving for Z, Z1 = (_._ - 1|7y
\Vo

Vs

Z)=4142x 10° - 1414jx 10" Ry =Re(Z;) Ry =4.142x 10°
1
1= C\)(llm(zl)') Cl =7071x 10

C 8

F

8-41,15-41 Vg; =20 +j-0 Vg := SO-exp[wj-(IS + 90).-1’855}

05H @ 200 nF

9 il

® = 4000 L:=0.5 R:=5000 C:=200-10 + |
. 1
Zi,=joL Zc:=- 5k
1 -0-C P) VX
Va-Vs1 VaA-Vsy Va

KCL ar Node A + +—=0 &

7y, 7c R

(Vgl Lo+ VS2'ZL) 20 cos 4000t V 50 sin (4000E15%)V

which yields V=

(ZcR+ 2R +212¢)
Vxi=VA Vy=12474 -120474) |Vy| = 121.118

180-m 1~arg(VX) = -84.089

vty = 1211 lR-cog(ll()()O-t - 84,()890) \%
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8-42,15-42
Vg :=0+j.240 Zr1:=j-20 Z12:=j-100 Ry :=500 Ro =300

Va=1+j1 VB:=14j-1 Given
VA-Vs Va-vp Va
—_—

71 4 9) Ry

V-V, Vg Va

—_ A 'B_ 0 = Find(V,y, Vg)
Zrp Ry VB

Vo=Vp Vo=90+203  240/80°V

[Vo| =222.155 180.5" }-arg(VO) = 65.966

8431543 R;=10" Ry 10* i 100

Zcy = —j'104 Zco = —_j~]()4 Assume Vg-= 1 +3-0

Va=1+j Vpi=1+j Voi=1+j 10kQ 10kQ +
Given + <1>
VA-Vs Va-Vo Va-vy . % TOkQ 7= W < UVXVQ
Tt =
Ry Zc) Ry ’ -
VB-Va vp | ' -
—_— =g Vo=puVg Z'
Ry Zeo iN
Va Va) [-1031x 1072, 1.031j x 10”2
VB | :=Find(V,, VB,Vo) | Vg |= 1.031j x 10~ 2
Vo Vo 1.031j
Vo Vs -V \Y%
Ki=— K=103y IN=— A I = — ZIN=9.897x 10° + 100.989j O
Vs Ry Iy
-6 — 3 4
8-44,1544 R - 1000 C:=4.10 L:=2.10 ® =10
Lc = 21, =joL Vg1 = 100-exp —-j--’i
jo-C 2
Vs2:=-100 Iy := 1 +j IB:==1+j Given
IAR + (Ip - Ig)-2;, - Vsi =0
(1a - 15) 100si10* v -100 cos10*t v

I3-Zc + (g - 1a)- 2y, + Vgr =0

Iz ) I ~0.406 — 0.059j
= Find(Ip, I) = .
Ip In 1.624 + 20.238;

L=1p = -IB L=0 + Iz
L) = -0.406 — 0059 A L=-203_ 20297 A B =-1.624 — 20.238j A
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8-45,15-45 Ig:=5-10 ° +j-0 Vg:= 0 +j-20

(2000 + j-8000)-I — j-8000-Ts = ~V§ Booo ZW
| Vs +i80001s i g
A 1= e +
(2000 + j-8000) 5[&'"’\&.(’) vY lmm o 20,90V
-3 . —4
JA=2353x 1077 +58825x 10~ Ig:=-Ia

Lo=-2353x 107"~ 5882x 10T A Vy:=j-5000I5 + j-8000-(Is — o) Vy = 4.706 — 3.824 V

8-46,15-46 R;:=50 Ry:=100 Z¢ =-4-100 Zy,:=j-50

Assume Var=1+i-0 50 &2 00
§=217) Yy ‘ﬁT‘ :

+
Given IA _L lg
Vs 1100 2 000> V,
Ry +Zc)Ia - Zc Iz = Vg r, T

~Z¢c-Ia + (ZL +Z¢ + Rg)‘IB =0 }

¢l

Zin
I I -3 ix107°
A) A [6341x 1077 +2.927 x 10
I = Fmd(IA,IB) i =
B B) | 4878x 107> —3.90x 107 °
Ip-Roy Vs
K= K=0488 - 039 Zyn=— Zn=130-60j Q
Vg Iz
8-47, 15-47 Assume: Vg=1+j-0
10kQ
Va=14j1 Vp:=1+j1 Given NN

Va- Vg Va Va—-Vp
+ + =0

@ |®

415100 20100 —§.25.10° i |..........2
VB"VS+ VB -Va -0 ! N5 kQ ‘.‘25ka
1010° (42510 vs(—)%' 20kQ O
\Y% v P —
A pind (Vavi) A) (0777 + 0354 ] | .
Ve Zin

B (0.847 - 0.028-j)

Vp
VB Vg-Va Vs-Vp Vs
= Ve S = 3 + Zp = =
s 515100 10.10° s
K = 0.84729 — 0.02813] Zv = 2132 x 101 - 9.706j x 10° O
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848, 1548 Vg :=80.10 > Ry:= 10" Rp:=5.10°

Rp=10° Rei=10.10° Rp:=10° C:=25107 10
1 6
B =50 o:=500 Zc:= Zc=-8ix 100 Ry R
jo-C @ @

Va=1+j Vpi=1+j Vei=1+])
Given

node-voltage eas. Iy ‘
Va-Vs VA Va-Vp
AT A S T=0

Ry Rp Ry Bly
VB-Va Vg Vp-Vc Va
—_— = —tp—=
Ry Rc Zc d Rp ——
Vc-Vp Vg
+ e — -]
Zc Ry
A va) [ 002+6.125i%10°°
Vg | = Find(Va,VB,Vc) | VB |=| _1.98+ 1884jx 1077 | Vo=Vc
7 v _
¢ ¢) | 3324 % 10 % - 0.025]

Vo| =2475x 1677 180.% Larg(Vo) = -90.77  vo() = 2475107 2 cosl500.t - 90.77°)
v
8-49, 1549 Vg :=0.05+j-005 Innv:=

Vs
50 +3-25
Vo = 1000-Ipy  Given

Input mesh equation:

. Vo _
[5+i-5) N - Vs]| - w0 0

Output node equation:

11
— Vo +50In=0
(50 ~j-50) o+ N

In . 4 _3
va = Fmd(IrN,Vo) In=2496x 10~ +156jx 10 " A Vo =-2.262 - 1638 V
0
10 kQ

8-50, 15-50 Vo= 1040 ©:=10° Zy:=10'

-7 v
K= —z Vg= -—~9
1 K
Vg=—10-10j |V§=14.142 —-arg(Vg=-135
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8-51,15-51 Vg=35+j0 Ri=50 Zp:=j-5000.1 Ip:=Vg(ZL+R) ' Vp=Vs

Pp = T;-.([IL])z-R V=35 V I, =035-035 A P.=6125 W

-1
8-52,15-52 Vg=504j0 Yci=j-2500810 ¢ Vi=Vg F = VS[(YC)_ h R}

P = —;(IIL[)Z-R V=50V I, =05+05A P.=125 W
v 3
8-53,15-83 Vg=15+30 ®:=2500 P:=0.1 R:= ET R=1125x 10
_9
Assume C:= 10

-|Vs| =3510 “C:=Find(C) C=863x10 !

Given l—l— +j-o-C
R

8-54, 15-54
: o Xy

R:=800 X1 :=400 Ig:=02 Using two path current division g .= ——.

. R +j-X1,
Ig = 0.04 + 0.08j PRi= E-(|1R|)2-R PR=32 W
8-55, 15-55

. o 1 mH 1k
First find the Thevenin equivalent TR
6 9 1 -1
Z7 := 1000 + (j.w 0510 "+ ————— | /7 A
j~106-10_3j<_> == 500 pF
Zr=1x 10 +2ix 10° 30cos 10% V
-1
. .6 -9

vy (,-10 0510 ) 30

3 V=60

(-16%.05.1079) ' j-10°10

VT 2
(@) for Z;:=500 L = Py = 0.5-(|I; )" Re(Z =0.144 W
L L= B () Re(zr) P
2
([v1])
(b) Ppax = —7— Pyax =045 W
8-Re(Z1)
(c) For max power 7j := Zr} hence 71, =1x 10° - 2j x 10 Q
8-56, 15-56 V :=200rms P:= 100 R:=8 ®:=2x60 1= \/—g I=3.536 mms
{ 2 2
Vv —
Z=—  L=56569 L= vzl -R osse w
(O]
Z=R+joL 7y, =8+ 56] Q
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8-57, 15-57 Vi=10+j0 o :=8000

Zpi=600 + j-0-50.107°  Z =600 + 400] Q
somH eopq 1O, Load

— (|VT|)2 2R AN (e
(a) PMAX_M -l\-\ ; | |
ARO =7y L
(o) 5

— — — — ——

() R:=100 C:= 10" ¢ <—nitial guesses
Given Re(Z(R,C)) =600 Im(Z(R,C)) =400 <—Conjugate match condition
866.667

Find(R,C) = R ,
(9. 615 % 10” SJ <--—\Values of R and C for conjugate match

8-58,15-58 V1:=10+j-0 <—Noload condition V := 4-exp[—j{—l—785-0-)-60:| <--100 Q2 load condition
2

Zr=1+j Given 100-VT (IVTD

8-Re(Z7)

=V Zr:=Find(Z Z1 = 25 + 216.506j =
100+ Z7 T (27) T j Pmax

Ppax =05 W Formaxpower Z7Zp = —i} hence 7p =25-216.506j 2
8-59, 15-59

2

{(a) V=10 Zt:= 100 +j-50 PMAX::% Pyax = 0.125 W
Vv

(b) Ty (Rp) = — PLRr) = 05| (Rp)|)* Ry

Ry +7Z7
Values of load power for standard resistance values are:

P (10) = 0.034 P(15) =0.048 Pp(22) = 0.063 P(33) = 0.082
P(47) = 0.097 Py(68) =0.111 Pp(100) = 0.118 Py (150) = 0.115
P1(220) = 0.105 Py(330) = 0.088 P (470) = 0.072 Py(680) = 0.056
P_(100) is the largest hence R, = 100 draws the most power

L%  oa hence P(100) is about 94% of the
) maximum available power

8-60, 16-60 V:=220

N . P
Zoy:=054+34 Z1,:=50+330 s
Ziotal = 22w+ 21, L=
to W Zitotal 220 £0° Vi
2 2
P= (1) Re(Zr) Ps:= (J1])" Re{Ziotal)
Pp, =598.269W Pg=610.235W
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8-61,15-61 © = 2.7-1000 4 Vg:= 10 x R:= 100 s L= 0.01 s 200 O

. ||Vvs||-200 le]-]R+j»m~L| I\/\/\I +
(a) Given x =4y =8 +v._
IR +200 +j-0-1] [R +200 +j-0-L] 1
R ) -2
e FindR,L) s R=125 Qe L=6047x 10 “ H -
2
500+/1 — .8° =300
Vg-200 Vg-(R +joL)
b) Vi=——F———— V{=26-304 Vy=———— Vo=74+304
R +200 +j-o-L R+200+joL

KVLyields Vs — V] - V2 =0 & <-—sums to zero as required

8-62, 15-62

{a) writinag a KCL equation at the inverting input
Vi Va-Vo

— 4| —— 1 =0 but V, = V, = Vg hence
Zo VA o P S
Vs Vg - Vo 1+ 7y
— 4 | ——— | = 0 solving for Vg = Vs
Zo VA Z3
YARE V4 Z
et _ 4
Zy Zn
> 7
. 1+7o
(b) Z; =10 A i i a4
7 Z3:=10 —j.2:10
1+ 7 21+ Z
2| _ Eﬁ,arg[ 1 2j=53.13
Zp n 2 Mag =5 Angle = 53.13°

{c) K= 2'exp(j-::——) Let Ly = 104 then 7;.=K7Zy-7p

71 = -1.732j x 10"

Z,is a 10 kQ resistor and Z, is a capacitor
8-63. 15-63 (a) By voltage division
Va !
ve_d®€ _ VA 1-joRC R
R+ 1 I1+j0o-RC 1-jo-RC
jo-C
Vv Va-e-R-C f
V= A — - A /408 ot V
1+ (oa-R-C) 1+ ((»-R»C)2
- Vad @t S VaoRCI O
(b) v(t)=Re(V-eJmt)=R ——A——-E +Rq 24 .
1+ (0-R-C) 1+ (0-RC)
Va o-R-C-V
v(t) = —*————————E-cos(m-t) + —————-—-——A—z-sin(cn-t) \"
1+(oRC) 1+ (0-RC)
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8-63, 15-63 Continued
(©) R~C-§;v(t) +v(t) = Vp-cos(w-1)

(d) Substitutina the v(t) from (b} into this equation vields

2
.R.C.V -R.C) .V
R.c.ii.v(t) = —u-sm(m -t) + M-CGS(@ 't)
1+ (0-RC)

®-R-C-Vp

1+ (oRC)

~cos(m -t) + ~sin(m ~t)

w(t) = >
1+ (0-RC)

1+ (oRCY
(0RC)Y .V, Va

The right sides of sum to

1+{o ~R~C)2

-cos(co ~t) +
1+ {(0RC)

-cos(oa-t) = VA-cos(oa-t) QED

8-64,1564 V=V +j-0

t
= Va- Dogp e ———
ve(t) Acos[ s T j

0
1 N_1 .2 £ )
WC(t) = (E'C'vc(t) ) = EC‘VA '(COS(ZJC-;‘(;))

—

1 K 2
—. (cos(z.n-i-)) at
To To

JO

e 1 2
Wayg = TI—(;J we(t) dt = “2"'C'VA .
0

1 2
Wayg = —C-Va~ J 75 Q JoL
4
>— Y l >
8-65, 15-65
s A e 600 0
o:=10 joC
NN N,
77 7
The input impecance of the circuit can ]
be written as Z!N =75+ J0 Q
Zv=310°L + — =10+ 600
i10%.c 4 - 1+j-6-105-C
600

600

600.{6.105.c)

Zn=j-10°L +

I+(6-108~C)2 — [1+(6.108.C)2} ¢
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8-65, 15-65 Continued
The design requirement is that Zyy = 75 + j0. The design constraints for the resistance is

600 600.(6.10%.c)

1+ (6 108-(:)2 1+ (6'108@)2:‘

T - .. .
Solving the resistance constrain for C yields C := % 10 8 inserting this in the reactance constraint

=75 and the reactance 106~L = [

and solving for L yields L:= 10" 4-%-\[7 checking

Lo1984x 1074 C=441x107° j100L+——t =75 <—Z,=T75+]0

1
j-106-C + —
1 600

Z7p= . ]
j10°-C 4 ———— Z1p =600 €
§-10°.L + 75

8-66, 15-66 The phasor currentis I=0.5 +j-0 ; the impedance is
7 =20 + j-20 The phasor voltage is

V=1Z=(05+j0)Q20+j20)=10+j-10= 10-\/§.exp(j.—:-) iKD = 0.5 cos 200t A

hence the steady-state voltage is +
v(t) = R{Io-ﬁ-exp{j-(w()-t + —})ﬂ = 10-y/2-cos| 200-t + -Z—) Vv 0.1H

Comment: Your answer is correct, but the method of solution uses V(t)
an invalid mixture of time and phasor domain concepts. You can 20 Q
not mix waveforms and phasors. Impedance relates phasor voltage -
and current, not waveforms. Thus, your starting place
v(t) = (R + j-m-L) x i(t) is not a valid equation.
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CHAPTER 9, Both Versions

91 F(s) = L(f(D) = L[A-(e~ >t 2)-u(t)]
A 2-A _ ~A(s +2-a) <--zero ats = -2u

s+a S S'(S + OL) <--—-Polesats=0andats=-a

9-2 F(s) = L)) = L[A{(l + oc-t)ve‘ a't]-u(t)]
A A-a = A (s + Z-a) <-—zero ats = 20

F(s) = +
SHO (54 05)2 [(S + OL)Z] <-—Double pole ats = -a

9-3  F(s) = L) = UTA(2-sin(B-0) + 1)-un]
2-A-B N A_A s2 +2-B-s+ ﬁz) _ A-(s + B)z <---Doubie zero at s = -f

F(s) =
24 ﬁ2 s S,(sz . [32) s-(52 + 52) <—Polesats=0ands=+jp
9-4  F(s) = L(f(t)) = L[ A-(cos(p 1) - sin(B-1))-ut]
Fg) = As  AB _ As-B) <—zero ats = p
Sipt P ‘32 (S2 + ﬁz) <—Poles ats = + jp
9-5 (s = Leto = L{A5(0) - A * " sin B-t)~u(t))
F(s$)= A — A-B2 - A-(s + cx)2 <-—-Double zero at s = -o
(s+af +p° (s+0) +p° <—Poles ats = -a * jp

96 F(s) = L(f()) = LLA.(z.q.t ~l+e “")-u(t)]
20A A A _ Aa(s+20) <—Zeroats=-2a

F(s) =
2 5 s+a 52_(5 +a) <---Poles ats = -a. and double poles ats =0
i=12.2 p,=-5 p,=-10 z =0
-5 -10. ’ 1 2 1
97 (@) (e = L5~ > - 106 "y
. 5 10
F(s) = -
© s+5 s+10 T
F(s) = s
(s +5)(s + 10) Im(p;)

X } NN D 3
Im(zl) N AN Y t
O

Re{p;), R"z;l)
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9-7 Continued

) F(s) = L[(10-00520-0) — 16.cos(10-0)-u(t)  i=1,2.4  py:=j-10 py=—-10  py:=j-20
B = — 22 - 1o p,=-320 z:=0 =-§-30  7,=j-30
22 L4100
F(s) = ~6-s-(sz + 302)
(2 + 102)-(2 + 20) 1m(p;)
XX }
Im(z)
00
Re(p;), Re(%)
9-8 (a) F(s) = L-[S(t) + (s-e‘ 0t 5. 20't)~u(t)] i=1,2.2p =20 pyi=-50 7= -15631z,:=-5436!
)= 14— = — _
s+50 s+20
2
F(s) = (s + 70s + 850) Im(pi)
(s + 50)(s + 20) X z() K¢ 3O
3 Im Zi
g = L4 15:639) (s + 54.365) s
(s + 50)-(s + 20)
Re(p;), Re{z)
(b) F(s)= LL(25 - 25.c0s(5000)u®]  i:=1,2.3 p =0 p,=j500 pyi=-5-500
F(s) = _2_5_ N 225-&; -
s + 500
fo = 2500°
= o :
s-(s2 + 5002) % g‘ﬁ
e = 2500°
S (5 + -500)-(s — §-500)
Re(p;)
99 F(s)= L.[s(t) + (25-e‘ 0t 1250.t¢” So't)n(t)]
2
. 2550 1250 _ (s + 1255+ 2500)
* (s + 50)° (s + 50)°
(s + 25)-(s + 100) <-—Zerosats= -25 and s =-100

F(s) =

(s + 50)° <--Double pole at s = -50
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9-10 F(s) = L(f(1)) = L[(S — 2 >t 3.c0s(50) — 2-sin(5-t))-u(t)]

5 2 3s 10 25(s+ 25) <-—Zeroats=-25
F(s) = = - - =
s s+35

s+5°  s(s+ 5)_(52 + 52) <—Polesats=0,s=-5ands=+j5
A-B-exp(-T-s)

s+52

911 F(s) = L{ A-exp[~o-(t — T)]-sin[ -(t — T ]-u(t)] = exp(-T-5)-L{A-exp(~a.-t) sin(p -t)) =

(s+ (x) +f
20

(54 12+ 4]
20-s

d 20
(@) G(s) = L(—f(t)) = SFE) - f(0)=§ —— | _0=— 225
dt S{[(s + 1%+ 42]} [s+ 1%+ 47

(b) #(t) = %f(t) = gt-[s.(e‘ ! sin(4-0))| = —5-exp(—0)-sin(4-0) + 20-exp(—)-cos(4-1)

9 F(s) =

12 1= 5~(e—‘ t-sin(4-t))~u(t)

-20 20-(s+ 1) 20-s
G(s) = L(a(h) = + . aED
eP e senPed [een?ed] C

(c) Poles are the same. G(s) has a zero at s = 0 due to t-domain differentiations

913 A=1 T:=1 u(t)=o() t:=0,0.005T..2.T

(@ o= %t.u(t) - %-(t ~T)ut—T) - Au(t - T)

(b) K= 5wm~§ﬁ~nwen—Aw—ﬁ}
T T £(t)
T A TsA e

osl
F(s) = A e

T 52 T~s2 s

F(s) = —%(1 R A B T-s)
Ts

HI"" [

T
A't - . bt . .
©F9=| —e iz 7 AsTfsT+1) A
T T > ""““‘2
0 0 ) T-s

A _-Ts A _T
Fis)= — —¢ IS 2 _¢ Ts A qeD

Ts Ts §

9-14 (a)f(t) = i?—i-u(t) - ELTé-(t - -f—)\.( - g) —Aut-T)

t:=0,0.005.T..2.T

_[3aA 3.A T T £(1)
b =1 22 wt) - =2 - — ol t— = | = Au(t -
(b) F(s) L[T tu) - = ( 3){ 3) Au(t T)} =1

F(s) = 3A .
T-52 Ts

,...3}% oy
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9-14 Continued

T
T T
(c) 5 an T | I
F(s) = 3At-'s'tdt+ A dt-—-3—é —stst+1 34 A-e T
. T —.1:- T SZ 0 s 3
3
T T ~-:£~s T
VT sA aeT Al ® 3A 0 3Y3A _1sA
F(s) = e O g I ad =22 e T 22 g R QED
S2 T-32 S $ T.SZ T.Sz S
9-15 f(t) = 1600-t + 8 + 75-exp(—10-t) + 17-exp(-50-1)
3 2
pe= 160 875 1750 — 100,57+ 605" + 1000-s + 8000
& s s+l s+ (s + 10).(s + 50)
8000
1000 40
Doubile pole at s = 0 and simple poles _ . <---zeros
ats=-10 and s =-50 polyroots =| ~10+10i
10 - 10i
1
20 _ -2 3
9-16 (a) Fy(s) = ——— = = £(8) = (<2 + 3-exp(=10-H)u(t
(a) Fi(s) sei 10 s TG0 10 =( p( ))-u(t)
(b) $ + 100 10 20
Fa(s) = ——— =1 + — — £5(6) = 3(t) + (10 — 20-exp(~10-t))-u(t
2% e T Y T T 2() = 5(0) + ( P(-100)-u(t)
10 2 1
917(a) Fi(s)= ——" =2 _ £(1) = (2 — exp(=5-t)-u(t
1) Gis s Grd 10 =( p(-5-1)-u(t)
-1 2
{(b) Fo(s)= > = + H(1) = (2-exp(—10-1) — exp(=5-1))-u(t
2(s) 619Gl G5 TG0 2(t) = (2-exp( ) p(-=5-9))-u(t)
818(a) Fy(s) = 20-(szzo) - 1(1(;3.520 1(1(:;;20 [10 - j-5| = 1118
s+ 10— j- s+ 10 +j-
(s +10)" +20 180 ire(10 — j-5) = ~26.565
- . T
£ = 22366 " cos(20.4 - 26.6%)u(t) or
£1(t) = (20-exp(~10-t)-c0s(20-t) + 10-exp(~10-t)-sin(20-t))-u(t)
(b) _20(s - 20) 10 +j-15 10-j15 |10 +j-15| = 18.028
ko) = 2 2 s+10-j20 s+10+j20
(s+10)" +20 180 ora(10 +.15) = 5631
—_ .1 yis
£(t) = 36.06.c ' t~oos(20-t + 56.30)-u(t)
919  F(s —-S(S B) bs 5B :
©= > 2 P 10 =80 - Boos(p-0) + sin(B 0) ut)
s + B s +p s +p

cos(B 1) + sin(B-t) = \/E.cos(ﬁ qo %)
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2

_ 1 _
9-20 F(s) = @ = - + = fi(t) = (—1 +at+e &
2 2 s+ao
S(s+a) $
900 36
921 @) 9= = 20)(5+45)  (5+20) (s+45
2655000 G+ (4200 (5+45)

i:=1,2.2 t:=0,0002.03

P, = -20 P, = —45

gy

£ty = 36 2 - Y gy

Im(p,} L3 a3
HXX
0 01 02
Re(pi) .
900 900
(b) Fos) = = S = =30 p,:=-30 fy(t) = 900.(t.e‘ 3()~t)_ ut)
s*+60-s+900 (s+30)
0
% se
L £() |
AKXX E
S
0 0.1 02
Rc(pi) ;
900 900 900 24 900 [ - 18t . )
{c) Fs(s) = = . . = T . . f3(t) = E-(e -Sm(24-t))-u(t)
§ +36s+900 (s+18) +24 (s+ 18) + 24
. — - ;. — 900
i:=1,2.2 €:=0,0002.03 p :=-18+j-24 b = 900 _ s
2 1 24

X
Tm(p;)
XXX
X
Re(pi)

9-22 (a) Fy(s) = 16

2

f3(1)

4

2

(s+2)(s+4)(s+6) B (s+2) - (s+4) " (s+6)

fi(t) = 2-exp(-2-1) — 4-exp(-4-t) + 2-exp(-06-1))-u(t)

(b) Fxis) =

(s2 + 16)-8

(32 + 45+ 16)

4

1
=—+
S

H) = (1 + sm(4-1))-u(t)
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9-23 (a) Fy(s) =

(s+2)-(s + 6) = 3 N 1 N 3
s(s+4)(s+8 (8s) [4(+4] [8(+8)]

3 01 3
fit) = (-g + Z~exp(~—4't) + -é-~exp(~—8-t))-u(t)

(2 + 45)( + 80)

315 s 1 s
(b) Fys)= = _-—
(2120 (2160 5 8 (Pe20) B (Pr60)
f5(t) = (3 - —lgi-cos(\[z_(n) - %.cos(\/%-t)).u(t)
9-24(a) Fy(s) = _...i‘Z‘;_(_S._*.‘...‘.‘.L 9-24(b) . o (s-1)°
(@1 as49) 124 25417)
2 (s+2) 4
Fi=2 -2 o Fals) = —— -
N [T S N
fi(t) = (2 — 2-exp(-2-1)-cos(2-t))-u(t) BH(t) = (exp(—4-t) — exp(-t)-sin(4-1))-u(t)
2
9-25(a) Fy(s) = Mil—‘s)- 9250) |, (2 + 205+ 400)
:-(S + ST(S + -z) . s.(s2 + 505 + 400)
s+
Fi(s) = — + - 111
[{s + 42+ 16] [(s + 4%+ 16) RO G0 G0

fi(t) = (1 + exp(—4-t)-cos(4-t) — exp(—4-t)-sin(4-t))-u(t)

(s + 50)°

H() = (1 + exp(-40-t) — exp(—10-1))-u(t)

' 1
9-26(a) F(s) = 9-26(b) F(s) = —r
(s + 10)-(s + 100) (82 st 1)
F)=14—0 2% 2 1
[9:(s + 10)]  [9-(s + 100)] F(s) = 2 + oD
£0) = 5(0) + | 2 oxp(-10-t) = 222 xp(-100-1) |-u(t) ¢-b
9 9 f(t) := (2-t-exp(t) + exp(t))-u(t)
927  F(g) =1V
s+ 20
- 20-t s+ 15
f(t) = — 5. . —_— =] e — = e =
(@ f)=35()-5e wt)y —> F(=1 0 a0 Y 15
(b)  f(t) = 3(1) —>  F(s) = —> y=20
© =50 +5e T u) —> R =1+ —— = 2123 e
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(sz +by-s+bg ) K

9-28  F(s) =
s+ 522 + 207)
(a) f(t)=20te s F(s) = 20 —> bg = 20° by=0 K=
2
(s+5)
B) (0 =5sn20) — Fe=-—mn _ > bp=5" b;=10 K=
( )
s +20 )
. — 5. 85
(6) f£(t) = 4-sin(20-1) + cos(20-t) — ¢ ' —> F(s)= —> b =5 bp=
(2 + 400)-s + 5)
K=85
(sz+3-s+4)'s (32+3-s+4)-s
9-29 ()= =
(Pr62+165+106+2) +22 s+
Fg = ) 1 2

+ —
s+2° ©+2 [(s +2)% 4+ 22]
£(t) = (~t-oxp(=2-1) + exp(=2-1) — exp(~2-1)-sin(2-t))-u(t)

9-30 F(s)= (33 + 2.6 +8+ 2).40 _ G+ 2)‘(32 . 1)‘40

(s3 48+ ds+ 16)-s (s + 4)-(52 + 22)

F(s) = ”4 RS (R IAPY
G+4 s 422 42

£(t) = (5 + 17-exp(—4-t) — 6-sin(2-t) + 18-cos(2-1))-u(t)

d

9-31(a) y(0) =5 L(—d—t-y + IO-y) =sY() - 5+20Y@E) =0 —> Y(s)= ——-§—2—6 —> y(t) = (5-{

S +

(b) y(0) = -10 L[w‘ 2.(%3:} + y:t = L(10-u(t) —> 107 2(s-Y(s) + 10) + Y(5) = 2
s

_10.(100—s) _ 10 20

Y(s) = SG1100) s s+100 —> y(1) = (10 — 20-exp(—100-t))-u(t)
932 y(0)=0 L(—q—y + 500y) = L2500 exp(~1000:)) —> (s + 500)-Y(5) = —n
dt s + 1000

2500 5 5
Y = = — — N - .
© (s + 500)-(s + 1000) (s + 500) (s+ 1000) Y(O) = (5-e 00t 5.7 1000 t)-u(t)
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9-33 (a) For t < 0 the inductor acts like a short circuit and i (0) = 0.
For t > 0 the inductor sees a Norton ckt Ry = R/2 =50 and Iy = Va/R = 0.1A.

L _
The ckt diff eq is: ——"—i—iL +if, =1yor 2-10 3-§-iL + 11, = 0.1-u(t)
Ry dt dt

) U210 L0 + iL(t)) = L(0.1-u()) R 1= LM
' Ao

3 0.1 |

2107 s (s) + I (s) = =
s -t
B = 50 _o01 ol —— VA H L
s-(s + 500) S s+ 500

i£.() = 0.1-(1 = exp(~500-H)-u(t) |

9-34 (a) For t < 0 the inductor acts like a short circuit and i (0) = Va/R=2 A.
Fort > 0 the inductor sees a Norton ckt Ry =R =50 and Iy = 0.

L _
The ckt diff eqis: —Lip, + i =igor 10 >-Lip +i,=0
Ry dt dt

b) L(lo‘ 3%@ + iL) =107 (sT(s) - 2) + (9 = 0
O = 000
(1) = 2-xp(~1000-0)-u(t)

9-35 (a) For t < 0 the capacitor acts like an open cktand vo(0) = 0.
For t > 0 the Thevenin cktis Ry = 8000||4000= 2667 & vy = 2vg/3.

The ckt diff eq is: RTC-%VC #ve=vror —— _g} ve + v = 10.6" 2500

1 d - 2500-t
b . e - 0_
® Y35 ac’ VC) L(l ) )
sVe® 10 4 kQ 3kO

3750 VT 50 —t? ;"—’\/\/\r-
1=0

Ve(s) = ( 2503(;7)5?0 50 +

s+ (s + 1

vs (1) C‘) 0.1uF 5kQ> v (1)
- 0

Ve =—20 ¥ A

(s +2500) (s + 3750)
ve(t) = 30 (em 2500-t _ e 3750- t).u(t) é

[( -~ 2500t - 3750-t)
< — €

vo(t) = %vc(t) = 18.75. -u(t)]
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9-36 (a) See Problem 9-35 above for circuit diagram and development of the circuit diff. eq.

d .
—ve + ve = 6.67-sm(1000-t)-u(t
3750 1t C +VvC ( )-u(t)

The ckt diff eq is: RTC-g——vc +ve = VT or
t

s-Ve(s) 6.67-1000
+ Ve(s) = —————
3750 & + 1000°

L(% e vc} L(6.67-sin(1000-t)-u(t))

25.10° _ 400 400 (3750 +5)
21.(s + 3750) 241 (

Solve for V(s) Ve(s) =
(2 + 1000%).(s + 3750) 2 4 1000%)
400 400 s 4003750 1000 400-3750 _ 1500

+
241-(s+3750) 241 2 1000 241.1000 2 10(1\,241 1000 241

Ve(s) =

400 1500 400 5 5
ve(t) = —-exp(-3750-t) + -sin( 1000-1t) — —-c0s(1000-1) vo(t) = ve(t)-— —.— = 389
c(t) 2l p( ) 241 ( ) 2l ( ) vo(®) C()8 s

vo(t) = 1.037-exp(~3750-1) + 3.89-sin(1000-t) — 1.037-cos(1000-t) 400 5

2
9-37 y(0) =10 and y'(0) = 0 L{.ﬁ%(y + 20-‘}? + 75.yﬂ = .Y (s) — 10-s + 20-(s Y(s) — 10) + 75-Y(s) = 0
dt

10s+20) _ 10(s+20) _ 5 15
(s+5)(s+15) (s+15 (s+5)

Y(s) = y(t) = (=5-exp(=15-t) + 15-exp(~5-))-u(t)

& +20.s+75

d2

9-38 y(0)=0andy(©0)=0 L{—-—é(y + 7-iy + IO-y)} = L(30-u(t))
dt dt

sz-Y(s) +7-sY(s) + 10.Y(s) = KL Y(s) = i
s

s-(s2 + 75+ 10)
30 _3_ B 5 N 2
s(s+2)(s+5) s (+2) (s+5)

—> oyt = (3 _5.0 2t +2-e 5't)-u(t)

Y(s) =

9-39 (a) Fort < 0 the capacitor acts like an open ckt and the inductor like a short ckt. Hence:

Va 10 ~3 4 1
ve(® =0 1y3(0)=—=——=510 —1i1(0) = —ve() =0
c(®) i, (0) TR 2000 dtL() L c(®)

For t > 0 the Norton ckt seen by the L & C in parallel is iy = 0 and Ry = R. The ckt diff eq. is

2

L
L.c.-ii-z-iL =4 v =iy
@ Rwd R R Lo
_6 —
R:= 1000 Ry:=R L:=04 C:=05.10
LC=2x10" =_4x10°*
RN —= L
2107 7%@ +410 'Ly rip=0
dt dt . P §
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9-39 Continued (b)

2
L[z-lo” s 4-3-iL + iLJ =2.107 7.(s2.1L(s) ~ 510 3-s> + 4107 4.(s.1L(s) ~5.10 3) +Ip(s) =
dt t

-3
{IL(5)= 5.10 .(s+2000)11 s + 2000 1 { s + 1000 . (05)-2000

200 T 200

& & 2000-s + 5. 106J (s + 1000)° + 2000° (s + 1000)° + 2000 (s + 1000)° + 2000

ip(t) =510 3.(exp(qooo.t)-cos(zooo.t) + %.exp(—looo.t).sin(zooo.t))-u(t)

9-40 (a) For t < 0 the capacitor acts like an open ckt and the inductor like a short ckt. Hence:

ve@=0 ig®=0 d. o _1 o _g
dtlL() LVC()

For t > 0 the Norton ckt seen by the L & C in parallel is iy = V,/2R = 10 and Ry = 2R.
The cktdiffeq. is

2
La. . _. _ _
LeLip+ Ly vip=iy L=10107° C:=16107 7 Ry:=2:5000
d Ry dt
_13 L _6 _13 ¢ _64d 3
LC=16x10 " —==1x10"° 16107 g + 10" °Lip +ip =107 (o
Rn dt dt

> -3
(b) L[l.&l(f B 100 G%L + iL) = 16107 13~<52-IL(S)) 4107 (sT®) + I8 =
S

dt
9 9
i (s) = 6.25-10 _ 6.25-10 U Ky . K3
L) = - =20
({24 6251054625107 slls+ 125109 (4 5.10)] ¢ s+12510° s4510°
10°° 1333107 03333107
I(s) =

- +

(s + 1250000) (s + 5000000)
f(0) = 107 °-(1 = 1.333-exp(~1250000-t) + 0.3333-exp(~S5000000-£))-u(t)
9-41

t
L-%t-iL(t) + (R + Ro)-ig() + %J i (%) dx + ve(0) — vg(t) = 0
0

ve@=0 i (0)=0

L:=05Ry:=10° Ry=2.10°C := 250.10"° "
+ =0 vih=——c¢
vs(t) = (10-exp(=1000-t))-u(t) Ve(H) CD cz
t I
0.5%@(0 + 3000-ip (1) + 4- 106.J i1.(%) dx = 10-0xp(~1000-t)-u(t)

0
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9-41 Continued
(a)

ot 6
4.10 10
L 0.5~§-iL(t) + 3000-i (1) + 4- 106-J ir,(x) dx | = L(10-exp(—1000-t| 0.5-s + 3000 + I, =
dt 0 S s + 1000

20-s _ 20-s
(s + 1000)-(s + 2000)-(s + 4000)

L (s) =
1(s) 5 s
(s + 1000)-\s” + 6000-s + 8-10

(b) i=1,2.3 p =-1000  p,:=-2000 p,:=—4000 z :=0

forced response pole ats =-1000

Im(p;) natural response poles at s = -2000 and s = -4000
XX XX

Im(Zl)

0O

-

Re(p‘) s Re(zl)

9-42 £ d ve(0) =0 i (0)=0 L:=01
L-C-"5ve(®) + (R + Rp)-C-=ve() + ve(®) = vs(®) P
dt dt Ry:=100 Rp:=100 C:=2-10

vg(t) = (10-sin(2000-t))-u(t) L-C=2x 10 7 (Ry +Rg)C=4x 10" 4

7 & _4d
2107 'S0 + 4107 Ve + Vel = 10:5i8(2000-0
i t

(@) LHz. 10” 7.;‘;vc(t)J + (4. 107 4-%Vc(t)) + VC(t)} = L(10-5in(2000-1))
d

4
(2-10_ 7.32 +4.10° 4.5 + 1)'VC = ,._...2...1.(_)....__
s* + 2000
1011 1()“

Ve(s) = =
(2 + 20009 (2 + 20005+ 5109)] (2 + 2000%) [ s + 1000)2 + 2000°]
(b) i=1,2.4 p=-§2000 p,:=j2000 py:=-1000+ 2000 p,:=-1000 - j-2000

forced response poles at s = +j2000
X X
natural response poles ats = -1000 + j2000
Im(P;} t }
XX
X X
Re{p). Re{x)
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943 (a)  d Vs(s)

LY + Ri® =vs(®) —> Ls+R I =Vss) —> L=
dt Ls+R
R = 1000 L
(b) - 1000-t Vst _ 20 I
= 10. . —— =
Li=os Ys®=10e u® L s+ 1000

20
= +
18 = 77000) s + 2000) Vg (t)<_> I ; R

Forced pole at s = - 1000 and natural poles ats = -2000

Vs(s) 1 K
(c) If I(s)= LRI (2 2) R - 1000 let L:=1then R = 1000
s+ —Ij (s + 1000)-{s™ + 1000 L
Let Vg(s) = K__- If)o’ 100 then vs(t) = (ﬁ)o -sin(1000-t)-u(t)
110000 109 2 4 10007 !
-4 ve® 1 (' . , _3
C—ve(t) + — + — | ve®) dx+ip(0)=0 ve(0) =0 0=l Ip=1010
dt R L 0

@ [costs)ves oo R:=5000 C:=10107° L:=0.1
R Ls) ©

S

—_ IO
c Io
Ve(s) = c U N S SO, L S SO T
1 1 C R.C L-C
§ +—5+—
R.C L-C
®) - 10 _ “10°s _10° 3.10"
C —. — — -
2 4 9 2 2 4 2 2
S0t o100l o) 310 [ for 1Y)+ (10Y)
-100 . .
ve®) = — (exp(=10000-t)-sin(30000-1))-u(t) = ~33.333-(exp(~10000-1)-sin(30000-1))-u(t)
9-45 (a) F1(s) = 0 IV= lim sFi(ss=0 FV= lim sFi(s)=0
- = s- k(8 = = s-Fi(s =
(s+2)(s+4)(s+6) PN s 0
2
{b) s +4s+16 . Final value thm does not apply since
Fy(s) = ————— IV= lim sFys)=1 F L R
s) has j-axis poles ats = +j4
ERED e (5) has j-axis p %]
946 (a) Fi(5)=CFETO yyo g sF=1 FV= lm sF= 3 20375
s(s+4)(s+8) S = o s -0 8
2 (2
(b) P = (S * 45)'(5 + 80) IV= lim sF)(s)=1 Finalvalue thm does not applv since
S.(S + 20).(52 + 60) s > o F,(s) has j-axis poles ats = + j~/20

and s = +j+/60
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9-47 (a)

(b)

9-48 (a)

9-49(a)

(b)

9-50(a)

(b)

9-51(a)

(b)

Fy(s) = —2 8+ D6+ 3) IV= lm sF(s)=2 FV= lm sF()=0

(s+2)(s+6)(s+12) $ 3 s 0

_ 10-(52 + 10-s + 40) IV= lim sFy(s) =10 Final value thm does not apply since

P20 = 106+ 10) 5 - o F,(s) hasa RHP ats =+10
_s(s+35) Initial value thm does not apply since - 5 -
Fi(s) = 5 F,(s) is not a proper rational fucntion Fv="lim 0 sFi(s) =0
(s +3) s —>
Fo(s) = 10- (s2 + 10-s — 20) IV= lim s-TFy(s) =10 Final value thm does not apply since
2 = s-(s —j-10)-(s +j-10) s> F,(s) has j-axis poles at s = +j10
Fi(s) = -—M IV= lim sFi(s)=0 FV= Ilm sFi(s)=2
s-(s +4-s+8) §—> © s =0
(-1’
F(s) = IV= lim sFys)=1 FV= Lim sFys)=0
(s+4)~(52+2-s+17) §—>® s >0
F _ (s + 50)2 Initial value thm does not apply since FV= lim sFi(s)=0
1) = (s + 10)-(s + 100) F(s) is not a proper rational fucntion s >0
Fo(s) = s+l IV= lim sFy(s)=1 Finalvalue thm does not apply since
(SZ — s+ 1) 5 ® F,(s) has RHPs ats = 1
F(s) = 10°.(s + 1000) _ C189746 (94873 - 12294) (94873 + 1229-9)
(s + 4000).[(5 . 25)2 N 1002] (s + 4000) (s + 25— 100.) (s + 25 + 100j)
A:=12-]94.873 — 1229.j| A=2465x 10° b= arg(94.873 — 1229-j) ¢ = -1.494
- . - 25. . To
£ = -189.746.6~ 00 4 Aem P loos(1004 4+ 9)  To= 2% t:=0,— 2Ty
100 50
z, =-1000 p, :=-4000 p, = -25 + 100j P3=Py 1,2.3
1000
m(z)
O : %
Im(p;) -s000 —40b0 —3000 —2000 ~-1000 0
X
The complex poles
1000+ are dominant

Rc(zl) s Re(pi)
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9-51 Continued
2 gty =Ae 25(?005(1001 +¢)ut) <—Approx f(t)

(d)
2000
0 \
8(t) 0 002 N\ 004 06 0.08
Exact ar T2000~
essentia

> 0.001 :—w T W W T WITTWWW

9-52 Let FV = f( ) and IV = f(0) then:

t-domain to s-domain s-domain to t-domain
f(t) = FV + (IV ~ FV)-oxp| — G(s) = Kis+7)
Tc s(s+a)
=Y, V-V a=K1_Kl-d
s 1 o s o s+a
s+ —
Tc
FV + s T IV ) !
F(s) = oo g(t) = -IS—Y- - £<—Lexp(—oc-t) + K-exp(—oc-t)
s-(TC-s + 1) o o
Comparing F(s) and G(s) Comparing g(t) and f(f)
1 .
K=IV y= o= — vt ek o=
IV.-Te Tc o o
9-53

lanl

LHI a+jb N a—-jb -
s+a—j-p s+o+jB

L 1[__23_(_3_*_'_9%} = 2,a,exp(_a.t).cog(ﬁ,t) L 1[__2b_ﬁ__.._jl = 2.b.exp(»~<x.t).sin([3 1)

(s+0) +p (s+ o) +p°

- 1{2-(&5 + a0 - b-ﬁ)} - 11: 2.a(s +a) ___2bp ]

(s+ o) +p° Gra)P+p’ (+a)+p’

L__ 1( a "|‘_]b + a —-]b ) = Zexp(»—(xt)(ao()S(ﬁt) - bsm(Bt))QED
s+a-jf s+a+jPp

954 ¢

: -1 R . i =
-g;IL(t) = -—i—.vc(t) _ I,IL“) 0=l

(a) 1 . —~In= __;}f. — 5
S~VC(S) -Vo= E'IL(S) 5 IL(S) I L Ve(s) L L(s)
Vo  Ii(s) 1 (Vo L® Solvin.g for
Ve@=—+—— —> SIE) - To= f[?o — ) - TRE 1) yields
L-C:s - Vo-C i Y L-C-s - Vo-C
() = (10 : s— Vo ) Hence V(s) is VC(S)=—O+-C~I——- (To : s— Vg )
(L-C~s +R-Cs+ 1) V8 (L-c-s +RCs+ 1)
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9.54 Continued

The transforms of the state variables are

Vo-L-Cs+ VgR-C + Ip-L L.C-slp— VpC
Ve(s) = 5 Li(s) = 5
LCs +RCs+1 LCs +RCs+1
— 9 -3 -9 —4
{b) R:=3000 L:=01 C:=5010 = Ip:=5-10 Vo:=-5 LC=5x10 " RC=15x10

VoRC+IpL =25% 10 4 VoL-C=-25x 107 " L-CIp= 2.5 x 10

11 7

Vo-C=25x 10

-8 —
2510 s -2510 ~5.(s + 10 -

Ve(s) = : = 00(;0+ 0023000 = 50000 ve(t) = -5-exp(~20000-t)-u(t)

5107 %2 115007 4g (51 10000)-(5+20000) s+

—7 —11 -3 — 3

25100 2510 s 5.10 (s + 10000) 5.10 _3
L(s) = = = 1) =5.10 ~-exp(—20000-t)-u(t
Le) "o 2 4 5 1 10000).(s 1 20000) s+ 20000 *P( )-u)

510 5T+ 1510 s+ 1

9-55

I L(f(t) = F(s) then

I

¥ Liexp(-a-t) = then
S+ o

If Lisin(-1) = B then
s +B

it L{cos(Bt) = ——— then
2 2
s +p

L(t£(t) = —%S-F(s)

L(t-exp(-0) = -4 ( 1 ) 1

ds\ s + o (S + &)2
sinkB-t)) = d B = 2B-s
L(tsin(p 1)) ds( 2 2) :
S8 (7Y
2 2
L(t-cos(B 1)) = i( 5 j = (S -B )
ds| 2 2 5 9
S+ (247)
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Chapter 10, Both Versions

s+
10-1 1 RCs+1) _R R-C
ZEQI - - R- _ e
1 2RCs+1 2 1

1 S+ZRC
R+— o

s VT
Pole ats = -1/2RC; zero at s = -1/RC 1 R 5
C
1 _ 2R 11 R
Zpqp = =C o 4

1
— +
R

N S 1
Corom PO Sai o e
2. R. Zeon

Pole at s = -1/2RC; zero at infinity
102 Zpo= 1 _ _2000-[s-(s + 5000)] _ _2000-s:(s + 5000)
1 1
+
0.5-s

Zen

§> + 4000-s + 20000000 (s + 2000)° + 4000°

-1
2000 + (0.1.107%.5)
Complex poles as s = -2000 + j4000, zeros at s = 0 and s = -5000

103 o= 1 ) 2000.(+2 + 109) ) 2000(s + j10%)(s - j-10%)
! ! ( + 200005 + 10%) 2

2000 OLss L (S+ 104)

107 s
Double real pole at s = -10,000 and imaginary zeros at s = +j10,000

104

2Ls + R oL 10°
Q-Ls+ )}=2-R~ . s+

= 4000-
(L-s+R)

1
ZEQ(®) =R + = R-[
LI s+ % s+2.10°

— ..{,. ——
R L-s

pole at s = -200000 and zero at s = -100000

Zrq(0) = R = 2000

at's = 0 the inductor acts like a short circuit —
Zpofw) = 2.R = 4000

at s = « the inductor acts like a open circuit

Z
10-5 EQ

fso= —L 1 1000, (20000-5 + 200000000 + ) } 103‘[(s + 104)2 + (104)2}

5010 0 1 [s:(s + 10000)] s-(s + 10000)
1000 0.1-s

Real poles ats = 0 and s = -10000. Complex conjugate zeros ats =-10000 + j110000
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1  _LCRs +Ls+R
RCs+1

10-6 Zpg = Ls+

— +C:s
R

ZEQ=Rats=0andZEQ=00ats=°O.

2
; o
At s = 0 the inductor acts like a short circuit & the ZEQ

capacitor like an open circuithence Z., =R Ats =0  pjlegats =-1/RC.

the inductor acts like an open circuit, hence Z., = © Zeros at s = [1/(2LRC)][-L+(L?-4LR?C)""?]

! I VWV
10-7 = —
ZpQ=R+ . ) R l
-8 + i
1 ¢ P g

|
R+ — |
Cs C C
o (R2c22 43R Cs+ 1) R
EQ Cs(RCs+2) | 2c g
Zpg = R-C-s +0.382) (RC:s + 2618) Zgq Polesats=0ands=-2RC.
Cs(R-Cs+2) Zeros ats = -0.382/RC and s = -2.618/RC
10-8 _ 1 _ 1 _ R(QRCs+1)
75Q= 1 "7 [Cs(CsR+1)] 2,22
— g —— R-Cs +3RCs+1
RO 11 R  (2CsR+1)
Cs Cs+ L
R

Zro(s) =R (2ZRCs+1) zero at s = -1/2RC and simple poles at
EQ [(RC-s+ 0382)(R-Cs + 2618)] S=-0.382/RCand s =-2618/RC

10-9 (a)

1
Zqu=R+C—~+

1 [ (e 2R rcsr+1) | ®est 1sm®Es +0.157)
1 [Cs@CsR+1)] Cs(RCs+025)

2.Cs+ —
2-R
Zeros at s = -1.593/RC and s = -0.157/RC, 2R
poles ats = 0 and s =-0.25/RC o 11
¥
1 2C 3
> R T
2 C 4
Zggn © +—> Zeep
(b) T = 1 _ 2R-R-Cs+1) _ 0.5-R-(R-C-s+ 1)
EQ2 = = =
ey Lo, 1 1 ARECEZ TR Cs 41 ROsT 1.593)(R-C-s + 0.157)
TR+ —

C-s
Poles at s = -1.593/RC and s = -0.157/RC, zero ats = -1/RC
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10-10 ZgQ=R+2-L-s+ ]

— + c———

2 2L

(Es) + 3-(%~s) + 1
ZEQ = 2.R. R L 1

(—I—{“;) + 2 !____» L/2

(—-—~s + 04382)-[1{—-5 + 2.618) - —\A\N—
(—-s) +2
R

A pole at s = -5000 requires 2R/L = 5000.

LetL =100 mH then R =250 (). Forthese values
there are zeros at s = —0.3822500=-955 and

s = -2.6182500= 6545

Va
10-11 With the switch open i(0) = -2—1_{_ With the switch closed the s-domain circuit is

The inductor currentis |
VAo  Va L(8)

— + I
_ s 2R ___i. . 2R +L-s _l
=TTk T2 VAR R R
; _ Va Va
MO =y NS Ls
2-R-(s + I) -g'

Va R .I:.\_/ﬁ

i_L(t) = (—E)(l — O.S-GXP(—E-t)) A fort>0 2R

Va
10-12 With the switch close if,(0) = «I—{—— With the switch open the s-domain circuit is

The inductor current is
Vo L-Vu I(s)

R VA Ls+R

S

L(s) = = —.

L= RLs R sMLei2R)
Va Va

I(s) = 3 + and

R. 2.
> 2~R<(S + ——5)
L
Va

170




10-13 With the sw in position A vp(0) = Vi

with the switch in position B the s-doman R | C(S)
circuit is shown at right Ao -
-Vao Va
S - T -2-Vp 1
o = 1 R 1
R+ — § 4 ——
C-s RC
—2-Va ~t
ic(t) = -exp| — |-u(t
c(t) " p(RC) ut)

10-14 With the sw in position B v(0) = —V 4 with the switch in position A the s-doman
circuit is shown at right

R +R_.L '[_ZAJ ) I;RCCs ZA; W_@i

BoO
! Cs
— +
C.s Xé Va C'D—-——-VA "VA
—_— ———— s —tt

Vezi(s) =

R+ __}_ S ss(RCs+ 1) s
Cs I ]

Va RCVpy Vp 2.RCVpu —t
+ =2 R @ =Val 1 - 2eexp| — | ) V
S®RCs+1D) RCsr1 s Rest1 @ A( p(R-C)) o

Vels) =

10-15
With the switch closed i (0) = 1. 0.0075 .
2000

With the sw open the s-domain circuit is | L(S)
The inductor current is 3 kQ A 2 k Q _‘

—2—(—)— + 0.05-——15—

200 - .
() = $ 0 =25.10 3 (3-s + 16000)
(0.05-s + 5000) [s-(s + 100000)]

B9 = (4":_3) + Gs10”) dﬁ 20/s

(s + 100000)

.05x.0075

() = 107 (4 + 3.5-exp(~100000-t))-u(t) A
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2
10-16 With the switch open i1(0) = 0. 0.004 .
5000

With the sw closed the s-domain circuit is
The inductor currentis AO 2 kQ
I(s) = S 5000 _ 0.004-(s + 75000)

L 0.05-5 + 2000 5-(s + 40000)

7
I(s) = - and
400-s  2000-(s + 40000)
() = 75107 > — 3.5.107 -exp(~40000-1) A

10-17 With the swin Pos. Athe IC's are
i7.(0) = 0 and ve(0) =V

With the sw in Pos B the s-domain cktis
{a) The inductor current is
Va

—

() = =

Ro+Ls+ El——- L~C-s2 +Ry-Cs+1
-8

{b} Using the numerical values

6010”8 60 Y60
IL(S) = = =
-6 2 -3 2 6 2
1008 +2107 2541 & +2000.s+10° (s + 1000)

hence i1 (t) = —60-t-exp(—1000-t)-u(t) A

10-18 With the swin Pos.B the IC's are
i1(0) = 0and vc(0) =0

With the sw in Pos B the s-domain cktis H
{a) The capacitor voltage is H1 A F{z Ls L‘L(D)-—G
+
1
C-s Va oB 1/Cs
Vo = 1 (Us C‘D ./ V(s)
S 4 — - S
Ry +Ry+Ls+ o A V(;(O)/S
Va
Ve(s) = 5 - -
[L-Cs +(R1 +Rg)-Cs + ﬂ.s
{b} Using numerical values
Ve(s) = - 15 : _[15 15.(s+21000) - 15.12000 .
(5.10“ § +10 s+ 1)-s (s + 1000)"-s + 1000° (s + 1000)"-s + 1000

hence vc(t) = 15 — 15-exp(~1000-1)-cos(1000-t) — 15-exp(~1000-t)-sin(1000-t) V t>0
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10-19 With the swin Pos. Athe IC's are
i1(0) = 0and vc(0) = Vp

With the sw in Pos B the s-domain ckt is
(a)

VA VB

S B s _ (VAw VB).C
L(s) = == .

Ry+Ls+— L-Cs +RpCs+1
C-s
12510 ° 125 1 1

(b) IL(S) = - . - = p— 50000 _i_?:a(

108 125007 051 BF000E )

hence for t > 0: i (t) = 8.333-(exp(-5000-1) — exp(-20000-t)) mA

10-20 With the swin Pos. B the IC's are i1,(0) = 0 and v¢(0) = Vp

{a) With the sw in Pos A the s-domain cktis
1

1
s+5000 s+ 20000)

Cs VpA-V \% VA -Vp VB
Vow=| —S2|MAVD) VB oy o VaTVe Vi
1 s ] s-(Rl-C-s + I) s
Ry + —
Cs Ri A B
{b) Using the numerical values ANN~ o
VC(S)=—___S______+_5;=.}..0‘.,.._____S_____
s(s.1075541) 5 5 (s+20000) 1/Cs
hence fort>0 vc(t) = (10 — 5.exp(~20000-1))-u(t) V (i‘)VA/S
10-21 R vd{0)/
By voltage division AR +
Y g + VRs) —
— ] V.(5 C S, = e
5) Vo/s ZRL= T
_ IL.s R
Vs(9) . Ze= 1
Cs+— : —Vg(s C-s
T+ L-s-Vs(s) RC SO
Vzs(s) = ] = > = 1
+R  RLCs +Ls+R s3> ;1
1 RC  LC
C-s+ —
A | Vo
11 s v _Rls
Ls R AR+ Ls R.L-C-s Vg
Veai(®) = = 1 " 71 RLs) 2
—_— | —] RLCs +Ls+R
C-s ...1__ 4 _1_ Cs R+Ls
L-s R

173




10-22 By voltage division

2 1
N I I G s
VRus(s) = 1 - 2 N 2 ] 1
+R  RLCs +Ls+R & o —
Cos 4 — RC LC R
L-s —NAN\Ns
. + Vgs) —
1 +
C v Io C— Vg (®) Le /s ==
TR R LIy c Ll
VR = - 2 - 2 S 1
L-s+ RLCs +Ls+R  § 4+ —+—
RC LC
Cs+—

10-23 By current division the current through 5 kQ resistor is

, 10* 5x10°

10
10000 + — _3
s 3.2-10

107 s + 100
10000 + — + 10000 107 /s =

8 . /
-3
1.6-10 ~.(s + 1000)

Io(s) = +
5x10°S Vi (s)

Io(s) =
(s + 500)-(s + 100) 4 ]
|, (8)=3.2x10"/(s+100)
8-(s + 1000) -10 18
Vo(s) = 5000-Io(s) = =
of(s) = 5000-1o(s) (s + 500)-(s + 100) (s + 500) N (s + 100)
<-natural-><-forced-> Natural pole at =500 and

forced pole at s=-100
Hence fort>0 vo(t) = (~10-exp(—500-t) + 18-exp(—100-1)) Y

10-24 By current division the current through 5 kQ resistor is

7

10000 + -& 32.10° 3
S A
Io(s) = -
107 s + 1000
10000 + — + 10000
S
16.10°°
§) = —————  Vo(s) = 5000-Ip(s) = ————
106 = 7 500) ot®) 10 = T500)
forced pole canceled--no forced pole  <-natural-> Natural pole at s=-500

Hence fort>0 vo(t) = (8-exp(-500-1)) V
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10-25 (a) The Thevenin equivalent is

.C.
ZT=R+—L=-—-—————R s+l and
Cs Cs
1 Vo
V= —-1Is(s) + —
= s(s) N
(b) For is(t) = Tz-u(t) I(1)
1 Ia Vp
e e
) = VT _ Cs s s
R+7Z7 R+ RCs+1
Cs
Ia Vo-C
I(s) =

+
(2RCs+1)s 2.RCs+1
<---zero state-——> <-zero input->
10-26 (a) The Thevenin equivalentis
I _RCs+1

Zy=R+—
T Cs Cs

1 Vo
V= —Is() + —
C-s s

(b) For ig(t) = I-cos(B-t)
1 las Vo

. 2
o= v —Css2+ﬁ 3
R+Z7 ]{.LRCS+1
o Cs
Ia-s Vo C
I(s) = A + 0
2RCs+1

(2R-C-s + 1).(52 + ﬁ2)
<--—--zero state

> <-zero input->

10-27 Find the Thevenin resistance seen by the capacitor.
With an open-circuit at the interface then KVL requires
-Vx + Voc — gVx-Ry, = 0hence Voc = (1 + g-RL)-VX

With a short circuit at the interface then KCL requires

Vx 1+gRy C
— g Vx — — =0 hence = . Y R
Isc —&Vx Ry Isc RL X S I
o i Voc +
The Thevenin resistance is Rt = —— =Ry,
Isc Vg Vx
. . 1 6 -e BV
The circuit pole is to be located at —— = 10-10 T
R1-C M *
1 —11
hence C.=———and C=5x 10 F.

2000-10.10°
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10-28 Using superposition. With the current source off

FEAN
Vi) = Ls R VaB B-Val-s
1 . ——-—
-1l 2 2 2 2 R
R+(_1_+_1_) S+ P (s +B)-(R+2-L-s) , -
L's R " J)
with the voltage source off
v I gLR L v1(t) R
vz(s)-—LJr}_-S = R iaLs | Vasinpt] — | T
L.s R R
using superposition V(s) = Vi(s) + V2(s) - o
o) B-VaL-s IgL-R +
V= " . L < R(A) 1t
(s2 + 132)~(R + 2.L-s) R 2ls \_,_2( ) Bu( )
Natural pole at s = -R/2L and forced poles s = * jj. , ! <

10-29 Z(s)= 1000.(S ki 2000) v =10w(t) V(9= o
S S
19
_V(s) _ s 102

. — 2
- - = =10 “-exp(-2000-t)-u(t) A
o LooO(H 2000)] <2000 @ exp(~2000-1)-u(®)

S

10-30  The Thevenin equivalent to the left of the shuntR is

Zy= =
T co. L RCs+l a4
‘ R
11
i s 'A'A" 3
R R-C-s-V1(s) 1 _.L
V1= -Vi(s) = —————o .
R+ — —
8 - 0
Using this Thevenin in a voltage divider yields
1y 1 RCsVi(s) R
— T o . et e e .
Cs Cs RCs+1 R.C.s+1
Va(s) = = = . V1i()
— +R+Z7 —+R4+—m [(R-C-s) +3-R'C»s+l]
C‘S C'S R'C'S+ 1 {C‘S'(R'C"S“‘l)]
R.Cs
Va(s) = . V1i(s)
(R-Cs) +3RCs+1

176




10-31 (a) mesh-current egs.

Ls+ Ry R IA(S) (V}(S))
R; Ry+Rp+ -—Clg In(s) 0 L y

— Y N——AN—1—>0

(b) J&'z(‘:)+
(R1 + RZ).L.C,SZ + (L + R]'R2'C)'S + Ry "2 (t)@) H1 ; Va(t)

_ C
Als) = C-s T

AR(s) = Ry-Vi(s) ’ °

R1-C-s:Vy(s)

I(s) =1g(®) = .
(R1 +Ro)L-Cs” + (L + R-Rp:-C)s + Ry

(€) Ry:=2000  Ry:=2000  L:=025 C:=250.10"° vy(t) = 10-u(t)
(Ri +Ro)LC=25x10 " L+R:RpC=125 RpC=5x10 " Rj-CsVs(s)=510""

-3
5-10 20 20
12(5) = = =

2510 1

41255 +2000 s +5000-s + 8100 (s + 2500)° + (1323)°

in(t) = 1;23 oxp(~2500-)-sin(13231) = 15.1-10" >-(exp(~2500-1)-sin(1323-H))x

10-32

{a) node-voltage eqgs.

1 1 1 -1
—+ — + = o Vi
Ri Ry Ls Ry [V A(s)) —
. = -8
-1 1 A%
-1 1 ¢ B(S) C-Vo
Ry Ry
(b)
" (Ry +R2)L-Cs* + Ls + R} Ry-Cos + Ry
g) =
Ryi-R2-(L-s)
(Ri + R2)-L~C-VQ-S + R1-Ro-C- Vg + R1-Vy
Ag(s) =
Ri-RpL-s
AR (R1 + R2)~L~C-V0-S +R1-R2-C-Vg+ RV

(R) + R} L-C-” +L-s + Rj-Rp:C-s + Ry
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10-32 Continued

©) Ri=50 Rp=50 L=1251070 €:=210° w(®=0 Vo:=10
Ry +R)LC=25x 107 L+R;RpC=625x10 >  RpC=1x10""
(Ry +Ro)L-C:Vo=25x10"°  Ry-Rp-C-Vg = 0.05
Vo) = 25.10" %5+ 0.05 _10(s+20000)  _  10(s + 20000)
25107 6 4+ 62510 S5+ 50  s°+25000-s+2.10° (s + 12500)° + 6614
Vats) = 10-(s + 20000) L G561 (5+567d)

2.|(5 - 5.67-i)| = 15.119 57.296.arg((5 — 5.67-i)) = —48.593
va(t) = 15.119-exp(»~12500-t)-cos(6614-t - 48.593o)~u(t)
va(t) = (10-exp(~12500-t)-cos(66 14-t) + 11.34-exp(~12500-1)-sin(6614-t))-u(V

10-33

(a) node-voltage egs.

1
— +C1s+Cyps  -Cos

(s + 12500 — j-6614)-(s + 12500 + j-6614) (s + 12500 — 6614-i) (s + 12500 + 6614-i)

Ry (VA(S)) _ [Cl-S-V1) 1/Cys 1/Cys
: = I - I1 -
Cys 1 cys | VB 0 1l 1l °
R Jizts)
(b) V(s R, R, Va(®)
ro = Ry Ry-Cp-Cos” + (Ry-Cp + Ry-Ca + RaC)s + 1 z
Ri-Ra

2
AB(s) = C1-C2-s-Vi(s)

2
A Ry-Ry-Cy-Cys”-V
Vo) = Vi = 29 o 1'R2-Cy-Co:s™-V1(9)

A(s) RI-R2~C]-C2-SZ + (RI'CI +Ry-Co + R2~C2)~S +1

9

4 _ _
(€} Ry:=10 Rp:=2.10" Cy:=200-10 o= 1001077 Vy(s) = 22
S

Rj-RpCp-Ca=4x100°  Ry.Cp+Ry-Ca+RpCo=5x 10"
-5
Vo(s) = 410 "-s _ 10-s - 40 10
(4- 10705 1510 Cs 4 1) & + 12505+ 250000 3"+ 10001 [3-(s+250))
40 10 40
va(t) = (-;exp(—lO(}O-t) - —3»~exp(—250-t))-u(t) v 5 = 13333 —1-39 ~ 3333
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10-34

{a) mesh-current egs.

1
Ry + — Ry
Cys [IA(S)] [Vl}
1 =
Ry Ry +Ry+ 1 Us® 0
Cos
{b)

© Ry Ry-Cp-Cos” + (Ry-Cp + Ry-Co + Ro-Co)s + 1
A(s) =

C1-Co S2
AB(s) = Ry-Vi(s)

ABG) _ (Recr-e25) Vi

L(s) = Ip(s) = A 5
© Rj-Ry-Cy1-Cos + (Rl-Cl +Ry-Co+ Rz-Cz)'S +1

— 2 -
© g =10 Ry=125100  ¢p=6.10"° Coi= 210 5 Vi =
R1-C1-Co=4x 10 ? Ri-Ry-C1-Ca=5x 10 > R1-C1 + R1-Cp + Rp-Cy = 0.015
4107 %5 8107 16107°  g107°
IZ(S) = = = —
52 2 s + 200 s + 100

5.10 8" +0.015s+1 s + 3005 + 20000
irt) =10 3-(1.6-exp(—200-t) — 0.8-exp(~100-t))-u(t)A

10-35(a) Mesh-current egs.
-1

Ri + —_— Hz
Crs C1-s (IA(S)) _ (Vl(s)) AN
1 1 1 [lwe ) L o
1 1 |
Cis Ra+ Ci-s " Cys 2(3)
L———-o
(b)

1/013 1/(:23 +

R1R2C1C2S +{R1-C1 + Rp-Cor + R1-Cy S+1
As) = ( - ) /4 (8 )C ) 1, (8) Vals)
C1-Cos
Ry-C1-Cos+Cy +Co °
AAS) = Vi(s)

C1-Cys

o) = AA(S) , Vi(s) Ry-RyCp-Cos + (R1-C1 +Rp-Co +Ry-Co) s+ 1
A(8) & ——— s) = =
A(s) IA(s) (Rz-CyCzﬂs +Cy + Cz)-s
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10-35 Continued

(c)
1 1 R Ry-Cos+1
7(s) =R + =R; + =Ry +
(=) 1 ! Cos ! {:S~(C1~C2~S*R2 +Cy + Cg)]
Cys+ —— Cys + ———
Ry + L CasRp + 1
Cos
Vi) RiRpCp-Cas” + (Ry-Cp+RoCo+ Ry-Co)s + 1
Z(S) = — = 2 - QED
T3(s) Ry-C1-Cos + (CI + C2)~S
10-36 (a)
Node-voltage egs.
1
Cis+Cors+ — —Co-s Ci-sVi(s)
Rj Va(s)
I ‘(VU): LviE WV
B —Vv]
—CQ-S C2~S + - } \ 2 2 S
k G @ 1%\
——i-
+
T
(b) Vi (5)(-) R V2(®)
o [R1~R2-C1~C2-s2 +(Ry-Cp + Ra-Ca + Ry-Co)s + 1] | °
s) =

(RiRo)

[Rsz-CyCz-sz + (R1~C1 + Rl-C2)~S + 1]

Ap(s) = Vi(s
B(s) (R1~R2) 1(8)
AR(S) RRy-C1-Cps” + (Rp-Cp +Ry-Co)s + 1
Va(s) = Vi(s) = = > Vi(s)
A RIRyCp-Cos” + (R1-Cp + Rp-Co + Ro-Co)s + 1
Va

Ry =3000  Rp=2510°  C1:=8010 0  Cp:=2010 ° Vy(s)= ———
s + 2000

Ri-RpCy1-Cp=12x 10_7 R;-C1 +R1:C2 +RpCr=8x 10_4 R;-C1+R1-Car=3x10 4

121077

S+310 %41 VA (s+1250° + 26022 [ Va
Va(s) = =

190" T2 4 810~ g1 S+2000  (s+ 1667)-(s+5000) {5+ 2000

Complex zeros at s =-1250 + j2602 and natural poles at s =-1667 and s = -5000
Forced pole at s = -2000
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10-37 Node-voltage egs.

1 1 1

— 4+ — + Cy-s —Co-5 — — Vi(s)
R; Ry Ry (VA(S))
S Ly WO 100
Rk I
A®) R1~R2-C1-C2-82 + ((Rl-Cl + Rz-Cl))-s +1 Rg H2
§) =
Ri-Ry N
1/Cis +
Vi(s) Vi(s) Vid
AB(s) = 2(8)
Ri-Ra -
0
AB(s) Vi(s)
Vp(s) = = 2
AG) [RI-RQ‘Cng-S +((R1-C1 +Ra:Cr))s + 1]
1 R1-C1 + Rp-C
0g= ——— 2.6 -R _RiCp+ Ry
RCq- —=R;-C; +RyCy E B —
KR TG o RRGGG
= Cy+C C
Ri=Rp=R 1771 _ =1 =1 R:= 10100 wg:=1000 :=0.5
JC}-CQ G R-C2:C
Co = 1_____ ~7 2 —~ 8
2= (Rgog) C2=2x10 C=0-C C€1=5x10
10-38 The OP AMP requires Vg(s) = 0 since _
the noninverting input is grounded.
Wiriting node eas. at A and B C, R,
1 1 Vi R,
— 4+ — + Cj-s+ Cos|-VoA-Cys Vo= — @
R; Ry Ry I
psVa-~C =g 2 +
2- . A | ——
R3 V.‘ (t) HZ Vz(t)
P

For R4 =R2=R3=R, and C4 =CZ=C
the circuit determinant is

2 2 2
AGS) = G{_ . zc«)(-il—) ~ (Cz_sz) _ 2+2RCs+RCs" _ RCs+ 1) +1

R’ R’

The natural poles are at RCs =-1 +j1. To place the poles ats =-1000 + j1000, let
RC = 1/1000 and select R = 10 kQ) then C = 100 nF.
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10-39 (a) Writing node equations at A & B

n-VB
(% + 2‘C~S)-VA— C.s.Vp - T =Cs V) C C R
I
il @ 0 +

—C-s:Va+ (—-l- + C's)oVB =0 @ +
3
. V4 (ﬂ(f) Vy (t)§ R <-> V(D
Hence - Wx(t)
2 © -
AG) = (l +2-c-s}(—l— . C-s) ~ (C-s)-(C-s+ g) _RCY+ (3- p-RCs) +1
R R R R2

{b) Poles at s = +j5000 require p = 3 and RC = 1/5000. Let R = 10 k(), then C =20 nF
10-40 (a) Wiriting node equations at A& B

1 Vi
— 4+ Cy1-s+Ca5|-VA— Cos V- CysVg=— I
(RI‘*‘ s+ 25] A 2'8-VB 1-8-VC R g
Ry 1
1 Ve & 11 ® AN\ © o +
—CysVpa+|— +Cos| VR——=0 " +
Ro Ry C, Ry
vy () vy (D) <;> va ()
)
- o -

The dependent source requires Vg = —pu-Vp
Hence the determinant is

1 1 B
A)=|—+C1s+Cos|-| — +Cas+— | - (-Cys5){-Cos+ Cy-s
) (RI 1 2}(1{2 2 Rz) ( 2)( 2 1 u)

(1 +1)-Ry-Rp-Cq-Cos” + [(1+ 1)-(Ri-Cy + Ry-C) + Ry Cp] s+ (n + 1)

A(s) =
() R R,
2 Rp-Cp
R1-R3-C1-Cys” + | R1-Cy + Ry-Co + s+ 1
AGs) = p+1

Ri-Ry

(b) For Ry := 10", Ry:=2-10", C;:=10"%, Cy:=C;,and p:=5

the poles are located at
1

Ry-Cy 5833 x 10° — 3.997j x 10°
polyroots| | R1-C1 + R1-Co + " =
ot 5833 x 10° + 3.997j x 10°
Ri-Rp-C1-Co
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10-41 (a) - 500 - -25 25 25 (100 204

i=1,2.2 p,:=-100 p,:=20 z, =0
1 2 1

\ N/ ]
Im .
(%f 50 100 -50 I@ 7~ 50

i NS I
XX
Re(pi)
{b) 1 100 Vels) s+ 100 5 20-t
T = = = \V/ = .V, = ) = 5. V
VO R Ce T e 100 Vs SO T Ve = TTg =S

(c) The circuit is stable. Right half plane pole in V. comes from the unbounded input.

100
10-42 (a) The unknown impedance must be
Z,(s)
Z,(s)
Zas)y=Z1(s) - 10= 20.(s +05) - 10= 10s = ! <-—(b) Z,(s) is a 10 Q resistor in parallel
s+l s+10 i+—1~ with a 1 H inductor

10 s
10-43 (a)

Ig=-B-Ix = —-p-(Is - I)

hence Ip= ——Em-IA

(b) Pt

Mesh A:

(Ry + L-s)ly ~ L-sIg -~ Ry-Ic = Vg

Mesh C: —R}IA — R2.IB + (RI + R2 + _.Cl_jlc

S

Using the result in (a) to eliminate Ig

Mesh A: (Rl .

Mesh C: {R; P .Rz)-IA + (Rl +Ry+ —L)Ic
B-1 Cs
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10-44 Fort <0 the swis in position A and a dc steady-state exists, the inductor acts like a short
10 1000

-3
and the capacitor an open, hence ij(0) = ———— =5.10 "A vo(0) = ———.10=5 V
P P L) 1000 + 1000 c® 1000 + 1000
The s domain circuit is shown below
Writing two node-voltage equations in matrix form
1 1 1 -1 _3 -3
+ + — 5.10 5.10
1000 2000 s+ 1000 2000 VA®) -
. Va®) =] s+2000 s+ 1000
-1 1 —9 B(s
—_— — +50-10 "5 — 8
2000 2000 25-10
Solving for Vg(s) A = 3.5 + 25000.5 + 40000000 p = ) (3.2 + 11000-5 - 10000000)
— B — .
4.1010.(S +1000) g.10°  [(s+1000)-(s +2000)]

1 (3«52 + 11000-s — 10000000)
[(s + 1000)-(s + 2000)]

Ve = 229 8.10° 5.(3.52 + 11000-s - 10000000)
c(s) = = ]
2
A 3-5+25000-5+40000000 [(3~s2 + 25000-5 + 40000000)-(s + 2000)]
4-10". (5+1000)
s (3.4 110005 10000000) ~50 5137 3.624
Vels) = — =

= + +
3 (s +2000)-(s + 2159.734)-(s + 6173.6) s+2000 s+2159.7 s+ 61736
ve(t) = (=50-exp(~2000-1) + 51.37-exp(~2159.7-1) + 3.624-exp(—6173.6-1))-uV)

10-45 The circuit is transformed to the s-domain below

V(s " V(s

1 i
10 kQ 5x10%
(‘l‘) 10/s , Vg(s)
= 107/ 107s 25kQ
Py )
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10-45 Continue Writing two node equations at A and B:
-3
- - — 0
A (10743107 78 va - (2107 ) v = 20—
s

_7 1 7
B: 210 s VA+|——+3.10 s|.Vg=0
A (2500 ) B

Solving for the voltage at Node B

a=(1074 4310 7.s).(§7510—0 +3.107 7.5) (2107 7-5)2

Ae s> + 3000-5 + 800000

- and Ap(s) = 210" °
2.10
AB 4000 4000 1.661 1.661
Vo(s)=Vp=—= = =

2 1 3000.6 5 800000 S+ 2958)-(s+2704)  s+2958 5+ 2704

( ~2958.t - 27044)
[+ -

and hence vg(t) = 1.661- wt)V
1 10 1 i1,1(0) 1
10-46 Fort<Oswisopenand Ly-i11(0) = ——— = —and Lj-i12(0) = 2-1¢- =
P PO = 28 T 500 2i2(0) = 24— = s

500 17600 go5g 1/800 g5 ¢

(9
() 10 @

1
Mesh A: (1000 + 0.25-s)-1p — 500-1g = 10 + —— Mesh B: —500-14 + (1000 + 0.5-s)-Ig = L
s 600 600
AB(s)
solving for In(s) = Ip(s) = ———
A(s)

A(s) = (1000 + 0.25-5)-(1000 + 0.5-5) — 500° = 750000 + 750-s + 1255

(s + 1268)-(s + 4732)
8

2
ABG) = (1000 + 025.5) | —— | + 500 22 4 L =5 % 6000-s + 12000000
600 2400-s

S

AB 1 +6000-s+ 12000000 _ 666610 > 4553.10°° 12210 °
o9 =lg= — = —- = -

= +
300 s-(s+ 1268)-(s + 4732) s s+ 1268 s+4732
Hence for t> 0 io(t) = (6.666 — 4.553-exp(~1268-t) + 1.22-exp(—4732-1)) mA
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10-47 (a) Writing two node equations R, Vis) 1/Cs Vi(s)

1 1 Vs
Node A: | — + — + C.s|- V5~ Cs V= —
(Rl Ls ) A BT R —

-+
Node B: C-s:Vp + (il; + C-s)-VB =0 (+>VS (S)LS Rz ? \-/_O(S)

. AR(s)
Solving for Vo(s) = Vp(s) = ——
A(s) =
2
1 1 1 R; + Ry)-L-Cs” + (L + R;-Rp-C)-s + Ry
Ag)=|—+—+Cs|| —+Cs —(C-s)2=( ) ( )
Ry Ls Ry Ri-RyL-s
2
C-s-Vg(s) AB Ro-L-C-s
AB(s) = R ; Vo(o) = — = 2 -Vs(s)
! A ) Ry +Rp)L-Cs* + (L + Ry Rp-C)-s + Ry
2 4
0.5-s 10 5000
(b) vo(t) = > . -.»--2-—- = > .
(s + 10000-s + 5-10 ) § (s+ 5000)" + 5000

hence fort>0 vo(t) = exp(~5000-1)-sin(5000-t) V

10-48 (a) Writina two node equations
Vs

Node A: (—1— + C1~s}VA = —
Ry Ry

2
solving the Node A eguation

Vi) =Va=

1
Node B: -C-5-VA + (E— + CZ'SJ'VB =0

—_— | Vg
Ri-Cis+1

Using this in the Node B equation
Ro-Cy-s Ry-Cop-s
-Vs(s)

—
—

Ry-Co-s + VA (Ri-Crs + 1)-(Rp-Cps + 1)

Va(s) = VB(s) =

1
poles are at s = ————— = 2000 and s = —

= -1000
R1-Cy Ry-Cy
{(b) Vi(s) = VA(s) = ! )10 olesats=0and s = — ! = 2000
! A R1-Cys+1) s P R;-Cy
Rp-Cos 10 10-R2-Co
(c) Va(s) = —=
(Ri-Crs+1)-(RpCos+1) | s (R-Cps+ 1)-(RpCps+1)

Forced pole at s = 0 is cancelled by a natural zero;
Both natural poles at s =-1000 and s = -2000 are present in V,(s).
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10-49 Wiriting two mesh equations

-8

1 1 R Ls Ls
Mesh B: — —6’" A+ R+L-S+~C——' Ig=0

. .
Vs) _*:) @ 1/Cs == (15(s) §Vg(3)

For L = R2C/8 the circuit determinant is

2
2 2 2 2
As) = R+L.S+_l._ (L) - R+R'C.S+_L (L
Cs Cs 8 Cs Cs

R
64.C-s
hence there is a simple pole at s = -8/RC and a double pole at s =-4/RC. QED

1 1
MeshA: [ R+Ls+—|Ip-|— | Ig=V
( C)A (C-s)B 5

Als) = [Re9?+ 16@® 9% + 80-RC5) + 128] = Z.—I—{C:-[(RC-S i ®ess 2]

10-50

The KCL equation at the inverting input: ——-N——T + [Cl-s + %)-(VN - Vo) +IN=0
Ry + (Cz-s)‘ 1
The OP AMP |-V relations require Vp = Viy = Vs ; Iy = 0 Hence the KCL equation becomes

Co-s Ry-Cys+1 Ri-Cys+1
+ Vg — | ——— |-Vo = 0 solving for V yields
Ry Cyos+1 Ry Ry o}

Rj-Ry-Ci-Cos + (Ry-Cp +RyCp + Ry-Ca)s + 1
Vo(s) =

-V
(R;-Crs + 1)-(Ra-Cos + 1) } s, To produce the stated

1 1
oles requires R1-C;1 = —and Ry-Cry = ——,
P a 7 %0 2527 T000

Let Ry =Ry = 10 then €, =0.5.10° % ¢, =0.1.107°
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10-51 With an open-ckt:: vy(t) = (9-e

With a 50-Q) load:

~10-t

3-(s + 100)

- 40.t)
(s + 10)-(s + 40)

wt); V(o) =

w = (50710 s v
VL(t) 1 { -10t —40t 3
— —_ n(t A; I} = —
O === (e ¢ ) w0 AL = oG s 40
3.(5+100)
V. .
(s = o ence Z7(s) = Vodls) _s50= SHOGHD 564 s0
Z1 + 50 I(s) 3

10-52 for oy <10 and 1> > 0.5

the aliowable region in the s-plane
falls within the heavy curves

A=+ (2+5K)s + 9Ky

<-2lw > <o 02->

JIK2 <10 Kp<1l1

2+ 5Ky
2+5K1=2Lwyg (=——
2+ 5K
1> ——>05
200

200

Hence 5 ®0 -2

> K>

Where ogis <10

10-53 (a) By voltage division

1
— +Cy-s
Ry

e+ C1-8 + | = + Co-s
Ry (Rz 2)

Rl. Cl' s+1

Vo(s) = -Vs(s)

Ry

Vo(s) = -Vs(s)

R1-Cys+1 RpCos+1
+
Ry R

(b)if Ry=Rp=R and (=

hence letR, =

i

= C then

(s+10)-(s+40)

— 10 _ 2
0:=-10,299.0 5(5) = \/100—01, if ~10< o <-5

—\/§~(X, if S<a

Allowable s-plane Region
101

Bla)
- B(a) I }

-—10.—._

Tost\pon R

Probe

Vo(s) = 0.5-Vs(s)
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10-54 Transforming the pulse vp(t) := 500- (e" 2000t _ - 80000- t) into the s domain yields

39000000 _ 39000000 _ 0.244

(s+2000)-(s + 80000) (2 gr000 <1 16.108) 625107 + 512510 s+ 1

Writing two node voltage equations

Vol(s) =

1
Cy-s+ Cos+ —I{‘ —Cn-s VO

V, )1 IC8Vy (s)

1 [VAJ _
—Ca-s Cos + —1i1—2~ VB
1/Cs Q(S)
Solving for Vo(s) = Vg

(Cls R;C2R2+CISR1+CQSR1+CQSR2+I> VE
A(s) = Ap(s) =
(R1-Ry) Ry
AB(s) Rp-C2-Vo
Vo(s) = =
A(s)

Rl-R2~C1-C2-52 + (R]-C1 +Rp-Cp + R1~C2)-s +1

Comparing this result to the required transform

Vols) = 5 0244 yields the foliowing design constraints:
625107 s> + 5.125.107 "5 + 1

Ry-Cp-Vp=0244 ; Ry-Rp-C1-C3=62510 ? ; Ri-Ci+RypCr+Ry1-Co= 5.125510%4
Defining x; = R1-Cy; xp = Rp-Co; x12 = Ry-C2 leads to the following constraints

xp-Vp = 0244 x3-xp = 6.25.10° o X] + X + X2 = 5.125.10° 4 Let Vg:=1000

-9
0.244 6.25.10 _
o= 22 B0 st o -
Vo X2

x| =2561x 10> xo=244x 107+ x;p=2429x 10"

X1 X X
Let Ry = 104 Cyi=— CH:= ——1—2 Ry:= —2
Ry Ry Cy

4 —~9 ~ 8 4 3

Ri=1x10 C1=2561x10 Cy=2429x% 10 Ry=1005x 10" Vg=1x10

Many other solutions are possible
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10-55 For a 50 Q load the impedance seen by the source is:

2 4 9

_ 10%s + 10

7()=10 25+ —— 4+ 504+ 50= S0 S+ 10
100-s

10 s

The current delivered to the load is
1 100-Vp
=

Ls 1/Cs

S2 + 1()4~s + 109

For which g = \} l()9 Tog=3.162 x 104

4
and C::—l—g—- ; £=0.158

2-mg

The converter meet the specification requirements of og> 104 and < 0.5 for a 50-Q2 load.
For a 600-Q) load the impedance seen by the source is:

2 9
Z(s) = 10 2-s + 1 + 50 + 600 = s + 65000-s + 10
100-s

107 s

65000
For which 0g=y10°; ¢ = 250 yielding g = 3.162 x 10" and ¢ = 1.028
.mo

The converter does not meet the requirements of o> 104 and £ < 0.5 for a 600-Q) load.
It can be brought into compliance by changing the inductance from 100 mH to 50 mH.
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CHAPTER 11, Both Versions
1

111 (a) Z(s) = - 1, Iy
- —- g
R1+—1—— -!-(L~S-l—]?{2)n]L o t i ! O
C-s + L 4
(L-s+Ro)-(Ry-C-s + 1) R,
== Vi R V2
LCs"+ Ry +Rp)-Cs+ 1 c 2
. R - l -
By voltage division: Ty(s) = ——— o - < Q

L-s+ Ry

(b) R;1:=300 Ry:=Ry

L:=005 C:=4.10"°

1

4

cll_[-1157x 10" | g,

polyroots| | (R1 +R2)-C || = ( w236 ) 2 _6x10°0 L _g33333
L L.C . R;-C

Z(s) has zeros at s = -R,/L = -6000 & s = -1/R,C =-833 and poles at about s =-432.2 and -11570
T\(s) has a pole ats = -R,/L =-6000

1-2 (a) Z(s) = !

-1
1 -1
(Rj + *(—::) + {L'S + Rz)

249 = (Ls +Ra)(Ry-Cs + 1)

LCs + (Ra+Ry)-Cos+ 1

By voltage division

R
V2 = VIO T = 0 20)

Va(s) =

[ (Ls+Ry)(Ry-Cs+1 R:
(Ls+R)RiCs+l) Ro }ms)
Ls+Rp

L-Cs” + (Ro + Ry)-Cos+ 1

Ry-(Ry-C-s+ 1)
Vo(s) = . -Ij(s) hence Ty(s) =
L-Cs™ + Ry +Ry)Cs+1

Rg-(R}-C-S—%— l)

LCs + Ry +Ry)Cs + 1

(b) R;=1000 Ry:=R; L:=01 C:=5010 "

1 4 4
| -1x 10 —1x 10
. - R
polyroots (Rl * Rz) Cli= 4 4 2. 1x 10° LI 2 x 104
L-C -1x10 +ix 10 L Ry-C
Z(s) has zeros ats = -R /L =-10000 & s =-1/R,C = -20000 and poles at s = -10000+j10000

T,(s) has the same poles as Z(s) & has zeros at s = -20000 and infinity.
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113@ Z(s) =Ry +

1 1
IR D1y o2
R;i +Ryo)-Li-s+Rj-R
s o LR R s 4 Ri R AL BAde

+
(L1s+Rp) 1 Hz
Vi Ly % Lo % Vo

By current division:

— l.s — ——
I(s) = —— . o O
o(s) List R, 1(s)

I(s) b(s) Li(s) bs) 1
TY(S) = = . = .

Vi® (L) Vis) ) Li(s) Z(s)

-Li-s Lis+ Ry -Li-s

Ty(s) =

Li-s+Ry (Ry +Ro)Lys+RjRy - (R1 +Rp)Lys + Ry-Ry

(b) Ri=100 Rp:=50 L;:=0.75 Ry
polyroots L = —-66.667

1

Ivroot RiRy 44444 Z(s) has a zero at s = -44 .4 and a pole ats = -66.7
PORyToots LIA(RI + Rz) T Ty(s) hasazeroats=0and apole ats=-44.4

114 (@) Z(s)=R; +

[RiRz+ (Ry + Rz)-Ll-s]

U= (R2 + Ll'S)

By current division:

—Lis

I(s) = ————Ii(s
2(s) Tist R 1()

I(s) L
L(s) Lis+Ry

Hence Ti(s) =

(®) Ry:=500 Ry:=2000L;:=04

R 3 RiRp 3
polyroots =-5x 10 polyroots =-1x10
14 (Rl + Rg)-Ll

Z(s) has a zero at s =-1000 and a pole at s = -5000.
Tz(s) has a zero at s = 0 and a pole at s = -5000.
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11-5 Writing node-voltage equations

Cis+Cos+ L —Co-s Cys-Vy a'A'AY .
Ry Va R >
s cpes L WVB) T oV =
Rp +
c, | c,

Ol

Ri-Rp

Cis+Cos+ L C}-S\ 2
Ry (Cl'sRl +CosRy + 1 +Ry-Rp-Cy-Cys )
Ap = det- V= Vi(s)
1 (R1~R2)

.__C .S —
R

Vr(s) A 1 RIvRQ-C1~C2~S2 + (R;~C1 + R]-Cz)-s +1

Ty(s) = =
Vi 4 Vi9 RjRp-Cp-Cos” + (R1-C1 +Ry-Ca+RaC)s + 1

R;:=1000 Ry := 4000 C;=1510 ° Cp=05.10"°

( 1

polyroots| | R1-C1 +R1-C2 || = (
R1R2 C1-C

—333.333 - 471.4051
—333.333 + 471.4051

1
polyroots| | R1-C1 +Ry1-C2 + RaCa | | = .
Ry-Ry-C1-Co -3.333 x 10

1% 10°

Tv(s) has zeros ats = -333.3+j471,4 and poles ats =-333.3 and -1000
11-6 See circuitin 11-5 above
i _ (R1~SZ-C1~R2-C2 + Ry-s-Cp + Ry-5:Co + Ry-Cors + 1)
1 - [S-(CI-R2~C2-S +Cy + Cg)]
1
Cos

Z(s) =Ry +
Cis+
Ry +

3 3 —6 — 6
Ry:=10 Ry:=2.10 C1:=05-10 Cr:=0.25-10
Zeros Poles

1 0
3
~4x 10 3% 10°
polyroots| | R1-C1 + R2-C2 +Ry1-C2 | | = polyroots| | C1+C2 || = [ 3x 10 ]

3
R1-R2-C1-Co -1x 10 R2-C1-Co 0
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117 1

R+ )
Cs+R (C-sR +2) 400
sR + S+
Ty(s) = = =
R (CsR+1) s + 200
R=10" C=—r C=5x10"7
200.-R
11-8 R 200
Ti(s) = = I
R+R+Ls 400 +s 1
R .
22200 R:=100 R
L Lo o
200
L=05
100 Q Ls
206 = 1 _ 100-(s + 200)
1 s + 400
100~ 100 + 0.5-s
11-9 100 nF 100nF
T
e VAVAY, >
; LA AT
v, [ 10kQ [100 k@ | v,
st
1% Stage L il 2nd Stage
7 7
1 10 1 10
B ST 9= LT G100
107 s+ — 10 s 4 1 )
10* 10°
4 Zz  —1000 5 Z2 100
Z1s8)=100 Tyis)=—= Z1(s) = 107 Tun(s) = —— =
1 VI = T T 1000 1) V2= 00

Using the chain rule

Ty(s) = Tyi(9)-Tya(s) = (

-1000 )[ -100 ) Tv(s) has poles ats =-1000, s =-100 and a

s+ 1000 /L s+ 100) double zero atinfinity
11-10
4 1 (5000-C-s + 1) »:
7(s) = 10 + ———— = 20000. —————— 10 kQ
Csn 107 ? (10000-C-s + 1)
10kQ § 1 L
1 1 1 Cs
**So00c 4 C= =
S +
10000-C c=10°% f Z(s)
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11-11 By voltaae division: gkQ 05H
1000 2000.
Tv(s) = =

1000 + 0.5-5 + 9000 (s + 20000.) ¥

v, (1) 1kQ v(t)

-1 2000. — 20000-t
b =1 — | = (2000 .
=t [(54-20000.)] (2000 Juo

11-12 By voltage division:

5000 s+ 100
Tls) = - Es + 300;
5000 +
10 %s+107?
wy = L[ G 100] 1y 200
1 (s + 300) s + 300
B(t) = 5(t) — 200-¢ 00 ()

11-13 Using voltage division
1

2000+100-10_9-s
Tv(s) = I 3
1 +2000 + 400-10 -3
L 1001077
2000
) 50000000
25.10° 5% 10° - 5ix 10°

Ty(s) = polyroots 10000 =

(50000000 + 10000-s + 2) 5% 10° + 5ix 10°

25. Tv(s) 000000 1 5000) + 500

o = 10° 9= _ 1 250000 =_21__? (s + 5000) + 02

(s + 5000)° + 5000 S8 (5450000 + 50000 25 % (s+5000)% + 5000

11 1

gty = —2~ - —Z—-exp(—SOOO-t)~cos(5000-t) - ;exp(~5000-t)-sin(5000~t)

gt) = L2 + L exp(—5000-t)- COS(5000 t- —-5—)) u(t)

V2
11-14
1
34—5-10_9-3
10-10 -2000
v = 3 (20000
100-10 9)
Tv(s) -2 3\
G(s) = = 009 = ! - ! gty = ——!—-exp(—ZOOOO't) - L u(t)
s (20000 + s)-s  [10-(20000 + s)]  (10-5) 10 10
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11-15

1()4 + ——————-—-—1
L o107 %
5.10° (300 + s)
Tvs) = 4 " 200+
10
e = Ty = 809 100

(200 + s) s + 200
h(t) = 3(t) + [(100-exp(~200-1))-u(t)

1116 h(t) = 15-(exp(-10-t) — exp(-30-1))-u(t) H(s){ 15 15 } 300

G110) (5430 | [(s+ 10)(s + 30)]
HGs) _ 300 -3 1 1

s (G110 GT30ls [2GL10)] 126130 s

G(s) =

gty = (;23—~exp(—10~t) + —;—-exp(—30~t) + l)u(t)

Alternatively, operating in the time domain

t t
g(t) = j h(x) dx = J 15-(exp(~10-x) — exp(-30-x)) dx = (——;—-exp(—l()-t) + %~cxp(—30~t) + IJ
0 0

11-17 (a)
- -8 2000
= -2000-1)- T(s) = s- I — = = — =
8(0) = ~exp(2000-0-u() - 1) =L = oy HO =10 = o0 = 51 2000
h(t) =L 1-(H(s)) =L 1-(—1 4+ 2000 ) = —5(1) + 2000-exp(~2000-1)-u(t)
s + 2000
s 2000
(b) () = (1 — exp(-2000-t))-u(t) T(s) =sL(gt) = 1 - = H(s) = T(s)

s+2000 (s + 2000)

~1 ~1( 2000
h - 1 = - = . — 1Y,
®=L -((s)=L (S+ 2000) 2000-exp(~2000-t)-u(t)
~1000 T(s) ~1000
11-18 h(t) = —1000-exp(~2000-1)- = =" Gs)= =
(@ W exp( O-u(t)y  T(s) = L((t)) (5 + 2000) G(s) S S (s + 2000)
Gy = 22 0.5 g(t) = 0.5-(=1 + exp(=2000-1))-u(t)

+
s (s -+ 2000)
2000 _ s
(s +2000) (s + 2000)

(b) h(t) = 8(t) — 2000-exp(-2000-1)  T(s) = L(h(t)) = 1 +

_Iw 1

G -
=== 372000 &) = exp(-2000-t)-ut)

5000

11-19 Given  g(t) = (exp(—2000-1)-sin(5000-1))-u(t) G(s) =
(s + 2000)2 + 5000%]

5000-s

T(s) = s-G(s) = zeros at s = 0 and infinity, poles at s = -2000 + j5000.

(s + 2000 + 5000%]
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2
& 1 4005 + 40000 _ (s + 200)°

1120 Ks)=1 V(s)=L "(5(t) - 200-exp(~200-t)-sin(200.1)) = -
&+ 400-s + 80000 (s + 200)° + 200

2
2 =Y __ (+200 For v(t) = 5(t) we have I(s) = 1/Z(s)
© (542000 + 2007
5
400-s + 8000 000 ~1
gy = XS ; 01,2 ==L -((9) = 50 + (40000-t-exp(~200-0)-u(t)
s + 200 s + 200)”
( ) ( ) 50 O
-3 1
2510 s+ ————
20.10 -
Ty(s) = 0-10 1 s
50+ 2510 P4 ———— (f_) vy (1)
2010 %.s
2
(s + 2000000)
Tv(s) == 2
(2000.5 +5 + zoooooo) .
0
® =500 5-|Tylj-o)| = 4341 L.mg(TVG.@)) =-29745  wpgg(t) = 4.341-008(500-’[ - 29.745")
T
. 180 . [ o
o = 1000 10- | Ty(j-0)| = 4472 —arg(Ty(j-0)) = 63435 vass(t) = 4 472-003(1000-t ~ 63435
11-22 =
Ty(s) = s
(10 + ———g—} +5.10 s
50-10 s +
2 (—) Yi h
S
Ty(s) = 5
(2000-s + 4000000 + s )
. 180 , .
® =2000 10-|Ty(j-0)| = 10 —;—-arg(Tv(y-m)) =90 vass(t) = 10.cos|2000-t + 900)
. 180 , o
o :=4000 3.|Ty(j-0)| =3328 —arg(Ty(j-0)) = 3369 vogs(t) = 3_327.cos(4000.t +33.69 )
®
11-23
_Rl
ne) = ————
Ri+Ry+1Lss
" .
~100 WY 1) v 1l2(i)
Ti(s) ==
100 + 400 + 0.1-s
. 180 . : \
o = 50005 | Tij-0)| = 0.707 —arg(Ty(j-0)) = 135 irss(t) = 0.707.005(5000-t +135° mA

i

\
o0 =10" 10.|11(j-0)] = 0.894 10 are(Ty-0)) = 1166 igss() = 0.894.cosl 10" + 116.6"mA
i
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-L-s

Ti(s) = T 2
—+Cs+— RLCs +Ls+R
L-s
it
_9 -3 '1( ) <1> Y Tiz(t)
R:=1000 C:=500.10 ~ L:=2 RLC=1x10
() = ——— 2
10775 + 25 + 1000
©:=1000 5Ti(j-0)| =5 -1—§9~arg(TI(j-co)) = 180 irss(t) = 5~cos(10()0-t+ 1800) mA
i
. 180 . . 0
©=1000 10-|Tfj-0)| =10  — arg(Tij-0)) - 90=90 irss(t) = 10.003(1000-t + 90 ) mA
A
11-25
4
Ty(s) = 10 10
10 + 104 +
10-10" -
5000-s
T —
z() 5000
~3 180 . o
© = 5000 1010 7 |T7(j-0)| =35355 — arg(Tz(j-0)) = 45 vogs(l) = 35.4-cos(5000.t +45 )
¥
©:=2500 54673, |T/G-0)] = 1118 Es—owarg(TZ(im)) = 63435  wvogs(t) = 11.2.cos(2500-t + 63.4")
"
126 o 54200
+ 50
® =200 5.|T(j-0)| =686 180 e (1(-0)) = —30.964 o
: : o e : yss(t) = 6.86-005(200-t - 30.96 )
11-27 g(t) = exp(—1000-t)-u(t)
1
G(8) (= T(s) := s-Gi = 5. .
(s) T (s) == s-G(s) x(t) = 5-c0s(2000-1)
. 180 . o
5.|T(-2000)| = 4.472 —— arg(T(j-2000)) = 26.565 ygg(t) = 4.472~cos(2000-t + 26.565 )
n
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1 s—100 1
11-28 g(t) = 2.exp(—100-t) — 1 G(s) = - —= —  TG)=sG(s) T(s) =
g(t) = 2-exp( ) = 1G(s) 100 s s1100 s ©) (s) T(s
) { 2 2
5<]T(j-m)|=5-{{'m_i(0)2§ =s¥e *19 _5 qep
0 + 2
e Jm + 1007
800 s + 200
11-29 h(t) = —3(t) + 800-exp(-1000-t)-u(t) s then H(s) =| -1+ =
(0 = -8(1) oxp( )t v ®) ( s+ 1000) {s+ 1000)
T(s) = _s+200 x(t) = 3-cos(400-t — 90) AMP := 3. | T(j-400)| AMP = 1246
s + 1000
ANGLE = }§9~arg(T(i~400))—90 ANGLE = —228.366 or ANGLE = 131.634
i3
11-30 h(t) = 400- (exp(—100-1) — exp(-5000-t)) then
Hes = 400/ —1— _ 1_000) - 0490 __
. 5 s+ Ao+
T(s) = 400-4900 x(t) = 5-cos(700-1) AMP := 5. | T(j-700)|

(s + 100)-(s + 5000)

ANGLE := }E(l-arg(T(jJOO))
I

wx) = if(x<0,0,1)

11-31 h(t) := u(t) — u(t — 1)

t
y(t) = J h(t - ’E)~X(’t) dt
0
yty=0 t<1
v =t-1 1<t<2 ¥
yin=1 2 <t

11-32  W(t) := t-(u(t) — ut — 1))

Fort<1 y{H=0

t
Fort<t<2 y(t)=-[(t~——'c)d1;=

1

t t
For2<t y(t)=J (t.4)d¢=f

t-1

ANGLE = -89.84

<-—-Defines a step function

x(:=ut-1)
t=0,.1.3
1.5
1
0.5
0
0 1 2 3
t
x(:=u(t-1)

o0 = j Wt — 2)x(e) e
0

1 €-2t+1

s — 100
s + 100

AMP = 2.745

t t tZ
J 1dt~f tdr=t(t—-1) -

2 2

1 1

t
ldtwj 1dt =05
t-1 t-1
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11-32 Continued

wt)

11-33 h(t) := exp(-t)

y(t) = J h(t - 'c)-x(t) dr

0

11-34  1(t) := exp(-1)

y(®) = f h(t - ©)-x(z) de
0

11-35 (1) == exp(-5-1)

0.6
04 i /
0.2 /
0 0 0.5 1 15 2 2.5 3
t
x() =u(t- 1) Y =0 t<1
t=0,1.5

x(t) := exp(-t)

t:=0,0.1..5

x(0) =t

vy =1-exp[~(t— 1] 1<t

1

y() =0 t<0

y(t) = t-exp(-t) 0<t

04

Wt 02 : \

t
Y(‘);Lh(t“)'x(‘)d‘ £20,01.5 yBH=0 (<0

//

t
-1 1 1 0<
5.4t — qdt = — —t o 5.4 -
Lexp[ ( 'c)]'c T s + e + 55 exp( )

200

t




1136 H(s) = -——1——5— x(t) = t-u(t)
s+

1
SZ~(s+5)

i1 1t
y(t) = L(E)-exp(—S-t) - E + g]u(t)

Y(s) =

1 s
11-37 =5 = , = Fo(s) = —
F(s) i DG F1()-Fa(s) Fi(s) 1 2(s) s
£(H) = exp(-1) f2(t) = 3(1) — 2-exp(-2-1)

f(t) = £, L) = f,(D*3() - f,(t)*2exp(-2t) = ;1) - exp(-t)*2exp(-2t)

t
f(t) = exp(-t) - [ exp[—(t - ’[)]~2~8Xp(—2-12) dt
0

t
—J exp[——(t - 'c)]-2~exp(—2~"c) dr = 2.exp(-2-t) — 2-exp(-t)  f(t) = —exp(~t) + 2-exp(-2-1)
0

s _ -1 . 2
(s+D(s+2) s+1 s+2

Checking F(s) = f(t) = —exp(—t) + 2-exp(-2-t)

t
11-38 () = u(t) y(t) = f u(t - ’t)-X(’C) dr
0

The integration on t is on the range from 0 to . On this range u(f - ©) = 1, hence the
integration reduces to

t
y(t) = f x(t) de QED
0

t t
11-39  x(0) = u(t) y(t) = J h(t - ’C)-u('t) dr = j u(t - t)~h(1) dz
0 0

The integration on 1 is on the range from 0 to £. On this range u(t - ©) = 1, hence the
integration reduces to

f
y(t) = JO h(x) de QED
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11-40 hi(t) = exp(-2-1) hy(t) = 4-exp(—4-t)  h(t) = h,@)*hy(d)

{

W) = J exp[—2-(t — ©)]-4-exp(-4-17) dr = 2-exp(-2-1) — 2-exp(-4-1)
0

1 4 _ 2 2

. = - h(t) = 2-exp(-2-1) — 2-exp(—4-t
s+2 s+4 s+2 s+4 S o ) p( )

Checking H(s) =

(1Y 1000

11-41 h(t) = 1000-(exp(~1000-1)) then H(s) = T(s) = 1000 (H 1000) T

5 5000 5 1 ]
() = Stult) X = Y(s)=T(e)X(9 = —) =2 _ +

2 Zorio0 & @09 2006+ 1000)]

v=lst - 2Ll - exn(—1000-00 |-
¥(t) [sw ——(1 - exp(-1000 t))] u(t)
11-42 g0 = 0.5.(1 — exp(~100-0) then T(s) = 5-G(s) = 5.0.5. + = —— | = —22
# ' P T s s+100) (s+ 100)
50 0.5 0.5

X0 = exp((200)-u(®) - X(s) === YO = 18X = 5+ 200) - s+ 100) (s 200)

v(t) = 0.5-(exp(—100-t) — exp(—200-1))-u(t)

11-43 g(t) == 20.[ t-u(t) — (t - 5)u(t — 5)] t:=0,.1.10 h(t) = g;g(t) h(t) = 20-(u(t) ~ u(t — 5))

150

-g_(:)_ 100 S

h(t) /

=== 50

O L Y
0 2 4 6 8 10
t
1144 T(9) = Hs) = 22290 (1) = 5.(exp(-10000) u())  X(9) = ——  Y(s) = 5200
s+ 1000 s + 1000 2
(s + 1000)
Y=—0 O y(©) = [(5000-t + 5)-exp(~1000-0)] -u(t)
s+ 10002 (5+1000)

11-45 h(t) = u(t) — u(t — 10) T(s) = H(s) = (—1- - EP_(:lQ'_SZ) =L - expc109)  x() = (o)
S S S

X =+ Y= (1 - exp(~10-5)) L"I(-l-z-)n.u(t) y(1) = t-u(t) — (t - 10)-u(t — 10)
s
S

wt\)l,_.
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1146 x() = tu(t) y(t) = exp(-100-t)-u(t) X(s) = % Y(s) =

. s + 100
2
Y(s) s T(s) S 100
= e = = =1 - = — 100- ~100-
1) X(s) s+ 100 G S s + 100 ! s + 100 80 = 3(t) — 100-exp(-100-1)
d .. _d - d
=y(t) = —exp(~100-t)-u(t) = —100-exp(—100-t)-u(t) + exp(~100-t)-—u(t)
dt dt dt
d —_—— . —_ -t — .t} — i} -
ay(t) = —100-exp(—100-t)-u(t) + exp(—100-t)-3(t) but  exp(-100-1)-5(t) = 5(t) hence % YO = a(t)
11-47 = = ) = — R =
H(s) = T(s) 500 y(t) = exp(=100-t)  Y(s) 0

X(S)=Y(s)= 1 s+200)_ s+200 _2 1

T(s) \s+100 s s(s+100) s (s+100) hence X(1) = 2 — exp(-100-1)

11-48 h(t) = 200-u(t) + 3(t) H(s) = T(s) = 200 g2 52200
S

x(t) = exp(—200-t)-u(t)
s

1
== y®O=u®
8

X(s) =

Y() = T(s) X(s) = [s +200 1 )

s+ 200 s + 200

1149 g(t) = 10-exp(-1000-1)-sin(2000-)-u(t) T(s) = s G(s) = 20000-s

(s+ 100())2 + 4000000
If x(t) = 10-c0s(2000-t) then ygg(t) = AMP-cos(2000-t + PHASE) where

0000-j-200
AMP = 10. 20000-j-2000 AMP = 97.014
(-2000 + 1000)° + 4000000
180 20000-j-2000
PHASE = — .ar J 200 PHASE = 14.036
n (2000 + 1000)” + 4000000

11-50 h(t) = 5(t — 0.002) H(s) = T(s) = exp(-0.002-s) x(t) = 10-exp(~1000-t)-u(t)

X = _—!9—_ Y(s) = T(s)-X(s) = w

s + 1000 s + 1000
y(t) = 10-] exp[-1000-(t — 0.002)] ]-u(t — 0.002)
100000 -100 -1000
11-51 Ty(s) = = Ti(s)-Ta(s) = Use a two-stage design
(s + 200)-(s + 2500) s + 200 J\ s + 2500
1
-100 Y1 Rj
T = = =
$s+200 Y, 1
— + Cop's
Ro
km k
kp=10" Rj=—= Ry (=L
100 200 km

Ri=1x10° Ry=5x10" Cy=1x10""
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11-51 Continued

1 C,
1000 _ Y1 Ry
Ta(s) = = = ‘———
s+2500 Yo o 1.
Ry 2 R1 HZ
k k 1 +
Km = 108 Ry ::-——El— Ry: = Cyi=—
1000 2500 Km v,
5 4 8
Ry=1x10 Ry =4x10 Cr=1x10 = Stage #2
-100- 00 -100 500
11-52 Ty(s) = 100-(s + 300) Ti(s)-Tofs) = 5T Use a two-stage design
(s + 200)-(s + 2500) s + 200 /\ s + 2500
1
— C2
_ —100 _ M1 Ry
Ti(s) = = =
s+200 Yz o 1
Ry 2 R‘! Hz
k k 1 +
km:mw Ry = — -2 = — +
100 200 km vy v,
Ri=1x10°  Rp=5x10 Cp=1x10""
L +Cy-s
s + 500 Y1 Ry
Ta(s) = = =
$+2500 Y;+Yy 1 1
— 4 — + (g8
Ry Ry
k km
500 2500 — 500 kn
Ri=2x 10  Rp=5x10° Cp=1x10"""
500
1000- 1
153 TV =00 o 2000) S500 @ %000
(s +500)-(s + ) 1+— 1+
S S
Use a 3 stage design = T4(s) K Tz(s)

Stage #1 I Stage #2 § Stage #3 :

k= 104 R=k, Ci:=

Co =
500- km 2000~km
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2

2
11-54 Ty(s) = ()OS 7000 = > p = i B Use an RLC voltage
(s+ 1000)-(s + 4000) 2, 5000.5 4 4.10 410
s + 5000 +
S
dividlar
Z2 _ I.-s _ S R C
- - Il
L2H01 | IR+ 545000+ AN\ 1 O
C-s -7 + +
2510 s v
v
2 -7 1 L 2
km=10 " Li=ky R:=5000ky 2510
=
L=001 R:=50 C=25x10" =
. . 00
1155 Ty(s) = S 106+ 1000) _ o gy = | 81000 s+ 1 Use a two-stage design
(s + 200)-(s + 500) s+500 [\s+200
1
v —*(E- + C1~S)
~(s+1000) _ Y1 1
ni == +500)= Y,
2 — + Cos
2
km
ky = 10’ Rij=—— (= 1
1000 km
. km 1
2750 7T iy
Ry=1x 10! Cy=1x 1077 Ry =2x 10* Cy=1x 1077
1 Gy
— + Cy-s
To( = 51100 i R
2 — — —
+200 Yo+Y 1 1
s 2 b = Cys R
Ry Ry o +
k K * v
1
km:: 106 1 :_I_li_ R2 ::.....__i.i.___. Cl o — V1 2
100 200 — 100 km Ry
Ri=1x100 Ry=1x10" ¢Cj=1x10"° Stage #2 ¥
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~400-(s + 100) —400\("s + 100 i
11-56 Ty(s) = ————— =T1(s)- Ta(s) = | —— Use a two-stage design
VO = g @R ( s )(sjrzoo) ge cesig
-Y R
T=20 .0 \K R, C,
s Yo Cos ‘____‘_0
+ +
7 km 1
k=10 Ry =— Cyi= —
m 1= 750 2 - \Z Vs
R1=2.5><104 c2=1><10‘7 =
Stage #1
1
I + ..}_99 Rl + —
Ty = 5 100 _ s _ v _ sCy
2 S 200 200 71 + 73 1 1
1+— Ry + —— | + —
s sCqy sCo 02
k o—
kg =107 - + +
100 v v
1 2
C = -—1— Co = "l— H"
km kmn
Stage #2 C
5 ~7 _7
Ri=1x100 C;=1x10 Cr=1x10 i
11-57 10°
100 + —
Ty(s) = 1008+ 10° s I L
v(s) = = =
§* + 100-s + 10° 100 L1 +220) R
s+ 100 + —
S
Use an RLC Voltage Divider Cc
6 O x O
Zo(s) = 100 + 22 =R+CL Zi(s)=s=Ls C= 10°° R=100 1L=1
S -S
. . ) 10kQ
11-58 (a) Noninverting OP AMP with K = 1 10kQ
10-10° + !

Tyi(s) = (100107%9) + (1010%) 1 _ (s +2000)

10.10° (s + 1000) v(s)
Voltage divider with K = 0.5 1 Design #1
3
e 50.10 s 1 (s + 2000) 10k

T S} = . : = —.

v2(s) 5 [ 3 0 ~1] 2 (s+ 1000) 10kQ

10-10° +] 10-10” + (50. 10” -s) |
Design #2 50 nF

O
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11-58 Continued

{b) Use the OP AMP circuit design since 1kQ would load the passive voltage divider circuit.

{c) Either circuit would work since neither would load a 50 Q) source.

(d) Agree. The OP AMP circuit could drive the passive divider without loading and conversely
the OP AMP circuit would not load the passive divider if it were first in the cascade.

11-59 (a) Inverting OP AMP circuit with K = -1 10 kQ
10kQ 25 nF
-1 o—"\N\A "'l
10010~ s+{10.16%) " ~1000 s ¥ N
Tvi(s) = = : Vi(s 100 nF Vz(s)
R Loyl (5+1000) (s +4000) 1
10107 + (25- 10 ~s)
RC voltage divider with K= 1 I Design #1
9 1 ! -
50-10 “.s+
10.10° 20 kQ 25 nF
Tya(s) = .
3 1 _9 1Y +
20-100 + ———— + | 50-10 s+ V(s (S)
25.10 s 10.10° 18 yoko 2
Tya(s) = 1000-s _ 1000-s
V2= - , l Design #2
2 4 5000.s 4+ 4.10° (8 1000)-(s + 4000) 1 g 1 L
{b) Use the OP AMP circuit design since 1kQ would load the passlve voltage deer ctrcmt.
{c) Either circuit would work since neither would load a 50 (2 source.
{d} Disagree. The OP AMP circuit could drive the passive divider without loading and but
the OP AMP circuit would load the passive divider if it were first in the cascade.
1160  g(t) = (1 — exp(=50-t) — 50-t-exp(-50-H))-u(t) G(s) = 1 150 0 = B0
) G+50 1502 ] s+ 502
T(s) = 5-G(s) = ( 20 ) = ( =0 j( —0 ) Use a cascade connection of two identical
s+ 50 s+50) s+ 50 low-pass stages
-1
- -Y1 R C
Ti(s) = U = - k= 107 2
s+50 Yo 1 |
I_{— + C2 -8 I
2
R, R,
ki Kk 1
Ri=— Rp=— Coi=—
TS0 P s0 P g + +

Ri=2x10° Ry=2x10° Co=1x10"

2nd stage is identical to the 15t stage Stages #1 and #2
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11-61

Circuit impulse response h(t) step response g(t)
R I
"“RT o-exp(-o-t)-u(t) (1 - exp(—a-t))-u(o
o —O
1/eR
8(t) — (x-exp(ﬂ-t)-u(t) exp(—a/f)-u(t)
R
o/eR 3(t) — 0.5-o-exp(—at-t)-u(t) 5

11-62 (a) Time between successive crossings of the final value is about 1.4 ps, hence:
- 2- K
Tg:=2-14.10 6 p= 2 and B =2.244 x 106 The final value is g(«)= 6 hence: =6
To 2 BZ

Assume o = —2— define gloc,1) = 6- [1 - expl-oct) ["C’S(ﬁ 9~ _—'sm(ﬁ t))]

g(t) reaches its first maximum of 9.3 att = 1.3 ms, hence
- 2 2
Given gla,13107%) =93 o =Findla) K= 6-((x + B ) a=4768x 100 K=3158x 10"

£=0,100°.7100% «=4768x10°  p =2244x 10°

10

9 Vi <

3 N L

i N\

6 el \\
o(a 1) Zu ’/

3 |

5|

1

0

0 5107 110 © 1510 ¢ 210 © 2510 © 3-10 © 3.5-10 © 4.10 © 45.10 ¢ 5.10 ©
¢
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11-62 Continued

(b) gty = — 2{1 —e *leos(pt) - “'t-(ﬁ-sin(ﬁ -t)]]-u(t)
o +p P
G(s) = .{}__ sva o P } K
oaz + [32 5 (s + (x)z + B2 B (s + 0c)2 + BZ s-(52 + 2-s-00 + oc2 + ﬁz)
T(s) = s-G(s) = K

2 2
s +2soa+o +P

2 2
o +B

(c) Partition T(s) into two stages: T(s) = ( K -
2 2 2 2
La +B s +2sa+a +P
2nd stage--—->

<-1st stage-><

st
The 1 stage is a noninverting gain of =6 Let R; = 10 kQ2 then Ry =50 k.

2
o +p
( oczﬂ}z \\i
L . %) s
The second stage can be an RLC voltage divider with: =
VAR /) 2 2
o +B
s+ 2.0 +

s
2 2! 12
Z2 is a capacitor C = (o. +f ) =19.100 "F. Zjis aninductor L =1 H in series with

a resistor R = 2o = 953.5 kQ). Using a scale factor of kp = 10 3 produces
R=9535Q,L=1mH,and C=0.19 nF.

1st Stage 2nd Stage
Noninverting Amplifier Series RLC Voltage Divider
3 3 -3 -9
R; =10-100 Q Rp=50-100 Q R=9535Q L=10 H C=01910 F
Ry Ro R L
MWA—T WA o AN T 4o
+ +
— ZORRAC) A (s)
+
V,(s)
P
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11-63

g(t) = 2 exp(-o-t) - 1

5 — O

T(s) = s.G(s) = stable for o > 0 and unstable for a<0  y(t) = exp(-2-a-t)  Y(s) =

s+ o

s+ a)
(s + 2-0L)-(s - OL)
X(s) has a pole in the right half plane ats =a ifa >0 ors=-2a ifa < 0.

Hence x(t) is unbounded. Does not change the conclusion about the
stability of T(s) which depends only on natural poles.

11-64

x(t) = —;—-exp(—z-ovt) + —i—exp(oc-t)

s+ 2.0

C

i

C

VLoad(t) = 5-(1 - exp[—l-{%)) VLoad(IO- 10 9) > 3.7
' v,

9 !
D 5 Toquires  RC <7.423499090116-10 ?

S‘(l - exp[:———gc——

< 7.4234990901164712440- 10—9
1000

7423107 2 Equivalent Circuit

12
3.107 12

=2474

C =7423-10

fanout=2

11-65 (a)

Vi(s)
©= 2

iss(®) = Va | Y(j-0)] -coslo -t + arg(Y(j-0)))

¥Ga)l = = we(¥(i0)) = inf 2

Z(s)=R +L-s

L

\/ R2 + (0) ~L)2

(b) Ckt diff eq. L-%i(t) + Rei(D) = Vp-cos{o-1)

To find the forced response let:  ip(t) = IA~cos((n -t) + IB-sin(m -t)

Subsituting into the diff eq yields:
—o-LIpsin(o 1) + o-L-Ig-cos(o-t) + RIx-cos(w-t) + R-I-sin(w-1) = Va-cos(w-1)

Equating the sine and cosine terms yields two equationsin Iy & Ip

o-LIg + RIp = Vp and -0-L-Ip + RIg =0 Whose solution is
R-Vyp ~0-L-Vp
A= BT )
A e (co 1%y R2)
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11-65 Continued

hence the forced response is

2.2 2
R-Vp -0-L-Va " 1" +R
ip(t) = ———————-———-—-cos(ca-t) + —————-—————-—'sin(ayt) = —0-)——+—~VA'GOS(O)~t + 6)
2.2 2 2.2 2
o -L"+R o -L”+R o -L” +R
Va I ~o-L
or ip(t) = ——-————-—-————-—-cos(ayt + 9) where 0 = atan| — | = at o
2.2 2 Iy R
o ‘L +R

(c) The two methods produce the same result. The s-domain method is much simpler
than the classical method based on the circuit differential equation.
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CHAPTER 12, Both Versions

The two functions below are used to generate the straight-line gain and phase plots for Prob 12-1 thru 10.
Aso,0) =10 if 0<0 <01

GSL(Q),OL):: 1 f0<e<a o
o -45-10g[ ) if 0.l.a<o <10a
— foa<o 0.1-a
® 90 if 100 < ®
73 100 2000
12-1 By voltage division Ty(s) = = 0 Ty(s) = —————
71 +2Zy 100 + 0.05-s + 100 (4000 + 5)
(@) Tv(0)=0.5 ; oc:=4000 low pass o :=00l-0c,0020c..1000c S¢mH 1000
(b) G(o) = 05.Gst(0,0c) (o) :=AsL{o,0c) + +
V1( ) 100 Q Vz(f)
AS T T T T T =
i 0 H | i
N
4(@) ~45
™ T
: He L -135
10 1001-10°1-10*1-10°1-10° 10 1001-106°1-10%1-10°1.10°
[0 6]
(©) d0.500) =05 Hoc)=05 G(2-wc) =025
Yy -
12-2 By voltage division Tvy(s) = = (600) Tv(s) == }- >
Yi+Ys 3 s+ 107

-1
600y~ + (20107 69+ ooy !
(@) Ty(0)=0 ; Ty(x):=0333 wc:=10 high pass
{b) G(m) = 0-333-£'GSL(03 ,c)c)

oC

G(05-0¢) =0.167 G(oc)=0333 G(2-wc)=0.333

-1
Zy  Ry+Rg) (20. 10 9~s) 10 + 20 Ty(s) = 1300
: = : s + 2500
Zy+ 72y Ry -1 10
3 -9 20kQ
20']0 + 20'10 S o Ivv\’
(@ Tv(©0)=3; Tv(j-©)=0; oc:=2500 low pass +
® :=00loc,002-0c.. 1000

dO)) = 3-G51(0>,03c) d)(w) = ASL(ox,mc)

12-3 Ty(s) =[

Vi) 2pnF =

ol

(b) 10 45
. 0
G(o) o() =45
—_ 01 —
0.01 -135 —— ‘
10 1001-10°1-10*1-10%110° 10 1001-10°1-10*1-10°1-10°
[0 [0
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12-3 Continued

©  050c)=-31454 -1-2-9-arg(Tv(j 0.5-0¢)) = ~26.565
d(oc) =45 lz(-)--arg(Tv(j o)) = 45
$(2-0¢) = —58.546 ng.arg('rv(j-z.@c)) = -63.435
Y, {10%) 1 20000
124 Ty(s) = S Ty(s) = 12000

2 (100.10%) 1 +510 s

5nF

(a) Tv(0)=-10 ; Ty(j-) =0 ; oc:=2000 low pass
®»:=00loc,0020c..1000C

{b) G(G)) = 10- GSL((D ,a)c)
ci)(co) =-180 + ASL(a) ,® C)

(¢) Volo) =Gl)-5 Vo(0.5-0c)=50
Vo(oc)=50 Vol2-oc) =25

100 T -135
0 -180
G(w) d(0)y225 1
01 R =315 s
10 1001-10°1-10*110°110° 10 1001-10°1-10*1-10°1-10°
(3] o
60 + 20 10"
12-5 Ty(s) = . Tv(s) ==
20 - s + 500
4 4 _7
10" + 10 +(10 -s)
@ |Tv)|=0 |Tv(iw)| =2 woc:=500 PO }'—?—g
(b) high pass o := 0.01.0¢,0.02-0¢.. 100-0¢ 10kQ Q.1 F
: o v, v
¢) Glo) = —Gglo,0 ®) =90+ Agplo,0C 10 kQ 2
(c) ) 550 SL( c) o) SL( c) 60 kQ
20kQ
- _
10 135
. 90 |
G(o) ¢(w) 45
—_— 01 — ol
0.01 i AR -5
1 10 1001-10°1-10%1-10° 1 10 1001-10°1-10%110°
© o
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R R+RY_[ 2RCs
1 R RCs+ 1
R+ —

e
Cs

Cktis highpass  |Ty(x)| =2

1
oCc= 1 =2.7-500 Let R:= 104 C=——
R.C R-1000-7
-8 . 2 T
C=3.183x 10 arg{ Tvy{J = arg| —— | = —
0 w(ry(iod) = )=
20
20 10
127 k=102 =10 0c =350 Ty(s)=—— Ggplo)= 20-log( | 10-Ggr (o ,oc)|)
S
350
Ggp(200) = 20 Ggp(400) = 18.84 Ggp(800) = 12.82
5
12-8 o T(s) = 1.778-s  The value of K does not
K:=10 K=1778 oc = 2000 () = s + 2000 effectthe phase angle
180 .
oo) = —arg(1(-0)) $(0.5-0¢) = 63435 dwc) =45 4(2-0¢) = 26.565
I
d)SL(CO) =90 + ASL(C‘) ,0)(;) ‘i’SL(O‘S'@C) = 58.546 ¢SL(03 C) =45 d)SL(Z-mc) = 31.454
T(s) = ———9i——— 10-s K:=10 = 2000rad/s
128 ()= 20 T(s) = ——— (a) highpass =1 0= )
0.01 + — s + 2000

s

(b)  Gain(w) = —z-cg—o--GSL(O) ,0c) ®=00loc,0020c. 1000¢ o(0) =90 + As(o,0¢)

100 (= 120
90
. ok
Gam(a) O| 60
— (@)
|1G-0)] — 30
""" 1
0
-30 :
01 il R 10 100 1-10° 1-10% 110> 1-10°
10 100 1-10% 110* 1.10° 1.10° ®
(0]
(c) Gain(1000) = 5 Gain(2000) = 10 Gain(4000) = 10
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10
T(s) 1= 0.1
T(s) - ; () =

2000
(b) Gainlo) = 0.1-Gs (0,0¢) © =0010c,0020c..1000c  ¢o) =0+ Ag (0,00)

12-10 {a) lowpass K:=0.1, oc:=2000rad/s.

1
Gain(w) O
| TG-0)|
..... 0.01
110 ° : e 10 100 1-10° 1-10* 1.10° 1.10°
100 100 110° 110 1.10° 1.10° ®
()
(€)  Gain(1000) = 0.1 Gain(2000) = 0.1 Gain(4000) = 0.05
1211 _r
T 500 Q 50 mH
560
Ty(s) = ] + +
—_— 1500+ 005
v,(t 500 Q vyt
(gég L 10 7.5] _1( ) 100 nFI _2( )
) o
i 2.10
Ty(s) == . >
(4. 10° + 30000-s + s )
30000 :
@ wp=210" ¢:= —— =075 ()  Tslo)=]05 if 0<o<ng
.CDO
2.10°
® = 0.01-00,0.02-0¢.. 100-0 ——-2—- if @g<o
|Tv(0) = 05| |Ty(w)| =0  Cktislow pass ®
(c) 1 -
Tg(05-00) =05 |Ty(j-0.500)| = 0471 0.1
T
Tsr(wo) = 0.5 |Tv(j-00)| = 0333 fsle) g0
Ty(-o) 3
Tsp(2-00) = 0125 |Ty(j-2-wo)| = 0.118 lv b0
110 4
110 °

100 1-10° 1-10* 1.10° 1-10° 1-10

©
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12-12 Using node analysis

(251075411077 0510 s )(VAJ 0510 "svy )T ° 50' N *
= n n
— 7 -5 —7 Vg
107 . 107 0
L 05107 s 25107 ° 40510 s v oS s "
A®=62510"0 +37510"%5+ 2510775 Ag(s) = 025107 SV, . .
2

14 2
0.25-10 -8 s
Tvls) = 10 12 5, Vo= 2 2
625107 +3.7510 s +2.5.107 -5 [(500) + 1500-s + s]
1500 2
@ 09=500 (=—o (=15 (b) T lo):=ifl o> wp,1, 2
2-m¢ X))
o =00109,0.2-0¢.. 1009
o 10
|Tv(0)| =0 |Ty()| =1 Cktis high pass 1
/"
L
(€ Ty (0500) =025 Tg (o) 01 i
J— 7
. 0.01
Tsp.(wo) = 1 'TV(J“’“)II -
_____ -10 /
Tsp(2-00) = 1 10" |
sL2-00) = -
110 °
_ 1 10 100 1100 1.10°
12-13 (a) Using node analysis o
41 9 9 025H 125nF
-4 —— 4+ 125.10 "-s -125.10 s 4
s 2000 (VA) =V
. =| g + +
_ _ V
12510 s L 125007 % |\VB 0 Vi 2kQ 2kR < v,
2000 - -
O
s° + 6000-s + 16.10° Vi 40005
A(s) = 5 Ap = — Ty(s) = . -
8-10 s 2-10 "+ 6000-s + 1610
3 6000 4000-
() 0g=410 C=—n =075 (¢} Ty lo):= ‘;’ if 0<o <og
200 16-10
o :=001-0(,0.02-09.. 100.0 Cktis bandpass 4000 if 0g<o
‘ [
|Tv(0)] =0 | Tv()| =0 10
{d)
) Tg (o) 1
Tsp(05-w0) = 0.5 |Tv(j-0.5-00)| = 0.471 —_—
| TvG-o)|
Tt (wo) = 1 [Tv(i-0g)| =0667 weee-
Ts(200) =05 |Ty(j-2-wo)| = 0471 001

10 100 1-10° 110" 1.10° 1.10°

®
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12-14 Inverting OP AMP circuit

1
1
10000 + ————
. (‘h) L 0.2510" s o—\NA
v(s) = — | = +
1 _
2) +02510 %5
{ 40000
Vi
-400-s
Ty(s) = - _
s” + 500-s + 40000 o
500 .
(@) wg:=200 L=—— (=125 |Ty(0)| =0 |Tv(w)] =0  Cktis bandpass
2-mg
, 400 o
(b) TSL((D) =1 o > mo,—,—la TSL(O.S-CD()) =1 TSL(O)O) =2 TSL(Z-G)Q) =1
[0V]

12-15 (a) Usina node analysis
_9 —4 -5 -5 -9
Node A: 140-10 ~-s+ 10 )~VA -5.10 ".Vg-5.10 7.V =40-10 "-s-Vy

Node B: 51075V x + (51075 + 25107 %6 Vig = 2.5.10" *:s:Va(s) = 0
The ideal OP AMP i-v characteristics require Vp(s) =0

since the noninverting input is grounded.
The node egs. reduce to

-9 — 4 -5 _
{40.10 s+100°  -5.10 )’( VAJ _[40.107 %5V 200
— 5 -9 V2
5.10 2510 s 0 ke A
As) = —(1.10'16).s2 ~2510s- 25107 fr’“l °
= (2107 25y o
2 1 v, vy
Va(s) 2.107 s
v = Vi(s) - 16} 2 13 9 P a
18 —(1.10' )-s ~2510 “s-2510 o 0
~20000-s
Ty(s) =
s” + 2500-s + 25000000
_4
1 3 10 og
b 22 et = SID m————
(b) oo - wp=5x 100 ¢: > £ =025
4-10
|Tv(0)] =0 ITv(oo)l =0 Ckt is bandpass

217




12-15 Continued

{c) TSL(OJ) = 1810 4-03 if 0<wo <oy o =00log,02-0q..100-0¢
2
if og<o
10 %
10 -
-1-‘-5-1:(-0,) I /;}/ N
_____ SN
/ b
01 LZ
100 1-10° 1-10* 1-10° 1-10°
®
(d)  Tg(0.500) =2 |Tv(§-05-00)| = 2.53
talog =4 [reo)] -3
Tgr (2-00) = 2 |Tv{i-2-00)| = 2.53

12-16(a) Using node analysis

1 Vi
2.Cs+—|'Vp—CsVg—CsVy= =

L Ry 1 H| C___
( 1 Va(s)
CsVpa+|—+Cs| V- =0
Ry Ry + I
But the ideal OP AMP i-v characteristics v C
require that Vp(s) = 0 since the noninverting 1
input is grounded. The node egs. become E
1
2.Cs+— -C-s Vi
Ri Va R, 2 2
: =R R;RyC "+ 2R;-Cs+ 1 C-sV)
L \V2 AGs) = A=
—C-s —— 0 R R 2 R
Ro 1-K2 1
Va(s) —RpC-s 810 *s
Tv(® = A" - 2 2 v = 7 2 —4
1) Ri-Rp-C™s” +2.R;-Cs + 1 (1.6~10_ -§ ) +410 “s+1

(b) |Ty(®)| =0 |Ty()| =0 Cktisbandpass R;:= 100 Ry=410"  c=2010°

1

®g = ————
C-JR1-Rp

00=25x100 C=R-Cog =05
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12-16 Continued

(c) TSL(C()) = 1810 4~0) if 0<o<aog o :=0.1v9,02-0¢.. 1009
2000 if og<®
o
10
T (@) e TR
""" 1™\
pd N
0.1
100 110° 110" 1.10°
[0}
(d) VQ(&)) = TSL((:)) VQ(O.S-O)()) =1 VO(O) 0) =2 V0(2~CO()) =1

12-17 using voltage division

C.s4—
Ty(s) = Z2 R _ R
v 1+7Zo 1 2
L-s+ RLCs +Ls+R
Cs+—

|Tv(0)| =1 |Tv()| =0  Cktis low pass
- a 1 [T
For{=2 & wg:= 5000 L-C=4-10~8 R..4.\/Z
4 410" ° 7 1 [T
Let L:=10 C:= C=4x10 R;:Z.\/g R=125 Q
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12-18 Using node analysis C,

Ry R
SN 2
(b P
C, AL
Cis+ ! C1-s A% -
1. ———— — 1.
Ry Va -P:i A RI-RQ.Cl-Cg.sz +Rp-Cas+1 A
. = s) = - sy =
1 1 B ! ) R1-Ry B() Ri-Ro
—— — +Cos 0
Ry Ry
Va(s)  VB(S) 1
Ty(s) = = = Ty =1 |Ty()] =0

Vl(S) V}(S) R}'R2'C1'C2’52 + Rz-Cz-S +1

Circuit is low pass with a passband gain of unity for all values of the circuit parameters.

1 1 1 [R2C2
0y = —e L= —'R2~C2'(D() = —.
JRIR2:-C1-Cy 2 2 (R
) 2-C
Let Ry =Ry =R then C;-C2=(Roo) ~ & R-Cy= =2 For 0g:=2500 & {:=0.7
[y}
-2
4 . _ R-og _
Let Ri= 10" ¢pe 25 Cr=56x10"° ¢ L—C—)—— Cp=2857x 107 °
. 2
1219
+
H2 Vz(t)
+ 3
1
Cys Rz + Ry R R3 +Ry4 1 Rp-Cos
Ty =TT 15 = ] ( R, j TR, '(R C q+1)' Ry-Cps + 1
Ry + Rp + ——— 113 2-2s
Cys Co-s
Ry =100 Ry=10"  Ry=10"  wg =500 oc2=5100 K=5
R3+ R4 1 1 1
K= ——— oc) = Rz:=(K-1)Ry Ch = Cy:=
R4 Ry Co Roy-ocy Riy-oc2

Cr=2x10° Cp=2x10" R3=4x 10"
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4 JES——
12-20 T(s) = 2510 s . 25.10%s | 500 5[
& 4+55100s +25.10° (s + 500)-(s + 5000) s

—+1
500 5000
(a) K:=5, ocy1:=500rad/s, and o c2:= 5000 rad/s.

{b) Gain(oa) = E%E-GSL(CD ,(DCl)-5~GSL((D ,mcz) o =01leoc;,02-0c1..-100c)

10

.....

10 100 110° 110 1-10

12-21 Given a series RLC circuit with: og:= 40 106 rad/s; R:=50Q; B:=8 106 rad/s
1

_ _ ool
Find: L::—g- "L=625x10 " H: C= c=1x10 "V F: Q=——; Q=5

o -L

- _B_ (B 2+ 2 7 7
ocy = > ) ©0 o] =3.62x 10 ocy=oc] +B ocy =442x 10

12-22 Given a parallel RLC circuit with: @ ¢:= 10° rad/s :C:=2010 g 1 Q=10
o
Find:B:=—Q‘ B=1x 107 ;L:=; L=5x10 H R::B—lc R= 5><10

(D()C

B { 2
oct =+ TP 00 =9512x 10 ocz=oci +B  wca=1051x 10°

12-23 Given a series RLC circuit with: R := 1002 ; L:= 20 10_ H; C:=20010 12 F; Va:= 10V.

~05 5 ool 0
@) og:=(L-C) fwo=5x 10" radls; Q:= — Q=100 ; B:= —-é—; B = 5000 rad/s;

2
B , B 2
aci=—+ (3) + o0 0c) =4975x 10° radls ; oca= o)+ B: ooy =5.025% 10° rad/s.

. N7\ 1 Va 3
(b) Vi:= (J~(D()~L)-—§—; [vi] =1x 100 V; Vc::(‘ ).—R—; [vd =1x 10" V.

JjogC

12-24 Given a parallel RLC circuit with: og:= 400 103 rad/s ; o cp:=420 103 rad/s ; Find:

2
©0 5 4 D0
O] = —— oc1=381x 100 B=ocy-oc] B=3905x 10 Q= — Q=10.244
Yoy, B
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12-25 Given a parallel RLC circuit with: R := 40 103 Q; wgi=27 1()8 rad/s ; B:= 2. 105 rad/s.

®0 R _
Qi= = Q= 1000 Li= ——; L=6366x 100> H: C:=

S C=3.979% 10 e
Qao .‘

2
og -L
12.26 Given a series RLC circtit with: R := 50 Q2 ; 00 := 410" ;

®y wo-L
Since B = —6— we must maximize Q to minimize B. Since Q = T and mo & R are fixed,

we must minimize C to minimize L.

we must maximize L to maximize Q. Since L = 2
oo -C

Let C:=120.10” °F : then L := S L=5277x 10 ° H.

wg -C

12-27 Given a series RLC circuit with: R := 600 ) ; mg = 2-1-60; oo = 376.991 rad/s ;
o2 < 2-1-200; 0 <1257 radfs.

2
2
Let wcp:= 1200 Given G;—) + Kg) +®o = 1200; B:=Find(B); B = 1.082x 103 rad/s
1

© C=1.268x 107° F.

® R
hence Q= —; Q=10349 ; L:=Q—; L=0555 H; C:=
B ®0

og -L
12-28 By voltage division:
1
1 1
C-s+—£— ~R—C—-s
-8 .
Ty(s) = = +
1 2 1 1
Rr—— § +— 5+ —— \2
1 R.C L-C
C-s+ i— —
.S 0_7
. . Ks . 1 1
Comparing with the std form - yields og= and B = —R—é—
32+B's+co() VL-C '

®0 C B |(BY 2_ -l 1Y 1
Hence Q= — =R [—; oc1=-——+ ||~ | t®0 = + e
B L 2 2 2.R-C 2.R-C L-C

oc2=oc)+B= ! + ! 2+1
2= oc 2rRC Jl2rC) T 1C
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12-29 (a) At low frequency the inductor acts like a short
circuit and at high frequency the capacitor acts like a short
circuit. In either case the input is directly connected to
the output so the low- and high-frequency gams are uhity.
(b) The impedance of the parallel LC branch is

1 L-s

ZLC = =
Cst L LCs+1
L-s

J which means the impedance is infinite at ©g =
\/L~C JL.C

thereby disconnecting the input and output to produce the bandstop notch

This impedance has a pole at s =

{c) The cutoff frequencies occur when Z (jo)= HiRor - L=R\l-o L C) and

o-L= ~R-(1 - ® -L-C)

I+ JLZ + 4R%LC L+ JLZ +4RALC

which yield o1 = and o2 =
yield ec ZRLC 2 2RLC
12-30 By current division: R
! s -+—\W\
L.s+R C
Te(s)=hLs=| ————— | Ls= .
z)=h ) S R 1 I = C L
+ C-s s +—s+—
Ls+R L L-C
8-
. ; Ks . R
Comparing with the std form - 5 yields wg = and B= f
52 +Bs+wop

oer=oe +B= X .&Z-l_
cz=oc L Jlan) T Lo
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12-31 Using voltage division

100 nF
4
10
Ty(s) = : ;
10 + "
107 s+ 40kQ
40.10° vyt 10kQ < V(D)
Ty(s) = SHBD 100, 101.. 10000
(s + 1250) 1
Tg (o) = 3 if 0<o <250
] .
— if 250 < < 1250
10 T 1250
1 if 1250 < ®

Ty (@)

. - Agl, == 10-Tgy (500 Agp = 4
|1G-0)] ; SL S1.(500) SL

e A=10Ty(-500)|  A=4152
0.1 S
100 110° 1-10*
[

12-32 Noninverting amplifier

104 + ! "
10 s+ 3
40.10
Ty(s) = Z
10
s+ 1250
Ty(s) = SH 20
(s + 250)
® :=100,101..10000 Tgr(0):= |5 if 0 <o <250
—1—-2—5—(—)- if 250 <o < 1250
10— ; 7 [6)]
T e 1 if 1250 < ®
T (o) .
—_— N,
-lfYEJ ) Ag, := 10-Tgy,(500) Agl, = 25
01 ‘ A=10-|Ty(-500)| A =24.083
100 110° 1.10*
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The functions below define the straight-line approximations to the gain (G) and angle (A)
of a first order factor. The are used to create the Bode plots for Prob. 12-33 thru 12-47

GSL((D,(X,) =10 f0<0o <a ASL(O),OL) =10 f 0<ow <0.1-00
201og = | if o <o 4500 ——| if 0.1.0 < © < 10-cx
o 0.1
9 if 10a<ow

Fkkxkkkkkikkikiokddohkkkhkiidkkkdidhkdkdokioddkiekiokkkikkiekdckkiodddiiddhkikikkikidihhkkihkikkdkkihkkhkirkhikkhks

12-33 s+25 ® :=0.01,0.1.. 1000
T(s) = ——— ==
(5s+5)(s+5)
GAIN(o) := Gg1 (0,25) - Gs(0,5) - Ggp.(@,1)

-20 e . B g %3

GAIN(0) 30 L i \
20-10g(]7G-0)|) —4p X

—50

=80 ‘ t
0.01 0.1 1 10 100 1-10
(o]

Circuit is Low pass with a passband gain of 0 dB and cutoff at about 1 rad/s
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12-33 Continued  PHASE(0) = Agr(0,25) - Agr(®,5) - Agr(o,1)

30 Rl z !
O === seeebl
N
NG
=30 H N i
! ! \ i
PHASE(a) | \
e | N
180 X -60 1 N
—arg(T(-@)) N
i <
—ap0 \‘\ ; b -;., rewrs
‘ \
I Dy BBy <
'.\\ "' ”
~120 [t 41—
-150
0.01 0.1 1 10 100
(0]
1234 ()= —2 5+ ® = 0.01,0.1.. 1000
(s + 1)-(s + 25)
GAIN(0) = Ggp(0,5) - Gsr(0,25) ~ Gsp.(0, 1)
10
0
GAIN(w) R
m— ) _10 o § S E g 34
20-10g(|1G- @) |) | 1a5Y SN
..... -...‘.\
0l L N,
i ; \\
H i \
-40 : .
0.01 0.1 1 10 100

@

Low pass with a passband gain of 0 dB and cutoff at about 0.5 rad/s

226




12-34 Continued  PHASE(0) == Agy (0, 5) — As(0,25) - Asp.(0,1)

25| \ kS
TN \
PHASE (o) 3 \
180 o as -HH o LT
— arg(T(-0)) | N
' i i | \ Q“
. 1 j i f". \
%01 0.1 1 10 100 1-10°
[}
12-35 T(e) o= 25.5-(s + 100) ® = 1,1.5..1000
T (s + 10)-(s + 25)
GAIN(0) = 20-10g{10.0) + Ggy.(®,100) — Ggy (0 ,25) — Gsr.(w, 10)
50
45
ol :
/ \
GAIN(&)) // T Peay \
) 35 e l' Pl ha'S .\‘
20-10g( |T(_}- ®) | ) /(, j \\
..... s/’ | \:\ ‘
30 - . '/"' B . \ - .-.~...
20 e — : 5
1 10 100 1-10

Bandpass with a passband gain of 40 dB and cutoffs at about 10 & 25 rad/s
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12-35 Continued PHASE(0) := 90 + Agy (0, 100) — Agr(0,25) — Agy (o, 10)

90

45 |-

PHASE(w)

—

180 ]
—-arg(1(-0))
¥

momao

o o

w\
N
;
|
| e o
s‘~ \
Chdame

12-36
T(s) ==

0055 +1)°

2.5-32

10

® :=1,1.5..1000

GAIN(0) = 2010g(2.5) + 40-log{w) — 2-Gsr.(o,20)

70

55

GAIN(w)

-_— 40
20-1og( | TG 0)])

25|

10
1

100

/

anmen®

b
.

10

(]

High pass a passband gain of 60 dB and cutoff at about 35 rad/s
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12-36 Continued PHASE(o) := 180 — 2-Agy (o, 20)

225
180 ==
N
\:{*.
PHASE(w) N,
180 . 99 . B ,,L”u,,”~, ok t
—arg(TG-)) N X
z A
..... N
. 45 . IR Y U SO e . - R
a I\
O Soseans -
~45 — 5
10 100 1-10
(]
=.1,.2..1000 wg:= 10 5
2000 © > 0 - _
12-37 1(s) = ———— G: o =025
&+ 5.5+ 100
| S

GAIN(0) = 20-l0g(20) -~ 2-Gg1 (©,10)  omax=00y1 —2¢  oOmax = 9.354

40

30 [ { ot

ommnn

-®

20 | :
GAIN(w) .

10 SUUUUIE TN B & Hy,,u~“,w x;p
20-log(| G- ) |) |

v
-®

?

»
4
»
L

0.1 1 10 100 1-10

@

Low pass wih a passband gain of 26 dB. Max gain = 20 log(|T(j-0 may| ) = 32.321 dB.
Cutoff freq occurs at about 10 rad/s.
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12-37 Continued

PHASE(o) = —2-Agy (0, 10)
45
0 == K‘
PHASE (o) Ak

PR ‘ ! \ .

—arg(T(-0)) \

" |

; ‘Q“. \\\
Seuo \
-225 Z 3
0.1 1 10 100 1-10
[a)
4-%‘2 5 @9
12-38 T(s) = - ®=01,02.100 og:=5 L= gy =
0.045° +02-s + 1 200 \/1 NS
GAIN{0 ) := 20-log(4) + 40-Jog(0) — 2-Ggr (o, 5) ® max = 7-071 £=05
50
40 | SR L3 binlntd 21X PN
20-10g(iT(j-m)l) ;
..... 20 t - O S N
/
10 , ;;;;;
/
0
0.1 1 10
[0

100
The cutoff frequency occurs at about 5 rad/s.

Str-line High pass gain of 40 dB. Max gain of ZOIog(lT(j-o) mayal) =41.249 dB
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12-38 Continued PHASE(0) == 180 — 2.Ag(w,5)

225
] i e TN
NG - &
PHASE(0) i AN
180 ) ] —— . : N
— arg(T(j-0)) AN
Fid i . \\
0
—45 |
0.1 1 10 100
©
12-39  GAIN(0) = 20-log(10) — Gg1 (©,20) + Ggr(®,200) o :=1,3..10000
[ N
10~L— + 1)
(s = 200 GAIN(20) = 20 20-log(| T(G-20)|) = 40.262
@Y
20 GAIN(200) = 0 20-log(| TG -200)|) = 2.967
30
GAIN(w)
— A 10 - ; . “~
20-log(| TGi-0)|)
0 rea
-10
1 10 100 1-10° 1-10
®
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12-40

GAIN(0) := Gsp(,5) - Gsi(o,50) - Gst.(e,250) - 10 ® = 1,3..10000
S
T(s) = V10 GAIN(5) = -10 20-log(] TG-5)|) = -7.035
S S
(56 + 1)-(55 + 1) GAIN(50) = 10 20-log(] TG-50)|) = 6.863
GAIN(250) = 10 20-log(| T(-250)|) = 6.821
20 ? T T T T T
10 ) deen N
‘ St N\
GAIN(o) | RN
" | // >, .
20-log( | TG-@)]) v ‘
----- ,;;?’ \
.—.10 ..... el j - \
\\
\
| NG
=20 S
1 10 100 1-10 1-10*
@&
1241 GANG) = 20.1og(-2%) + 20-1og{0) - Gy (o, 100) - Gsr.(w,5000)
(GAIN(m))
GN(O)) =10 20
T(s) = —;{—) > Note: The vertical axis in the plotis NOT in dB.
S S
—+1] +1 - 5
(100 )(5000 ) o :=10,20..10
10
4' b‘a.\
£ N
GN(w) \
T 1} - - \\
| TG-0)] / 1 ’\\
“““ / | N
\\
N
N\
0.1 ~ :
10 100 110° 1-10* 110°
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12-41Continued T(s) _ 1 1 250 250 uwt) =1

G = 20 = 49.(s 1+ 100)  49.(s + 5000
s _s_+1_ s 41 -(s + ) -(s + )
100 5000
0 250
o(t) = (%@Xp(—IOO-t) - -Zg—-exp(~5000-t))-u(t) t:=0,0.0001..0.02

5

3
g(t)
- 2
1 o
\..
0 J / I ; . ; . .
iy 0002 0.004 0006 0008 001 0012 0014 0016 0.018 002
t
12-42 GAIN(0) := 20-log(10) — Gs.(@,20) + Ggr(@,200) :=1,3..1000
10‘(—2—%-0-”)
T(s) 1= —
S
= +1
22 T T
18
1l
GAIN(w)
. 10
20-log(| TG-®)1)
ol R - |
20 | \"*-.;
. : IEENI
1 10 100 1-10

o
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12-42 Continued 100 = 4+ 1
1) _

G(s) = 200 = +
S (s +20) S
(———-— + l}s

20

g(t) == (10 — 9-exp(-20-))-u(t) t:=0,0.0025..0.2

10

0 002 004 006 008 01 012 014 016 018 02
t

12-43  GAIN(») = Gg1 (0, 5) - Ggr (0, 50) - Ggp (,250) — 10

1 S
—(g + l)
T(s) == — 10

o :=1,3..10000
S S
— A+ 1 —+1
Lso ) (250 )
20
10 .. \
GAIN(o) y 5&\
_ 0
20-10g(fT(1-m)') / :
..... "’
o |
10 paz==: \\\‘ |
\.
-20 :
1 10 100 110° 110%
(3]
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12-43 Continued

G(s) =

() _ _\/%’5(_2 ’ 1) .
s (i + 1)(—8— + 1}

1 1 45 49
s

JT0 LI4-G +50)]  [4-(s + 250)]

\ 50 250
1 45
8(t) := ——| 1 + —-exp(-50-t) — —4—9-exp(~250~t) at) t:=0,0.002..0.1
J10 4 4
3
25

\\

001 002 003 004 005 006 007 008 009 01

1244 go=12-100" o210 g2 0 2 . WG+
s s+ 10 s + 100 g.(s + 10)(S+ 100)

300-(s + 40)
(s + 10)-(s + 100)

T(s) = s-G(s) T(s) =

GAIN(0) := (20-log(12)) — Gg1(w, 10) + Ggr (®,40) — Ggp(o, 100) ® = .1,2..10000

30

20 - R R - 3
N

10

GAIN(®) 0

20-log( | TG- o)) _

..... 10 : ; L \

—20

-30 |

—40

Ckt is low pass 0.1 1 10 100 1-10 1-10
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12-44 Continued
PHASE(0) := —Agy (0, 10) + Agy (0,40) — Agr (w, 100)

30
0 o TYYRN) Y
h:--n _.:.::Q~
PHASE(0)  —30| -
s.\
180 ) IR
—arg(T(j-®)) ...
i —
..... 60 NJ.
-0 b e 22a
-1 | |
120 ; \
0.1 1 10 100 1-10 110
(6]

1000 ) 5.(2 + s0000)

(541002 +200° (2 + 2005 + 50000)

12-45 - 100t .
gt)y=5-5¢ -8in(200-t) G(s) = 3

Sz
5- +1
50000

T(s) ==
52 s T(s) = 5-G(s)
+—+1
50000 250
GAIN(0) = 20-log(5) + 2-Gg (@ ,1/50000) — 2-Ggy (o ,{/50000) o = 10,12.. 10000
20 T
' -~y s ® ‘é-
5 )
GAIN(w) ::::
. -10 "
20~log(tT{]~m)” «
—-25 g
=40 —
10 100 1-10° 1-10*

o

Cktis bandstop. Straight-line approximations do not work for transfer functions with j-axis zeros
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1245 Continued  PHASE(0) := 2-Agy (@,4/350000) — 2-Agy {® ,1/50000)

120

90 |

.
'f

60

PHASE (o) 30

e

Cu- 1
Senecesrdanana

------

180 _ 0 s
—arg(1(-0)) Tetee..

. ,.
D R . S N L 3

—90 |

—120
10 100 1-10

12-46 100 2000

o) = 10-¢ " sin(200-1) G(s) =

2 2
(s + 100)" + 200

T(s) = 5-G(s) T(s) = 2000-s

(s + 100)° + 200°

7
[ 2 \
~arnal . @ (r o ) .
GAIN\® ) = 10-lo -2 ®,223}} + 10 o = 1,2..10000
(o) gkso::) 2 G )

30

GAIN(w) ; /4‘

— 0 ,
20-log(|TG-»)]) i

-10 e

N
B

20| /s

1 10 100 1-10

Cktis band pass
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12-46 Continued  PHASE(0) = 90 — 2-Agr.(@,200)

135 i
90 ! .} P ; r; .....
45
PHASE (o)
180 )
——arg(T(-®))
i
""" =45 r
—90 |
-135 ’ '
1 10 100 110° 110
o
12-47
3.5 + 2200

= ~100-1) + 2-exp(—2000- i(s) =
8(t) = exp(-100-0) + 2-exp(2000-)  G(9) = T e TG0

(35 +2200)
(s + 100)-(s + 2000)

T(s) = s-G(s) T(s) :

) +20-log() - Gg(o, 100) — Gsp(@,2000) + GSL(CO ’320_0) ® = 1,2..100000

GAIN(o) == 20-10g( 22
2000

20

10

GAIN(w)

20-1log(|TG-@)])

-----

1 10 100 1-10 1-10 1-10

Ckt is high pass
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2200
12-47 Continued PHASE(w0) == 90 — Agy.(o,100) — Agy (0,2000) + ASL[(D , Tj
100 1
90 pweremrr—
80 TR
70 : '\:‘\
NN,
PHASE(0) 60 ' N\
180 _ ‘\
—arg(T(-0)) 40 - <N
i | .'~. \ Y I
..... 30 S : ; --w ., ....
20 S LN o
\, e N
10 . e __: ;
0 ; e
1o 4 5
1 10 100 1-10° 1-10 1-10
[
1248 T(s) = T(0) = 10 implies K =10, B <250 rad/s implies o ¢ < 250,
= +1
ofe

G(s) = g(t) = 10 - 10-exp(-o 1)

g — + 1)
((DC g(0.004) > 0.5x10 implies exp(» ¢x0.004) > 2 or o ¢ >In(2)x250 = 173.28

Hence 173.28 < 0 <250. Let oc=200rad/sthen  T(s) = 1 T(s) == 2000
1 s + 200
Verifying that T(s) meets the design requirements 200
— 200-t
g(t) = 10-(1 —-e )
o = 10,20..1000 t:=0,0.001..0.01
100 = i giE; 10

10 1o s T
NG SRS O 5 |

0 ‘
3 0 0.002 0.004 0.006 0.008
t

10 100 1-10
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1249  T(s) = ®C < 2000007 = 628318 G(s) = o) = K-exp(-oc-1)

s+oc S+oC

g(10™ ) > 0.05xK implies exp(o X 10” ) > 20 or o ¢ >IN(20)x 10° = 299600

s

Hence 299600 < 0 <628318 Let =400 krad/s &K=1 T(s) = ——
s + 400000
Verifying that T(s) meets the design requirements 2(t) := exp(—400000-1)
o = 1000,2000.. 10000000 £=0.107 7" 9.107 5
| g(t)
V2 0.1 AL 005 02
..... Sa ’ ————
40 i
0.01 3M. 4 5 ] 6 P ==
1100 1100 1100 1-10 0 1'10—5
— t
2-n
’ 35 K
12-50 T(s) = Ks C ©0:=2-1-100-10°; 0 = 6.283 x 10° ; Tynax = =10
2 2 2-Log
s +2-Cops+og
4 _T(s) _ K
B= 2-(:.0)0 < 21[50103 C < E__S__l.i)_ = (725 G(S) - -

@0 S (s+Cog) + (cn(n]l - 4‘;2)2

o) = __K (—C _g). i ( ) I_Qz.t) S S
I Cz exp{—C-o¢-t)-sin oam! Emax < I C2

g = '——IS”“—*-eXp(—Qmo-t)«sin(o)g)- 1- gz.t] <

Kk
2 2
ooyl —C ) coo-\ll—C_,
-6 . . —
hence g(S«IO ) <0.2-gnax implies explogx 510 6) >5 hence £ > In(5)/x = 0.512

Bandwidth requirement is { < 0.25, step response requirementis { > 0.512.
There is no value of £, hence there is no T(s) that meets the design conditions.

To verify this conclusion let {:=0.25 then K:=10-2.C-0g9 K=3.142x 106

-exp(%;-mg-t)

f:= 50.10°,5.1.10" .. 150.10° t:=0,107.3.10 "
K-s K . 2
T(s) := . 2 gt) = ——-—————————————~exp(—C_;a) O-t)'sm(mo-\‘l - ot)
s +2.Cops+ag ooyl - Qz
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12
V2. 5
[TG-2=-0] 77 /\
—_— 6
/ b
4
5.10% 1-10°
£

Now let ( := 0.512

and K:= 1020

e

W

g(®

S N

¢ = 0.25 meets frequency response bandwidth but
does not meet step response settling time

K K 2
T(s) := a g(t) = ————-exp(-C-0 o-t).sin(mo.,/l -~ ~t)
52 +2-L-og's + og oyl - 4;2
12 .
i T
TG.2-1-
116250 4, w 2l \
10 9 — o N
V2 8 2 ———
_____ 0 510° 1.10°
771 t
6 -
sa0t 1100 1510° ¢ =0.512 does not meet frequency response bandwidth
f but does meet step response setiling time
12-51 vi(t) = 2-exp(-1000-t) Vi(s) = ——
1M p( ) 1(8) 7000
va(t) = 5.exp(—1000-1)-(1 — cos(2000-t)) Va(s) = 20000000

20000000

[(s2 +2000-s + 5000000)~(s + 1000)]

Va(s) _ [(524-2000-s+50()0000)-(s+10()0)]

10000000

T = =
v(s) )

(a} Input ac waveform: vi(t) = 4-cos(2000-1)
Steady-state output :

vogs(t) = 9.701-005(2000-t - 75.9640) \%

2
s+1000

(b) Input dc waveform: vi(t) =15

DC output : vadc = 15| Tv(-0)| vage = 30

Tv(s) =
(s + 2000-s + 5000000)

4-|Ty(j-2000)| = 9.701 Ep—-arg(TV(jQOOO)) = -75.964
s

v
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12-51(c) Continued o := 100,200.. 10000

10

0.1 -
100 1-10° 1-10
[0

- - 0000000 - 5000-2000
(d) M) =L l-(TV(s)) =1L - ! =1 L . .
$° + 2000-s + 5000000 (s + 1000)” + 2000

h(t) = 5000-exp(—1000-t)-sin(2000-t)

1200
12-52 (a)  g(t) = 2-oxp(=60-0sin(600)  Gi(s) = Ti(s) = 5 G1(9)
[(s+ 607+ 600°)
Tos) 1200-s
19 == 001 = 363600 () = 602.993 BW; := 120
§* + 120-5 + 363600
119700

() = 10-(exp(-30-t) — exp(=12000-1)) Go(s) = ( ) Ta(s) = 5 Go(s)
s~ + 12030-s + 360000

119700-s

Ta(s) = ( ®02:= 360000 gy = 600 BW, = 12030

s+ 12030-s + 360000)

o = 1,2..100000

30 T T T T
20 f "._.‘__. Rt il e S 275
, 10 A / T
o([raol) 0 KT
- . .
. "‘ \ H
20-1og(| ToG-)| ) =10 - N
..... ] \ |
-20 N
iyl .
—40 el —
1 10 100 1-10° 1-10* 1-10°
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12-52(b) Continued Input vi(t) = 8-cos(100-t) + 6-c0s(600-t) + 10-cos(3000-)

Frequency Amplitude Filter No. 1 Output Filter No. 2 Output
® =200 A=8 20-log(A- | Ti(jo)]) = 15.442 20-log(A-| T o)) = 37.942
=600 A=6 20-log(A- | T1(jo)|) = 35.552 20-log(A- | Toj-0)|) = 35.52
®:=3000 A:=10 20-log(A- | T1(o)|) = 12.392 20-log(A- | To(j-0)|) = 39.715

Filter No. 1 has a gain of about 20 dB at ® =600 and the amplitudes of the undesired outputs at » =
200 & 3000 are at least 20 dB below the amplitude of the desired output.
Filter No. 2 amplifies both the desired and undesired signals by about 20 dB. Choose Filter No. 1.

(¢) Input vi(t) = 6-cos(400-1) + 6-c0s(800-t) + 6-cos(1600-1)

Frequency Amplitude Filter No. 1 Gain Filter No. 2 Gain
® =400 A:=6 20-log(A- | T1(o)|) = 22777 20-log(A- | Toj-0)|) = 35512
®:=80 A=6 20-log(A- | Ty (jo)|) = 25.883 20-log(A- | Toj-0)]) = 35516
®=1600 A:=6 20-log(A- | Ty (jo)|) = 14.362 20-log(A- | To(j-0)|) = 35.463

Filter No. 1 does not amplify all three desired frequencies equally.
Filter No. 2 amplifies all three desired frequencies by about 20 dB. Choose Filter No. 2.

1253 x:=2,201.5 o =10
Upper(o) = (40 + 2o-log(l—‘36D £10°<0 <100 Lower(o) = l—40 if 100< <100

s 5 |14 it 10 <0 <10
20 if 100 <0 < 10

, 10.57 N
I(s) := — <-— T(s) meets the gain requirement
s+ 104)
07 T T 2010¢l [1{i-169)]) = ~60.001
Upper(o(x)) 00 — 20-1og("r(j.103)!)=—20.036
Lower(o(x)) ol ~ I AN
?,—(szg(lT(j'm(X))l) oy o ’ ‘ | 2040%(‘1‘(]-10 )D =14
A 20108l [ 1(5-10°)]) = 19.914
_.40/ Rl H L
w00 1100 110 140
o(x)
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12-53 Continued Partition T(s) into three stages as:
1

T(s) = T1(s)- T2(s)- Th(s) = -(10)- - 0
: 10" R % T T Ts +
+ — + —
. s ) V) Vy(e)
The first and last stages can be high-pass RC voltage dividers:
%) 1
Ti(s) = = 1
1 Lo+ 74 104 ?Ig
- o 0
1+ S i il +
V(s
Using k=50  yields Ri=ky1 1(e) RS Vel®)
C = l 6 -
- 4 R =50 C=2x10"
k- 10
The middle stage can be a noninverting amplifier
R +R
Ty = ! 2 =10
Ry
4 4
Let Rp:=10 then Rp:=9-Ry Ry=9x 10

oc=10" Given |T(-0c)| =‘}—% oc=Find(og) woc=1554x 10° <—Cutoff frequency

1

(o) =R + - |Zm(oc)| = 59.46 |Zm(2-0c)| = 52525
' B Input impedance is around 50
!ZIN(4'®C) ! =50.643 for frequencies above cutoff
2
1-C- : Z(s
12-54 (a) 7(s) = L.s+ —— = LG rLs+R !() L R
1 R-Cs+1
Cs+ E )
(b&ec) R:=10" c=410 % L:=210° C
2 L °
LCs +—s+1 1 )5 107 1 L
= 2.5 X 0y =— 3
Z(s) =R . wg = 3.536 x 10 = —— = 0.0354
(s) e RC JIC ©0 X107 L= —— (o) ¢
( NV complex zeros
1-LCo ) + (Emj
|2(-0)| = R-
1+ (RCo)

ZSL(OJ) =R if o < -lilc_ <--- slope is zero, acts like a 10 k(2 resistor

1 if L <o < __1__<---slope is -1, acts like a 4 pF capacitor

®-C R.C VL-C

1
Loif
@ [T.C <0 <-—-slope is +1, acts like a ZmH inductor
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12-54 Continued © = 2.7-10°,10.0:10° . 2.75-10°

110° . e : Resistor: f 3.979x108
. Capacitor: 3.979x108 < f < 5.627x107
1-10
Inductor: 5.627x107 < f
Zg1 (@)
— 110
|2¢- o) v
e INEF ;
100 1N
10 i
1-10° 1107 1108 1-10°
L
2.
{d) Acts like a resistor for »<1/RC or f < L = 3.979 x 106
2.n RC
12-55
Campensator Transducer
I — o
1250(s+100)/(s+250) 50/(s+100)
Cascade Design
+ Compensator Transducer
400/s 50/(s+100)
Feedback Design
Togs o 12506+ 1200)' 5(1)00 Y = 20, S?OO'E ©
(s + 250) s + s s+
To(s) = 62500 - E(s) = X(s) — Y(s) hence
(s + 250) _4_19_(2_ 50
Te(s) = j{is) = 540 (;, + 1;)(()) TR(s) = 20000
Vo A0 (2 + 1005 + 20000)
s s+ 100

(a) Verifying requirements @ := 10, 11.. 104
GAINC(0) = 20-log(| Tc(j-0)|) GAINK(o) = 20-log(| Te(j-0)])
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1255C 10 T 5
0 2 .~‘- é ’:““‘
GAING(o) -10 1R \ GAIN((0) SN
- -20 e — 0l 5
GAINK(o) “\ GAINK(o) \
..... 30 ' \ ceamme ‘.
-40 0\ \
5, N H 'Y
_ .‘, \ il - \ ]
50 5 0
10 100 1_103 1']04 4] 100 200 30
(6] [0]
Both circuits have 0 dB gain at dc and Both remain within + 5 dB on the
high-frequency slopes of -40 dB/decade range from o = 20 to 200 rad/s

(b) Use the feedback design because it can be realized using a single integrator/summer.
The cascade design requires a second order circuit with two poles and one zero.

(c)
. c
RC=—1Let R:=10" Then
400
Transducer
1 - 50/(s+1
C::————~C:2.5><I()7 ( 00)
400-R
12-56(a) Tsp(o):= |10 if o <20 T(s) = 10 ® = 10,20.. 1000
1020 s s
=2 5F ] =+ 1
- if 20 < o <200 (20 J (200 )
2 15
200 Vi 1= —— Vo = 1.5
=] if200<w BT 7(0) max
(O]
10 P -
P— s\.‘..‘;\
1 AN S N
— \\
|7G-0)] N,
0.1 -
0.01 3
10 100 1-10
[
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12-55(b) Continued 15

Vipay = —————— V. =9.425 <—Answer using straight-line gain
P s w20)]
15
Vo m e Voo = 11271  <—Exact answer
"X G2m20)

1
(c) The shortest time constantis Tc := _2_06 The pulse duration should be about

Tc -
Tpi=— Tp=1x10""

1
(d) The longest time constantis Tc := P and the settling time is about Ts := 5. T¢c Tgs =025 sec.

Using the final value theorem FV = lim s T(s) =0
s — mf

(e) The final value is FV:=0.5T(0) FV=35 volts. The 50% rise time occurs when exp(-20t) = 0.5 or

45
TR = In¢-43) Tr = 0.03993 sec
=20
n 0.5-Tgr,(100) . . . .
RATIO := 20.1og) ———————— | RATIO =40 <-—Answer using straight-line gain
0.25-Tg1,(1000)

RATIO := 20-lo M RATIO = 39.033 <—Exact answer
0.25.| T(j-1000)|

. . 1 .
The longest time constantis Tc:= E(—) and the steady state is reached after about Tss:=5Tc or
Tsg=0.25 sec.

PHASE(0) = ~Agy(@,20) — Agr (o ,200)

(9) 0

PHASE(o)

180 . —90

—arg(1(-0)) TN

T NS
o T
-180 - - - !
10 100 1-10
W
o =65 Given PHASE(oa) =-90 Find(a)) = 63.246 <—Answer using straight-line phase

o=65 Given 3% 0(1(j.0))=-90 Find(w)=63246 <—Exactanswer
i
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CHAPTER 13, Both Versions
Va=1 Tp:=1 1

13-1 (a) t . To _
= J— -1 f 0<t<T t:=0,—.2.T v(t) .= volt — - T
vo(t) : VA(TO ) < 0 To0 0 ® Z 0( 0)
n=0
0 otherwise 0
V(t) _05 [SRSNY SN SRS A——————
To
(b) t -Va -1
= — Val— - 1]dt=—
Y A1 2 0 1 2
0 t

T
2 7 t t 2 [1 VA 1. Va
ay = —- Vaf— — 1}-co8 2-w-p-— | dt = — ——-cos(Z%n)-To--—— - —Tg- v
0 To To To | 4 (nz'nz) 4 (nz-nz)
0

b (cos(Z-n-n) - 1) _
an = —2— A-——-——(———z-—i—)——-—- =0

T -1

Ty
2 t t 2 |1 . Va 1
= —— o—— sinl 2o — | dt = —] —. 2.n-n)-To- — To-V
by To [ VA (Tg l) sm( -1 T()) Ty li4 Slll( n 11) 0 (nz.nz) [2.(7[.“)] 0 A:l
0

b= Loy, CoCma) v2mn) VA gy

2 . .
2 (ﬁ .HZ) R T,

To
13-2(a) vt = |Vyu if()st<~£- (b)

foralln

To
0 if—i-St<T()

Ty

2 .
r— 2 | VaTo [ To ) Va- sm(mn)
ap = i V5008 2-1c‘n~-—t—— dt= —. - sin} 2. —— | — sm(2-n-n-0) = —=90
Ty To To!| 2-mn 2-Ty -0
O

Ty
2
~VA'T To 1 - cosln-n
b= 2| Vasinf2an—|dt= 220 cod 2mm—r | - cos(2-70.0) =VA~(——-—--S(——)—
o, To To 2mm 2Ty R
0

Va 2-Vp

ag = — ap =0 alin by =
2 nn

n odd
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(1t
13-3 D=2-Vao|——— 0<t<T
v(t) Akz T 0 v(f)

1 ('TO 1
t
= . 2.Vp|l—=——1dt=0
A A (2 T(;)
70
2 [ 1t t 1.v
ap = —- 2-VA~[— - ——j-cos(lmn'——} dt | YA
To 2 Ty To
v0
- A Va |
an= —% -—i}nTg-(n-n-sin(Z-n-n) + cos(?.-u-n))-(—zé-z—j + -;—-Tg-(—z—éé-)-
T -0 T -u) |
iy = = (n -1 sm(Z - n);— 0208(2 - n) - 1) forall n
2 (7 1
t t
by = - I VAl = — — l.sinl 2-w-n-— | dt
n To J A (2 TQ) S\!l[ o T())
0
bp= —12‘— {—— To- (n ncos(Z T n) - sm(2 ;- n)) ( ) [2 ( )] TO-VA}
be =V ‘(n~n~cos(2-1t~n) - sin(2~n~n) + n-n) =V ‘cos(Z-n-n) +1 - 2:Va foralln
n ( 2 2) A n-n -1
T -n
13-4 o 2t . To
Wty = VA‘_'I—E if 0<t< '—2— vs(-t)
To ‘
0 if _2._ <t< TO VA ....................................................
To
R — -t
t A o
= — Va—dt = — —
0 To A To 4 2
Y0
To
2
. v -2-V
a, = i VA-iz—tcos(Z-n-n-—t—-) dt = —A—~(cos(n~7c) - 1) = A n odd
To To To 2 2
) X (nx)
0
To
2 { 2 2.t t —VA-(—-sin(n~n) + 1c~n-cos(n-n)) ~VA-cos(n-7t) (—l)n_1 VA
by = —- Va—-sinf 2.g-n—— | dt = = =
To J To [ Toj (nz'nz) nn D
0
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_ 1
10 To:=2-10 " fo=—

n:=1,3.13

v(t) (V)

tiee

13-5 Square wave A=
4.A To
30:-—-0 a =0 b =—o0
n n nE
n = Il'f() = an = n =
1 500 0 12.732
3 15103 0 4244
5 25103 0 2.546
7 3.5108 0 1.819
9 45103 0 1.415
" 5.5-103 0 1.157
13 6.5-103 0 0.979

The first four nonzero terms are:
£01) = 12.732sin(2.7.5001) + 4 2445in(2.7.15001) + 2.546sin(2 7.2500t) + 1.819sin(2-7-35001)

20

agreement.

13-6 Shifted Triagular wave with A := 20 Tp:= 10

0 0.001

t

3

0
-10

t:=0,0.02-Tqy.. To

f()::TO_l fo=1x 103

-1 (ms)

<-—waveform agrees with f(t) in Fig. P13-5. The
more terms that are added the better the

Let g(t) be the triangular wave in Fig. 13-3, then the waveform in Fig. P13-6 is f(t) = g(t- T,/4).
Since cos[2nn(t - 0.25T,)/Tg] = sin(2rnt/Tysin(nzn/2) the Fourier coefficients of f(t) are

n:=1,3.15

4y = 0 an::()

e

t:=0,0.02.Ty.. To

bl = 16.211 b2 =0

b, =-0.331 bS =0

The first four nonzero terms are
10 =] (16:25n(2210°1) - 180sin(223.184)) + 0.6485n(20:5.16%4) | - 0331 sin(2.2.7.10% 1)

v(t) (V)
A

250

<---Waveform agrees with f(t) in Fig. P13-6




13-7 Full-wave Rectified Sinewave with A =220 fo:= 50 To:=fy | To=2x 10 >

2-A 4-A
n:=2,4.14 a,:=— a, =140.056 bn:: 0 a = —-(——-—2—)- [o.. To
®
T\l-n
n= n-fo = “I} - "n -
2 100 -93.371 0
4 200 -18.674 0
6 300 -8.003 0
8 400 -4.446 0
10 500 -2.829 0
12 600 -1.959 0
14 700 -1.436 0

The first four nonzero harmonics besides the dc component are
£(t) := (140 — 93.4cos(4-1-50-t) — 18.7.cos (8-7-50-t) — 8.0cos (12.7-50t) — 4.44.cos(167-50-1))

<---Waveform agrees with f(t) in Fig. P13-7

0 0.01 0.02
1
‘ VA AN
3-8 Vp:=50 f3:=60 n:==2,3.8 a,=— a = ——r- cos(n-z)l b =0
T n 2 2 n
1:~(1 -1 )
15915 b, = o2 =0,1.7 A = |(a )V +(b ) - b =
&0 = . 1= —2— n:=u,1. = (an) + ( 11) ll-f() _ an = n =
1 0 15.915 0]
30 -
To = i 60 0 25
25 @ 0 0
” 120 210,61 0
Au 1519 | t:=0,0.005.Ty..2-T, 180 0 0
e wofl e 240 212 0
: ol o] 300 0 0
=30 1275 285 4425 600 360 -0.909 0
o, 420 0 0

£(t) := 15.915 + 25.sin(2-7-60-t) — 10.61-cos(2-7-120-t) — 2.122-cos(2-x-240-t) — 0.909-cos(2-7-360-1)

100
<---halfwave
sine with
f(ty 50 //\\ /\\ 50 Vp.
0 L
0 0.01 0.02 0.03
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- = = S - o 4.V
139 Vpo:=5 £:=10010" n:=1,2.8 a ;=10 a =0 b -sin( .’L)‘
LY 2
n=0,1.7 A = [(aY+(b) nfo= a= b =
T n AdiTn n 0= n n
12 2 10 0
8 2105 i To:=fo
: 31051 L O} :=0,0.005Tp..2-To
A, ° . 0 2122
o} 4 | | | 4~105 5 5
2 T 9 ¢ 10 0 1273
= > . 7105
0 5.10 1-10 0 0.909
D<fo

g(t) =10+ 6.37-Sin(2.n-f0-t) + 2.12.Sin(2-7t'3.f0.t) + 1,27.5111(2.7;.5{04) + 0.909-sin(2~n~7.fg-t)

20
Do g % P e
15 \ ot
gty 10 ST ‘
<---100 kHz square wave with 10 Vpp and
> S AN 10 Vdc offset.
O !

0 510° 1.0 ° 15-10° 2-10

32.VA | . 7
13-10 V4 :=125 f3:=2000 n:=1,2.7 a,=0 a =0 = -|sin} n-—
n n 3 2
(nm)
a0=0 n:=0,1.7 A = (a )2+(b )2
n n n, Te e fo—l
nfy = b = 0-=
n
2 0 o 0,0.005
210 12.901 12 t:=0,0.005-Ty..2- Ty
4-103 o 9
6 103 0.478 Q 31 :
8'104 0 0 p——o—0—o—6—0—0
1o 0.103 -3 7 .
1.2-104 0 0 5000 1100 1.5-10
104 n-fo
1.4-10 0.038

£(t) := 12.9-sin(2-x f-t) + 0.478-sin(2-1-3-p-t) + 0.103-sin(2-n-5-fy-t) + 0.038-sin(2-7-7-£9-1)

20
10 ’"\\ "\ <-—parabolic wave 25 Vpp and f; = 2kHz
f()y o
T 10 \w \w
-20 -
0 510 * 0.001
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13-11 (a) Tg:= L fo:= L og =211y To=4x10 3 fp = 250 wg=1571x 103

250 To

{b) A= 10 A= 8.11 A2 =0 Ay= 0.901 dg:=0 d1:=-45 ¢2:=0 $3 =135
n:=0,1.3

Amplitude Spectrum Phase Spectrum
15 — 30 [ ~
I S or—e ©
1125 Q f -390 S l
Ay T3 1 o dn =60
© 375 B S @ -9}
® -120
0 " =150
=3.75 -180 -
0 500 1000 0 500 1000
Il‘fo n.fo

{c) Converting phase angles to radians 45~%} =0.785 and 135—1286 =2.356 yields

£(t) = 10+ 8.11.c0s (27250t — 0.789 + 0.90kcos(2.7.750t — 2.359 which can be expanded as

£(t) := 10+ 5.74c0s (5007-1) + 5.745in(5007-t) — 637-cos(15007-1) + 637sin(15007-t)

(d) The waveform is neither even or odd. It contains both sine and cosine terms plus a dc component.
13-12

w(t) = 25-(sm(100.m - %-sin(SOqu‘t) + E%.sin(soo-n-t) - Zlg.sm(mo.n.t))

1 i
(@) fo=50Hz; 00=27d ; 0=314.159 radis; Toi= o= To =25 10 2 s

(b) The waveform is odd since only sine terms are present.

(c) To—To+ —% T
¢}y ti=-lg,~lo+—.
0,=To + 25 To

) 40
Signal appears to be a

triangular wave passing
through the origin att=0.

20

vy of

-40 L |
—0.02 -0.01 0 0.01 0.02
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1313

4 1 1 1
v(t) =30 + 20'(008(400-0 - g-cos(8()0-t) + -7--cos(1200-t) - —2—1—~cos(1600-t))

®Q 1 —
(@) oo:=400radis ; fo:= — ; fo=63.662Hz; To:= 3 To=1571x 10 2 ..
o -

(b) The waveform has even symmetry since only cosine terms are present.

(c) t:=-Ty,—(0.9995)-Tp.. Ty

60
Signal appears to be a 45 | TN
full-wave rectified cosine
15
0
-0.02 -0.01 0 0.01 0.02

1314 f(t) = 15.c0s(2000-7-t) + 5.00s(6000-7-t) + 2-005(104-7c-t)

1 1 —3 3 3
a Tog=—— fH=— o= 2-n-f To=1x10 " fy=1x 100 0g=6.283x 10
(a) 0= 000 = 0 0 0 0 0
(b} A0 =0 A1 =15 A2 =0 A3 =5 A4 =0 A5 =2
n:=0,1.5
$p:=0 ¢1:=0 ¢2:=0 $3:=0  ¢4:=0 ¢5:=0
Amplitude Spectrum Phase Spectrum
20 45
@ 5 ? . @ -9
0p & o2 -135
-5 —180
0 2000 4000 6000 0 2000 4000 6000
n-fy n-fy

{c) The waveform has even symmetry - there are no sine terms.
(d) g(t) = f(t) +10 + 3 sin(4000xt) adds dc and a 2" harmonic sine term. A,=10, A,:=3and

¢p := —90. at) has neither even or odd svmmetry.

Amplitude Spectrom Phase Spectrum
20 30 ;
151 ¢ )
A, w0k on 2o
@ 5 @ 90| o
0 ¢ ¢ Q =120
= —150
=5 —180
=100 2950 6000 0 2000 4000 6000
13 fO n-fo
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13-15 Given n:=1,2.8 ap:=0 an:=£)- b =0 foralin>0 10 10
n-n f(t) := Z -——-008(40-11-1&1)
—1 1Ly

_ To
@ f:=20 To=f, | To=005 t=0,—.2Tp

3 10
wg=6283x 100 wg:=2-ni
(1)
JrO—— O — ]
(b) The waveform has even symmetry |
0 0.05
(c) _ 2 2 B t
A = (an) + (bn) nfy = A =
4 ;
20 3.183
. 40 1592 31 ¢
10
f(t) = Z -——--cos(40-n-7t-t) 60 1.061 A, s
n-r
= 80 0.796 9 9
100 0.637 1 G e
120 0.531 T 1999
140 0.455 0 0 50 100 150 200
160 0.398 n-fy

0
.cod 40-n-m-(t — 0.005)] we expand as

o]
(d) Given g(t) = 10 + 2.f(t — 0.005) = 10 + Z 20
o nT

n=1

cos{40-n-n~(t - 0.005)] = cos(40-n-n-t - %) = cos(40~n-n-t)-cos(n~ %:—) + sin(40<7r~n-t)-sin(n- -Tij

The Fourier coeff of g(t) are: a,:= 0 a = —z-q—'cos(nf—] b = E-sin( -ﬁ—)
n 4 n 4

g(t) has both cosine and sine terms has neither even or odd symmetry. Checking

8
g(t) = Z (an-cos(Z-n-n-fg-t) + bn-sin(2~7c~n‘fg‘t)) a = bn =
n=1 4502 4502
t:=0,0.1-Tg..2-To 0 3.183
1501 1.501
1592 0
20 0.9 09
125 A \ e 0 -1.061
fw / \ /\/ / 0643 20643
0 I\ \ / ,\\ J/ 0.796 0
T -as ~—_ / T~
; ! —- g(t) is shifted by 0.005.
10y 002 004 006 008 01
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13-16 Givenare Vao:=5 Tp:=0.5%-10

vs(t)
T:=02Tp R:=200 L:=0.1 From Fig 13-3 ‘
the Fourier coefficients (n:= 1,2.. 10) are L
T 2V4 T VA B
a,=Va— a = sin| nt-— | b =0 { *
Top & anxn To B i Vg (B R vo®
For mg:=27m-To ! For the transfer function of ToT ; >t o
RL circuitis Ty(n) == ——— n:=0,1..5 !<—Tu~—>i
R+ jnogl
. 180 .
The output amplitudes AMP_:= |a HTV(n)l phase angles PH = —-arg(a -rv(n))
n n n T n
n= n.(,)o = aIl = lTv(n) = AMPn = PHn =
0 0 1 1 1 0
1 4103 1.871 0.447 0.837 -63.435
2 8103 1.514 0.243 0.367 -75.964
3 1.2-104 1.009 0.164 0.166 -80.538
4 1.6-104 0.468 0.124 0.058 -82.875
5 2:104 0 0.1 0 -84.289
vo( =1+ 0.837~cos(4-103-t - 63.4°) + 0.367.cos(8.103.t - 76.0") + 0.166-oos(1z. 107 - 80.5°)
1317 Given V=20 To:= 2110 > n:=1,3.9
4 9 Vst
R:=10, C:= 5010 ~ The Fourier coeffs.
8-Va i3
are a,:= 0 a =0 bn = 2 n.a—) Vaty . R
(n'ﬂ) R +
_ ,. 1 c v..(D
For wo:==2-n- Ty " the transfer function the Sl I To Y5 (9 °
-~ 2 o
. . 1 'Vﬁ' .....................
RC circuitis Ty(n) = ———
1+jnrogRC
i 180
The output amplitude AMP_:= lb HTV(n)[ phase angle PH_:= —-arg(b ~Tv(n))
n n n S n
i j n:‘(;)1()0: bn = ITV(H)I _ Al\/ﬂ)n = PHn = PHn -90 =
5 3' . 16.211 0.894 145 -26.565 -116.565
'103 -1.801 0.555 0.999 123.69 33.69
> 5‘103 0.648 0.371 0.241 -68.199 -158.199
’ 7'103 -0.331 0.275 0.091 105.945 15.945
9 910 02 0217 0.043 77.471 -167.471

Vot = 14.55n{10° - 26.6%) +0.999-sinl3.10% ¢ + 124°) + 0241.sin{5. 10>t - 68.2°) + 0.091.sin(7 1%t + 10¢

Vo) = 145005103 - 117°) 1 0.999-c0s(3-16% + 34%) + 0.241.c08{510% - 168°) + 0.091.007. 10 + 16,
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13-18 Given Vo= 5 Tg:= 400710 °

Ry:=10' Ro:=510' c:= 101077 a
2
The Fourier coefficientsare n:=1,2..5 o
\Y \' v . ®
a::——éa::Ob::——A o
0 2 n n -
-1 . - =
For wg:=2n-Tp the transfer function of the
N -JnogRyC
OP AMP circuitis Ty(n) = ———
1+jnogR-C
. 180
The output amplitudes AMP_:= |b HTV(n)[ phase angles PH := —-arg(b -Tv(u))
n n n T n

- nog = bn = lTV(n)| _ AMPn = PHn = ]?Hn -90 =

1 5103 -1.592 2.236 3.559 63.435 -26.565

2 1-104 -0.796 3.536 2.813 45 -45

3 1.5-104 -0.531 4.16 2.207 33.69 -56.31

4 2-104 -0.398 4.472 1.779 26.565 -63.435

5 25104 -0.318 4642 1.478 21.801 -68.199

vo(t) = 3.56-sin{5-10”-t + 63.4°) + 2.81-sin{ 10"t + 45°) + 2.21-sm(15-10’.t + 33.7”) +1.78sinl2-10" 1 + 26.6°
Vo) = 3.56.c085.10°1 - 266%) + 2.81si(10%¢ - 45%) + 2215ia(15.10%1 - 56.3°) + 1.78.5inl2- 10%¢ - 63.4°

13-19 Given Vo= 4 To:= 800710 °

Ry:= 104, Ry:=5 10° , C:=40010 o See Figure 13-18 above.
Va Va
The Fourier coefficients are n:=1,2..5 ay=—— a = 0b =—vm
2 n n n-m
jnogC

For mg:=2mnTg 1the ckt input admittance is Ypy@) = ———
1+jnogR-C

80
Output amplitudes a; YIN(0) =0 AMP_:= ‘bn'YIN(n)l phase angle PH := —1-——-arg(bn~Y1N(n))
ki

L8]
n= nogl0 3 :bn = ‘YIN(H)I _ AN[Pn-lo = PHn = PHn -90 =
1 25 -1.273 995105 126.692 -174.289 -264.289
2 5 -0.637 9.988-10 5 63.583 -177.138 -267.138
3 7.5 -0.424 9.994-10 5 42.418 -178.091 -268.091
4 10 -0.318 9.997-10 5 31.821 -178.568 -268.568
5 125 -0.255 9.998-10 -5 25.46 -178.854 -268.854

input current in pA is:

i(0 = 127.5in(2.510° - 174°) + 63.6.5in(5.10% ¢ - 177°) + 42450075103 - 178°) + 318.5im{10%¢ - 179%)
i(t) = 127.005(2.5. 10° - 264°) + 63.6.005(5. 107 - 267") + 42.4-cos(7.5- 1074 - 268") + 31.8-005(104-t - 269")
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13-20 Find (). Given V=5 To:= 4m-10 " vg()

R:=1 C:=80010 0 L:=210 °
The input Fourier coeffs. are n:=1,3..9

8Va
a =0 a = b =0

0 (n'n)z n

For wg:=2n-Ty ! the admittance of the
1
1

RLC cktis Y(n):=

R+ - + j-n-ogL
jonogC
. 180
The output amplitudes AMP_:= la -Y(n)l phase angles PH_:= —-arg(a -Y(n))
n n n T n
3 ,
n=— n-wo = aﬁ - lY(n)l = n' 10 - PHn -
1 5103 4.053 4.167-10 -3 16.887 89.761
3 15104 0.45 0.019 8.442 88.926
5 2.5-104 0.162 1 162.114 0
7 35104 0.083 0.029 2.411 -88.329
9 45104 0.05 0.016 0.804 -89.079

Response is dominated by the 5" harmonic at 25 krad/s because the circuit resonant frequency is
L _as5c10" radss

\/L-C
13-21 The given parameters are Va:= 15, To:= 40n-10° 3 and T(s) = 00"
s +
Using Fig. 13-3 the Fourier coefficients of the input are
4-Vp
a4y = 0 a =0 b =0 neven b =
n n n o
For mg:=2n-Tg ! the steady-state output is
AMP_:= lbn.'r(j.n.@g)] n:=1,3.7 a,T(©0)=0
Input Output The ckt is a highpass filter with o = 200. The
0= _ b = AMP = fundamental at o = 50 is reduced more than
- oo = the other harmonics which fall just below or
1 50 19.099 4.632 slightly above the highpass cutoff frequency.
3 150 6.366 3.82
5 250 3.82 2.983
7 350 2728 2.369
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100
s+ 100"

13-22 The given parameters are V:= 15, Tg:= 407-10 3 and T(s):=

Using Fig. 13-3 the Fourier coefficients of the input are

4-Vp
a, = 0 a = 0 bn =0 neven bn =
nn
For wg=2mnTg L the steady-state output is
AMP_:= lbn-T(j-nmo)' ni=1,3.7 a T(0)=0
Input Output
b = AMP_ =
= nog = n n
1 50 19.099 17 082 T-he ckt is a lowpass filter with ¢ = 100.
3 750 5366 3537 Since the fundamental frequency is g = 30
: . the fundamental falls in the passband and is
S 250 3.82 1.419 reduced less than the other harmonics which
7 350 2728 0.75 fall just above the filter cutoff frequency.
13-23 Triangular wave
~3 1
n:=0,1.20 a:=0 b =0 ¢:=0 Vpa=12 Tp:=2:10 f0:=—f5
8-Va 2 2 _9
ay=0 n:=1,3.21 bn::()an:z( )2 ki=1,3.11 A := ,(ak) +(bk) C:=10
o

ve® =y’ Ayc-cos(2-m-kfyt) ic(t) = C-%vc(t) = —(Z C~Ak~2-n-k'fo-sin(2-n~k-fo~t))
k k

Capacitor Voltage Amplitudes -5 Capacitor Current Amplitudes
10 4-10 :
@ o) 210
4 —
2
? . o T2 2 ¢
%0 00 a000 0 2000 4000
k£, k-fy

Differentiation multiplies the each harmonic's voltage by its frequency. This increases the high
frequency ampilitudes of the current relative to the voltage. The voltage amplitudes decrease as

1/n? while the current amplitudes fall off as 1/n
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13-240:=0,1.20 a =0 b_:=0 ¢iny:=0 ¢outy:=0 fo:=500 wg:=2nfy Tp:=0.001
The inputis viN(t) = 10 + 10-cos(2-1-500-t) + 3-cos(2-7-1000-t) + 2-cos(2-7-4000-t) and the input

spectrumis a, =10 a,:=10 a,:=3 a;:=2 n:=1,2.8 Ain = (an)2+(bn)2

0
With an ideal 1 ms delay the output sianal is

vouT(t) = 10 + 1o.cos[2.7z.5oo.(t -10" 3)] + 3.cos[z.n. 1000-(t -10" 3)] + 2~cos[2-1r-4000-(t -10" 3)]
vouT(®) = 10 + 10-cos(2-7-500-t — 1) + 3-cos(2-7-1000-t - 2.7) + 2-cos(2-7-4000-t — 8-x) hence

Aout := Ain)[1 dout; == - ¢outy ;= —2-n doutg :=-8-xn

Ain = Aout_ =
n n

n= nfy = ¢in, =  douty = -nogITp =
1 500 10 10 0 3142 3142
2 1103 3 3 0 5.283 6.283
3 15103 0 0 0 0 9.425
4 2103 0 0 0 0 12,566
5 25103 0 0 0 0 15708
6 3103 0 0 0 0 -18.85
7 35103 0 0 0 0 21.991
8 4103 2 2 0 25133 25133

Ideal delay introduces a linear phase shift of -nwyTp, but does not change the amplitudes. .

. _3 100
13-25 The given parameters are Vo= 5-x, To:= 20110 ~ and T(s) = a

(s + 501 + 300"
The input Fourier coefficients for n:= 2,4.. 12are a,= 0 a =0 bn =0

4Vp
The input Fourier coefficients for n:= 1,3..11are a,:= 0a=0b =
n n -
— l — f . . b 1
fo:= T 0o =218 ®p=100 1n:=0,1.7 AMP := | n-T(J-n-coo)‘
pog= Ca" [T(n00)| = AMP, = The cktis a bandpass filter centered at the
0 0 0 0 3rd harmonic of the input. The 34 harmonic
dominates the output eventhough its input
100 20 0.12 2407 amplitude is 1/3 of the amplitude of the input
200 0 0.356 0 fundamental.
300 6.667 0.997 6.644
400 0 0.51 0
500 4 0.303 121
600 0 0.219 0
700 2.857 0.173 0.496
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13-26 For a rectangular pulse train

A N To

-
R _R—-T() _‘VT;.‘_

n TO

(V0)2 e (Vn)2 T 2VA  (naT
Ingeneral P= + For the rectangularpulse V_ =Vp— & V = -si
g =t R gular p 0= VAT — u{ J

T 2
. Po Vo To T T
the dc component carries = = =|—| and the ac components carry 1 — —
Potal 2 T To To.
Vrms ——
0
For 10% duty cycle the dc component carries 10% and the ac components 90%. At 50% duty cycle
they each carry half of the average power. Decreasing the duty cycle increases the high-frequency
content of the amplitude spectrum
100 15 20°

13-27 The voltage v(t) = 10 + 15-c0(300-x-t) — 20.sin(900-x-1) delivers P = PR Ry

2 2
. . 15 20
to a 50-Q resistor. The rms value of the waveformis Vi = j 102 + - + - =20.31 V.

13-28 For a square wave:

Ty
1 2 2 to 2
Vims = [— Va©dt+ (-Va) dt[=Vp
To | Jo Ty
voL 2 N
4-Vp o .
Vo =0n:=1,3.5 V11 = Power fraction in the first three nonzero terms is

nn

R B A TEN T Y

)2
) =B el L)z o0s3
2\ 9 25

2R 2R 2.R T 2\ 3z 2
2
Vims VA2 n
R

The first three non zero harmonics carry 93.3% of the total average power.
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13-29 For waveform in Fig. P13-29

1
2 6 R 6 R

v, = P =2 j (_LM)Z  (cosam))’ = 2. j (P_"_(__l:_‘-f b

nn nmx nx n-n
2
(Vo)

(o)’

In general P= +

Va
VO = T The amplitudes of the first three nonzero ac terms are:

M s

R 2-R
n=1
Va [ Va Va 4
V,=— |—+1 V,=— V,=—|——+1 hence the required power fraction is
T 2 2w 3m 2
£ 9-n
2 2 2 2 2 2 2
1 1{1 {4 1(1 1)1 4
(V )2 . (V]) . (VQ) . (V3) (Z) + -2— —_ —2- +1 + E(—-—-—) +;. — . +1
0 2 2 2 L 2m 37 | (3.%)
Vrms2 1 2
V6

=0.913

91.3% carried by the dc plus first three nonzero ac components
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13-30 For waveform in Fig. P13-30
Vs (1)

= 1 75% carried by the dc component and 25% by the ac components

P Piotal

13-31 K:=10 oc:=500 T(s):=

x(t) = 6-sin(1000-t) + 2 cos(3000-1)
= +1
oc

Yss() = Y1-5in(1000-t + 61) + Y2-cos(1300-t + 05)
Y v,
Yy =6-|T(j-1000)| Y5 :=2-|T(j-3000)] Yims = St Yims = 19.116

n

.\2 2
13-32 i(t):E_ Z ) .sin(n-mo.t) P= Z (1121) R= Z {.2_.(.:1.).?} -I-;"_
n
n=1

2758 <-—Estimate from the first three harmonics is 2.76 W

G B W N -
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n=11
m = S(m) = so the true rms value Vg = 1.224.Vp
1 1.085
2 1.141
3 1.165 <-——m = 3 yields an estimate Vg = 1.165-V5 which is within 5% .

13-34 Using voltage division
. 100 Q

7 .10 - §4—
50

T(s) =
: 1 -+ 100 DALY 750 nF 500 vd{H
750.10" s + - T 5
() = —0000
3-(40000 + 5)

For input vg(t) = 40~cos(2-n~3()00~t) + 15-si11(2~7r~9000-t) The amplitudes of the steady-state output are
V| :=40-|1(-22-3000)]  V,:=15|T(j-2-x-9000)| ~hence the average power delivered to R := 50

is P:= P= 1538 W.
2R 2-R
13-35 See Probiem 13-34 above tor circuit and analysis leadingto  T(s) := —————
_3 T 3-(40000 + s)
Tg :=50-%-10 wg=2.-— og =40
To
7:2 ® ( 1)n
For v(t) in Prob. 13-33 vg(t) = Vol — + Z -cos(n-oa(yt) with Vo:=4 n:=1,2.5
3-12 nz
n=1

Van VA ag o
V0 = -——E—-— | T(0)} VIl = u—-;(—-l) . !T(ynm())l the average power to the 50-Q) resistor is

n

(Vo)

m
P(m) := 215' (VO)2 D
n=1

m:=12.4

2

2 0.043
3 0.043
0.043 <--P is approximately 0.043 W.
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13-36 (a) n:=1,3..7 Anzz—Ii n:=1,3.7 ¢p=0 wo:=10

n
— Aa ™ b = x(1) = 14-c0s(10-t) + 4.667-cos(30-1) + 2.8-c0s(50-t) + 2-cos(70-1)
10 0
L 14 -
30 4,667
50 58 0 )
I 2 0 ASL(fD)i: 0f0<o<2
o] .
The straight line gain and phase of T(s) are ‘90'1"@(‘2‘) if2<o<4
GSL(CU) =11 fO0<o <20 —90-log(2) if 4 <o <200
(&) .
igg— if 20<w <40 90«10;;[%) if 200 < @ < 400
y 0 if 400 <o
025 if 0<o

2
0.25 40
Double Pole at 20 and double zero at 40, hence T(s) == 025(s +49)

(s + 20)°

comparing the straight line and exact gains x:=0,0.1.3 o(X:= 10°

Str Line and Exact Gains Str Line and Exact Phases
ST T 225 m m
2010g(Ggr(0(x)) 0 - Agi(0()) 1125
\ o ok \ =
. i- - 180 N 1 $
201og(|TG-0]) =5 —— arg(TG- @ (x))311.25 K
} N\ T
=10 Moo ———- —225 | ’
N T -33.75 oy
— 5 H i “.
! 10 100 1.10° a5 mfl i U
0(%) 1 10 100 110°
®(x)
For the straight line plots the output amplitudes anu puase anyies ars.
[ee]
Bn = An- GSL(nmo) Op = ASL(n-mo) ysL(t) = z Bn-cos(n.m()-t + Gn) n:=1,3..7
n=1
A = B =
neg = n GSL(n-mO) = n op = 04 =
10 14 1 14 0 -27.093
30 4.6667 0.4444 2.0741 0 -27.093
50 2.8 0.25 0.7 0 -27.093
70 2 0.25 05 0 -27.093

Straight-line output

ySL(t) = 14-cos(10-t — 27.1) + 2.07-008(30-‘[ - 27.1") + O.7~oos(50-t - 27.1") + O.5-cos(70-t - 27.1°)
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13-36 Continued

(b)
180 >
Cn = An' |T(j -0 Q)I Yq = —1—t~~arg(T(j ~11~030)) yEx(t) = Z Cn~cos(n-m0-t + \yn)
n=1
11-(})0 = An = BII = Cn = ¢11 = 911 = \ljn =
(10] 14 14 119 0 27.093 -25.058
30 4.667 2.074 2.244 0 -27.093 -38.88
50 2.8 0.7 0.99 0 -27.093 -33.717
70 2 05 0.613 0 -27.093 -27.599
Input

x(t) = 14-cos(10-t) + 4.667-c0s(30-1) + 2.8-cos(50-t) + 2-cos(70-t)

Straight-line output

ysi.(t) = 14~cos(10-t - 27.1") + 2.07-005(300-t - 27.1") + 0.7-005(500-'( - 27.10) + 0,5-005(700-‘[ - 27.1")
VEX(D) = 11.9~cos(10-t - 25.1") + 2.24-cos(300-: - 38.9") + 0.99.oos(500.t - 33.7") + 0.613.cos(7oo.t - 27.6")

(c) The straight-line amplitudes generally agree within 20%. The straight-line phase is the same
for all four harmonics which is not a very good approximation to the exact phase angles.

o
13-37 (a) For a periodic impulse train: x(t) = To- Z 8(t - n-To) To:=1
n= — o
To
1 B 1 x
a,= — x(t)dt= —. lim To-d(t) dt =1
To T To x50 -x
T2
Ty
X
2 2 t 1 . t
a = —. x(t)-cos| 2-x-p-— | dt = —. Lmm To-(t)-cos| 2-t-n-— {dt =1
T T To To x50 To
To - X
2
Ty
2 K
2 . t 1 . . t
bn= —_ x(t)-sin) 2-x-p-— | dt = —- hLm To-3(t)-sin| 2-x-n-— |dt =0
To To To x50 To
To - X
2
il t
=1+ 2.t-n— | hencen:=1,2.5 A =1 =0
x(t) Z cos[ -1 To) n s . on
n=1
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13-37 Continued

1

1 t
(b) If W(t) = .ﬂ.exp(-ﬁj-u(t) then T(S,TO) = _T;)_S—:i:—l-

The amplitude and phase angles of the steady-state output for or a periodic impulse train input are:

j-2-mn 180 j2mn
B =A T ,T Oq = ¢p + —-arg| T| , T
n n‘ ( To O)i n=¢n i g To 0

n= An = Bn - ¢n = en =
1 1 0.157 0 ~80.957 In general:
2 1 0.079 0 -85.45
3 1 0.053 0 -86.963 B 1 0y = m,g[ ! }
4 1 0.04 0 87721 o142 1+j2mn
5 1 0.032 0 -88.177
{c) y= Z S -005(2 -1 L + arg( L j]
1+j2mn To 1+j-27mn
n="0
(d) T I KR G S T
y(t,m) == HZ:JO T+j2ma .005(2.%11. 0 + arg(l +j-2-7c~n)) t= O’T(S%“ 2-Ty
15 15
1.25 [ /* 125 "
z(i—s) 1 \\V \\\‘\/ ZEL:O) 1 \“'\/
075 075 f
935 1 2 03, 1 2
t t
Ty Ty
15 15
P 195 I
wt,15) 1 v(t,200 1} \J
T 075 T o075 ~
03, 1 2 93, 1 2
t t
Ty T
1.5 ; 15
125 ' 125
W30 1] N WL50) 1
— o7sp T 075
0> 0 1 2 0-3 0 1 2
t t
Ty T,

The steady-state output is a periodic exponential that does not decay to zero prior to the
next impulse input.
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13-38 Since the Butterworth gain decrease monotonically with frequency the overall requirements

will be meet if the gain at the 3™ harmonic is at least -3 db and the gain at the 4t harmonic
is less than -20 dB. The design constraints are:

2010 ! > -3 20-1o0 ! < =20

2. 2.

3-®90 " 4-00 o
L+|— 14| —
oC ®C

If we choose wc =3-0g then 20-lo = -3.01 <-3 regardiess of m.

For wc =3-wg the gain at the 3™ harmonic is slightly below - 3dB. So we try oc = 3.05-0¢

in which case the gain contraint at the 4th harmonic becomes

2-m 2
! <10 " or (—i—) >10°-1 or m> }—-M or m> 8473

4 2~m 2 10 ...—f."..—.
1+ (—-} 3.05
“ EXIN

Since m must be an integer choose m = 9. Checking both design requirements yields

1 1

20-lo =-2412>-3 20-lo =-21.23 <20
18 18
300 4-aq
I+ 1+
3.05w00 J 3.05.00
13-39 For Top=2-n-10 6 wQ = 106 To be centered at the 7™ harmonic oC =700
T-wp
-8
and the transfer functionis T(s,Q) = - Q then since the waveform has even
‘00 2
S2 + s+ (7-co ())

symmetry all harmonics are present and the two adjacent harmonics are the 6th and 8h. Try

Q= 10,20..60
Q= 2010g(|1(j-6-00,Q)|) = 20-log(|T(i-8-00,Q)|) =
10 -10.245 -9.125
20 -15.946 14727
30 -19.406 -18.167
40 -21.883 -20.637 <---Q = 40 is the minimum
50 23811 22562
60 -25.389 24138
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2
6 4V (Vn) 4VAY 1
13-40 For a 1 MHz sq. wave fy:= 10" V_= —— where K= —— =| —— | .—at
n nx 2R T 2R
121 K
f=1MHz 10-10g(P1) = 10log(K) = 12.1 hence K:= 10" K=16218 n:=1,3.11 P =—
B
w105 = Pu = 10-l0g(P,) =
1 16.218 121
3 1.802 2558 <-—-These results agree with the measurements
S 0.649( [-1.879 so the analyzer is properly calibrated.
7 0.331 -4.802
9 0.2 -6.985
11 0.134 -8.728
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CHAPTER 14, Both Versions

26
K 1
141 T(s)=| ——=—— | w0c=211500 oc=9425x 100 K=10% K=19953
[
(®C,
C
__Rz
For the ckt at right T(s) = —————————}——-— "'"l
Ry RpCs+1 Laan—d
Let Ry := 10" then Ry:==K-R; C = R Ro
oc Ry + >—"\\\—
c Vi >+
Ry=1995x 100 C=5318x 10" 1" v
: (0.5) 3
14-2 T(s) = oc:=2n-500 K:=10 K=3162 @c=3.142x10
S+oc
-R5-C:s
For the ckt atright T(s) = ———
RiCs+1 R C «
Let R; =10 then Ry =KR; €= — +>—A\A -
oc-Ry \Z|
4 8 V2
Ry=3.162x 100 C=3.183x 10 Checking B
. —Ry-C-s
s} = - . .
) Ri-Cs+1  20dog(|T(-100.0c)|) = 10 20-10g(| -0 c)|) = 6.99
K 6
14-3 T(=—— oc=uk o0]:=27-5000 o©j:=2.1-2-10
S
— 41
oC K=unk Design constraints are:
201og (|T(-01)[) 2 10 and  20.1og (|1(j-02)|) < ~10
1 ~10
Then — 2 — 2
20 o1 20 w2
K= 107 | —| +1]=3166 K<|10 " .|[|—| +1|=6332Thus 3.166 <K< 6322
[oYs) ®C

Define

2
2 6
5000 1 2-10
Ki{oc) ::\/10~j(2~1c~ ) +1 Kpfoc) = —- (2.7;. J +1
oc J10 oc 0c=10",2.10"..10'

6
oc=10

K must fall below the dotted line but above the solid
curve. Hence, for example, we could choose K=5 &
Other solutions are possible.
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14-4 1

— Dy
Tv( = culw) 1o 20
1 , 11+20Cs A
T v (8 co gzu 0
Aout; ITV(j-;OOO-n)I-O.OZ <001 hence >t
| Tv(i-4000-7)| < 0.5 Requires Spurce  Bypass Load
o S Capaclior

< 0.5 . solving for C yields C > 6.646.10

J 112 + (20-C-2-4000)°

14-5 The required T(s) is T(s,oac) = The design requirement is

=4

®C

20.1ogﬂT(j.n.4.104,mc)D <-20 which means

which vields
0c<2.51410° let oc=2000 then T(s) =

2000
R1+R2
. Ry
For the circuit at right T(s) = ——
RCs+1
Ri +Rp -1
=5 and R-C = (2000)
Ry
Let Ry == 10" R:=10"then
Ry = 40-10° C:=50.10"°
R1+R2
Ry
Checking 20-lo =-21.985 <---gain <-20dB

R-Cjom-4-10" + 1
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8~106

14-6 T(s) = o =2 = Ty(s)- Ta(s)
(s + 500)-(s +2000) | s S
500 2000
For the circuit at right T(s) = —_—IE?————-}—-—— C
Ry RyCs+1 __| '__
This circuit can be used for both T¢(s) and Tx(s) a4
For T () Ry=4R; Rp-C=(500)" L R Ro

LetR, = 10 kQ then R, = 40 k and C = 50 nF.
ForT,(s) Ry=2Rj Rp-C = (2000) !

LetR; =10 kQthen R, =20 kQdand C =25 nF

+ >—-'W\,-:El>
ey o
Vi
V2

- : — i S
147(a)  Tspo)= |10 if 0 <20 10'(556 N 1) o - 10.20. 1000
29 4 20<p <200 TO=T7
® — +1
20
1 if 200< o
20-log( Ty (o)) ""~\_q\
™
20.10g(| T(-0)| ) I
0 itszam
10 100 1-10°
©
{b} Use a non-inverting ampilifier e
AT —
20 Z1+7Zy Y1+Yo
T(S) = = 7 = Y 4)—'\/\/\'—0
= ! 2 Ry Rz
20 _[—'VV\, >_ .
Y2—1+—§—=———-+C-s Yi=9= — - + >—it v
20 2 1 A4
1 1
Rj=— Ry=1 C=—
7y ™ 20
k 1
Let ky:=9-10" then Rj==— Ryp:=lky C:= ——
9 20-ky,
Ri=1x10"0 Ry=9x10"
C=555x% 10" '
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14-7 Continue  Checking:
R1-Rp-C:s
R +R R; +R 1 R; +R R + R
1+ R2 1+Rr2 1+R2 1+ 182 1
T(s) = . =10 S —— — =20
Ry RyCs+1 Ry Ry-Rp-C Ro.C
- = i 10
14-8(a) Ty (o) := |10 if ® <20 T(s) =
10-20 5 s
i — 4+ 1 —+1
- if 20<® <200 (20 )(200 j
200 2
—| 1#f200< 0 o := 10,20.. 1000
ol
100
10 e
TSL((D) S
TG0 - S~
———- N
N
0.1 S ]
0.01 3
10 100 1-10
(b) ¢
-2 -5
T(s) = ( =TTy
s s
— + 1 —+1
L 20 200
72 Y3 ) 74 Y3 -5
Tj2—=—— = Yi=2 Y2=—S—+l To= o= —= Y3=5 Y4="‘S"‘
VA Yo S 20 /3 Y4 S 0
—+1 — + 1
20 200
4 4
Let k=10 then Let ky:=10 then
ki 1 1
Ry = — Ry =k I e Rz = — =Kk Cqp=
1= 2= kny 2 0k 3 R4 :=kn a 2001,

Ry=5x100 Ry=1x10" Cy=5x10"°

—F

- \\\r—¢
Rz

ey o
V2
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R3=2x10° Rg=1x10' C4=5x10"/

C
—] |_.4_
R4

+ >N\
V2

ey o
V3




14-9(a) Ty (0) = |1 if ® <20 s s
—::‘,—(.)- + 1 "2‘6 +1 1
2 i 20<0 <200 T(s):= =
20 S 8 S S
o0 TS et S
10 if 200 <o < 10° 10 10
4
10 i (10° <o) © = 10,20..10°
[}
40
2010g(TSL((D)) 20 ’-“"’-‘ TTTT ™~ ;
/,.r \
20.Jog(|TG-0)]) g TN
-——— 0 [———
N
I N
1 \2\\
-20 : s
10 100 110° 1-10* 1-10
o
Use a two-stage design T(s) = Ty(s)- Toa(s)
(b} First stage use an inverting amplifier
s
—+1 G
Y 1 ——-”——
Ty =22 = Yi=1+-—=—+Cqs c
S ., Y2 20 Ry TR SV V.Y,V
200 " Ro
Vo= 14 ——=— 4 Cos Let ky=10" then Mg R s
2 200 Ry m: vy 1 + v
Ri=kp Roi=kp Cji=—— Cpim —1 -
Prim 2= M e 2 200k,
R1:1x104 R2=1><104 C1:5><10_6 c2=5><10“7
Second stage use an inverting amplifier
1 Y1 1
T(s)—s——-——‘-‘-'—-—-; Yi=1=— &
1
— 41 __.”
10
s 1 4 4)-—’\/\/\Hb
Yy=1+——=—14Cps Let ky=10" then Ry Ra
Ri=ky Ry=ky Cop:= 3 A V2
10 'km )
Ri=1x10" Ry=1x10" Co=1x10""
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f:=10,20.. 10000

14-10(a) Tg (F) = |f if <40 s
40 if 40 < £ <2000 2.
< T(s) == -
. S S
200040 if 2000 < f +1 —— 1
2-t-40 2-1-2000
100 ——
"' - - --s.‘..‘,‘\
. ’/' "\‘
Tgr(£) & “\
— 10 ¥
|1G-27-0)]
! 4
10 100 1-10° 1-10
£
S
2.1 -1 43 -1
®) A s 71 2 S Yz
+1f) 1 —_— _TC . _S_._..._ +1 1 241
2-1-40 2-w-2000 40 S 2-1-2000
1 2- 1 1
Z1=~——+——n-=R1+ 2=————S—+1=C2~s+——
40 s Cy-s 2-m-2000 Ry
km 1 1
Let ky=100 then Ry:= — Cp = Ry =k S S—
40 2-mkyy 2-7-2000 -k,

-6
Ry =25x10° Cp=1592x 10

—

+"\\\—¢

1
v,?
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Ry=1x10° Cp=7.958x 107

ey o

Vo

10




14-11(a) 2 2 s

w . —_— J—
Tsr(o) = o o <10 pys 0

T(s) = =
@ i4—1¢—-S-—+1 -§—+1
-5,.5. if 10<o <25 10 250 10

10 if 250 <

o=1,2. 103

10

Tg (@) 1

N
: 3
)

7G| o

-

0.01

1 10 100 1-10

o

Use a two-stage design T(s) = T1(s)- T2(s)

(b} First stage use an inverting amplifier
1 72 10 1
=— Z1=1+—=Ry + ()
10 7 s Ci-s
1+—
S

Zy=1=Ry Let ky=10° then + >~

1
Ry =ky Ry=ky Cpi=—
1 m N2 m 1 10k =~

T(S) = _

Ri=1x10° Ry=1x100 Cp=1x10°

Second stage use an inverting amplifier

1 %)) 1 25 1
T(s) = ———=—= Z1=—+—=R; + )
1 25 71 10 s Cys c

10 s
+ >N

Zy=1=Ry Let ky:=10° then v

km 1
Ri=— Rp:= Cyi= — -
1= Remhm Cr=ooe

Ri=1x10" Ry=1x100 Cj=4x10 '
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10 .
1412  Tg ()= |— if £<34 S =5 i
34 () = 2-1-0.34 \ 2-m-500 J
10 if 3.4 <f<50 - N s s
500 +1} +1 + 1
X £ 50<F <500 2.m-3.4 2.%-50 2.m-2120
1 if 500 < f <2120
2%_2_9_ if 2120 <f f:=1,3.4.. 10000
20 > - bl
auil TTRIN
20-1og((Tsr.(D)) / \\
20.log(|T(j.2.n~f)l) 0 i R \~':'"~ —
RO Pead
i ‘ql\
'c“\
-20
1 10 100 1-10° 110*
f

Single-stage design required.
Use an inverting amplifier

(=)

\ 2.%-500
() 2 4 | ——n
() = 2-7-0.34 \ 2.7-500 _ \2=s0 2m2120 ) _ 72
{ > 1 —— 1 1 21
\2-m-3.4 2-m-50 2.w-2120 2.m-3.4
S
\ 2%.034
2 S3 i : 2.7-0.34 1 k 1
Zy= 2T =00+ 22 o Ry b — Letky= 10 Ryi=— Cpi= ———
s s Cy-s 10 Ko (2-7-0.34)
2.¢-0.34
S
+1
~ (2-1:500 ) 2120 3 7632 s
2= s TT23 (s+100m) 23 (s 4240.m)
+1|| ————+1
\ 2-7-50 212120
1 1 1 1
Zy= + = + let ky = 105 then
23s 2300 23.s  23.4240 1 1
+ + Coys+— C3zs5+—
2120 2120 7632.m 7632 Ry R3
23 2120 7632 23
Cypi= —=— Rp=""ky R3:= kp C3m= ——
2120-m-ky 2300 23-4240 76321k
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14-12 Continued

Ri=1x 100 €1=4681x10°  Ry=9217x 10'

R3=7.826x 100 C3=9.593x 10~

14-13 Design requirement 1(s) = Tpre- Tpwr =

Use an non-inverting amplifier

S
10 —>— 41
T(s) _ (2%2000 ) _Yi1+Y;

T 2239.
pwr 22978 L9939 Y2
2-7-5000

Tore =

2.239. 1
Yo = =228 10239 = Cas 4 —
2.7-5000 R,

Yy ={10—>— + 10} - Y,
2.7-2000

Yy =724510" Y5+ 7761 = Cps + Ri
1

Let ky:= 10" Ry:=7.761 'k Rp=2239 Lk, Cpi=

Ry=1288x 100 Ry=4466x 100 Cp=7.245x 10 °

14-14 Design requirement T(s) = Tpre- Tpwr =

A
gL

S
— 1
(z.n.sooo )

Cp=3453x 107 °

Cy

Ca=7.127x 10°°

s

2-x

/10

.__S_.._.._ + 1
2-m- 10000

Use an inverting amplifier
1

given Tpur =

. T(s) 2. 23
'}pw = = = —
Towr V10 . 10 7y
2m-10 s

278

S
+
(2-1:.10

| s
2-m-10000

)

. 2.239
given Tpwy =
— 41
2-w-2000
Cy Cy
I Il
1} H
W\
R1 Rz
—A\N\/\s s s
‘L_ >t
vy
V4
— 4
7.24510 2.239
e Cge
K 2-1-5000ky,




14-14 Continued

10 10 1
1= —— \/_ \/_ =Rj+—— Zo=—=Ry R Ci
7m0 s C]-s 2m n © Ry
s + >—ANA
Let kpyp=2-7-5-10 vq -L__+ +
3

2-x-10 T
5 -7 5
Rj=1.581x 10 Cy=1.007x 10 Ro=5x10

_ 1
10k
14-15 Use the passive RC voltage divider
1 Ri-Cys+1 1 Ro
Z; =Ry + = Zo= =
Cis Cr-s 1 Ro-Cos+1
Cops+ —
Ry
s Rl-cl.s+1 Ro R1R2C1Czs +(Ry-Cp + Rp-Cp + Rp-Cp)s + 1
-+ ]
! 2 Cys Rz Co-s+ 1 Cys (R2~C2—s + 1)
72 Ro-Cys
Tves) = 71+ 7 B 2
1 2 RiRyCy-Cos™ + (R1-C1 + Ry Co + R2~C1)~S +1
K:s _ K107 s

The required transfer function is: T(s) = =
(s 109 s+ 10%) 10772+ 100110 °s+ 1

The design requirements are: Rj-R5-C1-Cp =10 7 R;-Cy + Ry-Cy + Ry-Cy = 1001-10 >
-8
4 -9 —9 10 -
tet Ry:=10 C;:=56-10 Cr:=56-10 Ry := ———— These are initial guesses
Ry-Cy-Co

-9

Given Ry-RyC-Ca=10" Ry-Cj+Ro-Cy+Rp-Cy=1001.10° C;=5610 ° C3=5610

\
3.575x 10° | <—Use R, = 3.6 k2

. | 892y 10° | =UseR,=892kQ
Find(R1,R2,C1,C2) =
-9
56x 10 <---Capacitors are
- C,=C,=56nF
56x107° ) 172 n
14-16 Low Pass ©¢:=2000 (:=0.5 R:=1010
Equal elementdesign R;:=R Ry:=R Rp:=R M
1
=——— C1:=C Cp=C Rp:= Z-(l - Q)-RB R1

R-og

Ri=1x10' Ry=1x10' Rp=1x 10"

Rp=1x 100 C1=5x10° Cy=5x 10
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14-17 Low Pass wg:=2000 £:=025 p:=10
Use a gain stage with Rp := 104
Ra:=(u - 1)-Rg Ru =9-10"

and a unity gain stage with C; := 10~ ? Cy
1

\/ Cr-Crap

2
Cr=C1-L R:=

A 4

R;:=R Ry:=R

Ri=2x 10 Rp=2x 10° R,

Cr=1x10° Cy=625x 10 !

14-18 Low Pass o0:=2000 C:=(2)" ! C,

Unity gaindesign n:==1 Cy:=10 ?
1

‘/C]-szo

2
C2:=C1-L R:=

A\ 4

Ri=R Ry:=R

Ry =7.071x 100 Ry=7071x 10°

9 10

Ci=1x10 = Cp=5x10

14-19 High Pass ®¢:=2000 { =unk
Using the equal element desian Ea. (14-7) indicates that

. .1 " 30
T . = f - —— = —= (= —
[ (j coo)i (J R-C) 3 n 10 hence m N
Let C:=20.10° 0 C;=C Cp:=C Rp:=10" > |—
Ro=— Ri:=R Ry:=R Rp:=(u-1)Rp

Caog

Ry =25x 10" Rp=25x 10" Ru=1727x 10"

Rp=1x 10 01=2x10“8 Cr=2x 10”8

14-20 High Pass ®:=200 (:=05 C:=20010 °

Equal elementdesign C{:=C Cy:=C Rgp:= 104 Cy
R:= L Ri:=R Rp:=R Ra:= 2~(l - Q)-RB >—I
Cog

Ri=25x 100 Ry=25x 100 Rp=1x 10"

Rp=1x 10" Ci1=2x 107 Cr=2x 10677

280




14-21 High Pass o¢:= 1000 £:=0.75 p := 100
Use a gain stage with Rp = 104
Ra=(u - 1)Rp Rp=99.10°

and a unity gain stage with R := 104

2 1
Ri=Rpf Cim—

,’R1~R2~c00
Cii=C Cy=C

3 4
Ry =5625¢ 100 Rp=1x 10 R
_ _ R

C1=1333x 10 | Cp=1333x 107/ B

14-22 Bandpass w@¢:=5000 Q:=5 (:= L £=01

2Q

2
Equal capacitor design Rp:= 105 Ri=C Ry wg=5x 103

1 _
e (;=C Cp:=C C;=2x 10"

0oy Ry

Cr=2x 10 ° Ry=1x10 Ro=1x 10

B

14-23 Bandpass wg:= 5000 B:=400 {:=—— {=0.04

2wog

2
Equal capacitor design Rj:= }05 Ri=C Ro

1 _
C=—— (1:=C Cp:=C C;=5x10 "

0)()-1,R]'R2

Cr=5x 107 % Ry=160 Ry=1x 10°

14-24 Bandpass o¢:= 2-1/0.95 1<05103 o= 6.275x% 103

B 2m10°-(105-0.99 = —0— ¢ = 5.006x 1072

2o

. . 2
Equal capacitor design R;:= 105 Ri:=C Ry
1

Cm——— Cy=C Cy=C Cy=3.183x 10" >

OJO'JRl-RZ

C2=3.183x 107 ° Ry =250.627 Ry=1x 10°
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4
14-25 Bandpass ©g:=2-1-510° o0 = 3.142 x 10
wc2=20c1 B=woc2-oc1=ocl

®0 4
wo = ,/o)cymcz = \/3'03(31 oc]=— oc]=2221-10

Jz
B
B=wc1 {=—— Z;::—1~ =035
2-09 2+/2
2
Equal capacitor design Rj := 10° Ri=¢ Ry
Ce— 1 ¢j=C Cy=C C;=9003x 10 '
mo-,’Rl-Rz
10

Cr=9003x 10710 Ry =125x 10" Ry=1x 10°

14-26 Low Pass wg:= 2-7-1000

_1
Cutoff at 1 kHz requires £:= ({2

2nd grder has -40 dB/dec rolloff
Unity gain stage with Cp:= 10 ?
1

\/01-02-0)0

2
Cy=Ci-f R:=

Ri:=R R3:=R

Ry =2251x 100 Ry=225Ix 10°
Cr=1x10° Cy=5x10 "°
Gain stage with p:=10 and Rp:= 104
Ra=(n-1)Rp Rp=9x 10

14-27 High Pass oq:= 2-n-1000

-1
Cutoff at 1 kHz requires ¢:= (2

2"d order has +40 dB/dec rolloff
Unity gain stage with Rp:= 104
1

2
R1=Rpf{ Ci=—o—
Rt R-Rym0 Rg Ra

Ci=C C=C

Ry=5x 100 Rp=1x 10"

C1=2251x 10°°  Cp=2251x 10 °
Gain stage with p1:= 10 and Rp:= 1()‘4

Ra=(n-1)-Rg Rp=9x 10'
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14-28 By Eq. (14-2) the denominator of T(s) is
Gy

| |
Rl-R2~C1-C2-S2 + (Rl'Cl +Rp-Cr + Ry-Cp — ;.L-R1~C1)-S:;\i\/\,l-/\/\/\' i

for p =2 and R;-C; = Ry-Cy  this reduces to R R J_
_ 1 2
Rl-C1~s2 + Ry-Cy:s + 1 which means wg = (Rl-Cl) ! C
2
c, I

and 2. =R;-Crog= —
¢

Given oo and { adesign method is select Cy

-1 -1
then C2=2(C; Ri=(00Ci)  and Ry =(0oCa)
p =2 is obtained by setting Ra = Rp in the OP AMP realization shown in the figure.

14-29 (a) The node-voltage equations for the circuit in martix form are:

o .
Il - . ~Cy-
R il " + Cq-s Cy-s VA _\_/1-
- R . = R
+ D—'W ! FCps [\VB
v‘! I —g - o 2 0
-1 [ 1+CaysR ]
Lics —cps Vi(s) ( 3 S N V1
(VA(S)] R (l + Cy-sR+ Cy-s-R ~C2)
= . R =
Vp(s) 1 1
=t Cys o ) — Vi(s)
| (1 + Cys:R+ Cys R ~C2>
. VE(s) 1
Since Va(s) = Vp(s) we have T(s) = v = 7 PRPRIR QED
1®) 1+ CosR+Cps ROCy)
1 2. 2. 1
(b) Since RZ'C1~C2 = — and 26 =R.-Cy SelectR, then Co= —=— i ——
2 ®Q R.og R-2-C-wg
®o
14-30 (a) The node-voltage equations for the circuit in martix form are:
R
“ CleV\, 1 + Cy-s —l
S (e
v » i | o | {va |=
! R % ;,; ~Co-s R + Cz-SJ B 0
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14-30 Continued | - (1+C2sR)RCys T
1 1 1 5 o Vi(s)
—+Cr — ( s s R )
(VA(S)J— R 18 R (Cl's'vl(s)j_ 1+CISR+CIS R CZ
- ’ B 2 2
Vg(s) Cys 1 +Cos 0 R°.C;-Caps v
\ R > . i(®
1+CysR+Cys-R-Cy
_ Vi(s) R%.C.Cos
Since Vo(s) = Vp(s) we have T(s) = v = > 3 QED
1 L RCps+RECpCos
1 2. 2. 1
{b) Since R C1-Cp=— & 26 =R.C; SelectR, then C; = & & G —ur
2 oY) R-oq R~2-C:~(D()
®g
14-31 For a 1% order cascade with n = 4 and 17 dB gain at o c:= 1000
25 05
A =0 ( - 1) o = 2298.959 Kgg =17+ 3 =20 dB K:=10 o :=100,200..10000
T(s) = K TSL(co) =K if0<o<a
(s 4 4
i\— + i) K(&) ifa<o 100
a ® —
20-log(| T(j-0.¢)|) = 16.99 10 e — \ 5
Ty (@) T\
2010g(| T(j-2-0¢)|) = 10211 — | N
| TG- )] N\
20-log(| T(j-5-0c)|) = -10.327 === s
0.1 =
20-1og(| T(j-10-0¢)|) = -31.972 : : ‘
0.01 1
100 1-10° 110
(6]
14-32 For a Butterworth response with n = 3, 10 dB pass band gain, oc:= 500 o ymer = 0C
{(__ 1l ()4 1] @ = 100,200.. 100 oc)
kwc oC ol Ki—1 1if ocomer <®
[0
100
201og(|T(joc)|) = 16.99 :
10
20-1og(| 1(j-2-0¢)|) = 1.871 Ty (@)
Il T TN
20-1og(| T(j-5-0¢)|) = -21.938 11G-0) N
20-log(| T(j-10-0.c) | ) = ~40 s ——h
0.01
100 1-10° 1-10*
w
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14-33 For a Chebychev response with n = 4, 0 dB pass band gain (K:= I), oc:= 500

-1
T(s) = K ﬁ)
s Y s ) sV s
—— | 401789 ——— |+ 1||| ——— | +0.9276.| ——— | + 1
[0.9502.@(; J (0.9502@(; ) (0.4425-03@) [0.4425@(3}

® corner = \/.9502.0_4425.0)(; ® gorner = 324.216 ZO'IOE(IT(j'l‘COC)D — 23.009
Tsr(0) = | if 0 <0 < 0o 20-1o0g(|T(i-2-0¢)|) = -39.735
V2 20-l0g{| T(i-5-0.¢)|) = ~73.626

20-1og(| T(j-10-0¢)|) = -97.974

2 2
K (09502-0cY (044250c)
N ‘ i 0 comer <@ = 10,20.. 5000
\/_2- ® W o = ,2U..
10
1 =i‘~,_"‘" e S L i
ANE .
TSL(CD) i \ \h
— ol O
17G-0)] X
- ) A Y
\
0.01 AN =
{‘\
AN
1-10 °
10 100 110° 1-10
@
~15 4
14-34 ©c:=2000; TMax =1; Tvmn =10 T OMIN = 10
(a) First-order cascade:
TMAX
T(s,n) =
j—l— T 20-log(| T(j-o v, 3)| ) = —26.248
n
N2 -1 +1 20~10g(lT(j -coM]N,ll)‘) =-30327 <--n=4isthe smallestinteger
oC
(b) Butterworth: Chebychev:
T _
%- MIN =2146 <—-n=3

{2
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14-35 First order cascade with o := 1500 n:= 4 and K :=/10
1
n . . Kn
Ky =K the transfer function is T(s) =

il

where

241

0y

| 1 03 Ra+R 1

. A B
o= me(Zn - l) o = 3.448 x IO3 Ky = ———— R.C = —
Rp o

-1 _3
Let Rp=10" Ro=Rp(Ky—1) Ra=3335x10 R=10" C=Ra) €=29x10

[RA“*RB n K,=1334
Rp )
Checking T(s):= o—\\\H
(R-Cs + D"
20-log(| TG-0)]) = 10 <--—Passband gain requirement
20-log(| T(j-1500)|) = 6.99 <--—Cutoff frequency requirement o
14-36 Butterworth with o :=300 n:=3 K:=/10 Need four identical stages

the transfer function is

1

19 =] = Ty(s)- Ta(s)

' K
(=) )
Ll\fﬂc le oc -

15t stage: use a unity-gain design with ¢ = o ¢ C

— 2
and £:=0.5 Let C; =10 then C3:= -Cq

R:=[(JC1-C) 0] " Ri=R Ry=R

Ci=1x100" Cp=25x10"°

Ry = 6.667x 10° Ry =6.667x 10°

d 1
2" stage: use a first-order design with RC = — R
@C
Ra +Rp 1
and K=——— Let R==10" C:=
Rp Roc
7

then C=3333x 10

let Rp = 10 then Ra = Rpz-(K— 1)

Rp = 2.162 x 10* Checking
1 1 RA+Rp
R-Cs+1 Rp

T(s) = 2
Ri-RpCy-Cps” + (RpCp + Ry-Co)s + 1

20-1og(| T(j-0)|) = 10 <—Passband gain requirement 20-log(| T(j-300)|) = 6.99 <~—Cutoff freq. requiremen
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14-37 Chebychev with ¢ := 8000 n:=3 K:= 10 the transfer function is
1 K

S 2 s /———S—) + 1
— > ) yo03254) ——— |41 L _
[0.9159«»@) (0.9159@(;) 0.2980-0c

1t stage: use a unity-gain design with ¢ := 0.9159-0c
0.3254

T(s) =

= T1(s)-Tz(s)

— 2
and ¢ = Let C;:=10" then Cp:=C -Cy

R:=[(C1C)ma] " Ry =R Ry:=R

Cr=1x100"  Co=2647x 107"

v

Ry = 8388 x 103 Ry = 8.388 x 1()3

]
2980-0 ¢
Ra +Rp 1
and K=— 2 |et R=10" C2-—
Rp R0.2980-0 ¢
8

d
2" stage: use a first-order design with RC =

then C=4.195x 10

let Rp = 10" then Ra = Rp-(K— 1) Rp=9x 10
Checking design requirements

RA+RB
1 R
T(s) = — 2 1
R RyCp-Cos” + (Ry-Co+ Rp-Co)s+1 5+
20-log(| TG-0)]) = 20 <--Passband gain requirement

20-log(| T(j-8000)|) = 16.99  <-—-Cutoff frequency requirement
14-38 o¢ = 2-n-1000 Tmax =1

2
s (TMAXJ .
T
34 Harmonic Ty == 10 20 OMIN = 3-0C % MIN =2618 <—n=3
o ovm)
Y6l
2
_40 N (TMAX) B J
T
5th Harmonic Ty = 10 20 OMIN = 5-0C l MIN 4281 <-—n=3
2 ® MIN
In .
®C
. Ky K2
Both requirements are met by a T(s) =T1-Tp = .
34 order Butterworth of the form: s \? 3y =4
oC e ec
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14-38 Continued

Ky
Ty = og=0c (=05 Tr=

Ko
5 ? S 141
(— +2.L ] — ] +1 o
@0 @0
1st stage: use unity gain design
— 2
Cr= 101 Cp=C-Cy

Ki-Kp=1 o=mg

-1
Ki=1 Ri= (co(wl(ll-C;g) Ry=R

Ry =3.183x 100 Ry=3.183x 10°

Ci=1x10"  Cp=25x10 "

2nd stage: use a first-order design with RC = (cx)_ ! A

and Kp=1 Let C:=10 .

R:=(Co) ' R=1592x10° Checking I

T(s) = B . < b
Ry-Rp-Cp-Cass” + (R1-Cy +Rp-Co + Ry-Co — K -Ry-Cy)s + 1 RCs+1

20-log(| T(G-0)|) = 0 <--Meets passband gain requirement

20-10g([T(j -® C)l) = -3.01 <—-Meets cutoff frequency requirement at 1 kHz

20-log(] T(j-2-%-3000)|) = ~28.633  <-—-Meets stopband gain requirement at 3 kHz
20-log(| T(j-2-7-5000)|) = —41.938  <—Meets stopband gain requirement at 5 kHz

14-39 c:=3200 Tyax =2 TmNi = 10‘1fm1 =6400 TNz = 1072 fvng = 12800
Butterworth Chebychev

. _
E:I-' M;N} =432
1o VNI
fc

TMINg B acos|
= 3.822

Tavax ) 1
- <—n=4 Tvinz }
h{ MINZJ vz
fc acosh
fc
Butterworth requires n = 5 Chebychev requires n = 3, use Chebychev o¢ :=2-n-fc woc =20106
1 K

2 s K:=Tmax
%) qosese|—2 Vi1 || ooosoen 7!
0.9159-0¢ 0.9159-0¢ LITeC
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14-39 Continued

1 1
T = = 0g:=0915%-0¢

> 2+03254 > +1 5 2+2<; L) B
s 3254 ———— — L — 3254
0.915% ¢ 0.9159-0¢ ®0 ®g £ 5

Ty K=2 o =0.2980-0C

15t stage: use a unity-gain design with o= 1.842x 104

_ 2
and £=0.163 Let C;:=10 ° then Cp:=C-C;

v

Ri= [(m)'(ﬁo]—l Ri:=R Rp:=R i i \
/

Cr=1x10" Cy=2647% 10" '° R, R, B

Ry=3338x 10' Ry=3338x 10" Ca T

1
an stage: use a first-order design with RC= — R

[e 4
Ra+R
and K=—2 "8 |6t R=10" €= ——
Ry Ra
. — 8 4
then C = 1.669x 10°° let Rp:= 10
then R = Rp-(K— 1) Rp=1x 10°

Checking design requirements

1 1 Ra+Rp
T(s) == . .
R1~R2~C1~C2-52 + (R1~C1 +Rp-Cy + Ry-Cy — R2~C1)»s +1 RCs+1  Rp
20-log(| T(j-2-7-0)|) = 6.021 <- 6dB as required K =2
20-log(| T(j-2-7-3200)|) = 3.01 <— (6 - 3) dB as required

20~10g(|T(j~2-n-6400)l) = -22.286 <--- less then -20 dB as required

20-log(|T(j-2-7-12800)|) = -41.728  <-— less than -40 dB as required

1440 0225000 Tpyax =1 Tymw=10 7 fiypy = 200-10°
Butterworth Chebychev
Tmax 2 Tmax 2
-—1:———-— -1 acos T -1
1 MIN
—. =1661 <-—n=2 MIN =1498 <-—-n=2

2 (fM]N N
o — acos
fc fc

Butterworth & Chebychev require n = 2, use Chebychev. oc = 2-n-ic
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14-40 Continued

1 1
T(s) = -
() ( : 2 : ‘
( —— | +0.7654| ————— ] + 1
| (0.8409-0¢ 0.8409-0 ¢
7654
og:=0.8409-0¢c = 0 755

use a unity gain design with wg=1.321x 105
_ 2
and £=0383 Let Cp:= 107" then Cpi= £ -Cy

R:=[(\[6;—C2)-0)0]_1 Ry:=R Rp=R

Cr=1x10 % Cy=1465x10°

\4

Ry =1978x 100 Ry=1978x 100 Checking
1

() =
RyRy-Cp-Cos” + (Ry-Cp + Rp-Cy + Rp-Cy — Rp-Cy)-s + 1

20-log“T(i-2-n-25-103)|) = 2375x 107 ¢ < gain essentially unchanged

20-Iog“'l‘(i -2-1:-200-103)“ = -39.066 <-— |ess than -30 dB as required

14-41 The transfer function is question is

9 9
T(s) = 7.751-10 - 7.751-10

(s + 468.2) + 2839%) (s + 936.2) (s2 + 936.4-5 + 8.279. 106)-(s +936.2)

A third-order Chebychev has the form
1

S 2 S S
IV—-——— +03254) ———— |+ 1| ——— | + 1
11091590¢ 0.9159-0¢ 2980-0¢

For  wc:=2m-500 o©c=3142x10° This becomes

T(s) =

T(s) = (0-9159-60 c)z-(0.2980-@0) _ 7751.10°

£ +03254-(0.9159-0¢)-s + (0.9159.(»@)2]-(5 +02980-00) (2 + 93635 + 8279.10%).s + 936.2)

This checks reansonable well. The proposed T(s) is a 3@ order Chebychev

14-42 Verify that the following circuit is a 3™-order Butterworth 50 kQ
100 nF
H 0O nF
10kQ | 10kQ soka )
HMH*’\’WIE AN _D_
n b0

25nF.].-

290




14-42 Continued The circuit is a 2nd order Sallen-Key low pass in cascade with an inverting 1st order low
pass.

7 8

For  Ry=100 Ry=10" ;=107 222510 % Ry:=510" Ry=510" Cui=10

The transfer function of the circuit is

1 1 R4
1= \RgCys+1)| R
R;-Ry-Cy-Cp-s° + (R1-Cy + Rp-Cy + Ry-Co — Ry-Cp)s + 1 RaCas+ 3
for the given element values the coefficients are
— — 4 -4
Ri-Rp-Cy-Cr=25x%x 10 ! Ri-Ci+RyCr+R1-Cp-Ry-Cy =5x%x 10 R4Cy=5x%x10 R4

—_— =

1 1 R3
1= 72 4 ’ 4 D
2510 5T +510 s+ 1 510 s+ 1
A unity gain third-order Butterworth low pass has the form oc:=2000 wg=0c =05
i 1 1
= . _ 2. _ 1 -
T S —-13:25><107 26 spw0t Losio?

2 .
s 4 2L s 41 —0;—(;+1 00 @Q ®Q
o]y} o

A third-order Butterworth with a cutoff frrequency of 2 krad/s is

T(s) = 1 . 1
25107 2 +510 Ys+1) (5107 s+ 1

Which checks with the transfer function realized by the circuit, except for the -1 which does not
change the gain response, only the phase.

14-43 Highpass requirements o ¢ := 20000 Tpjax = 10 Ty = 0.1 - oy = 5000
2

{a) First-order cascade: Low pass prototype OMIN = ®cC OMIN = 3 x IO3
T(s,n) := Tuax @MIN
: 2 20-Jog(| T(i-0 MmN, 23)|) = ~19.801
s.\lz" -1,
oC 20~iogﬂT(j -@Mm,m)[) = -20.074 <—n =24 is the smallestinteger
{(b) Butterworth: Chebychev:
Tmax 2 TMAX 2
. (—'1?1\7/]1;—) -1 acos (TM]NJ -1
—- =3322 <—n=4 =2.568 <—n=3

2 O MIN ®MIN
In acos
e oC

{c) First-order cascade with n = 24 is not practical. Either the Butterworth or the Chebychev are fine:

Chebychev: Butterworth:

(1) Requires one 2" order & one 1%t order stage. (1) Requires two 2™ order stages & a gain stage.
(2) Does not require a gain stage. (2) Requires a gain stage.

(3) Five R's three C's two OP AMPs (3) SixR's four C's three OP AMPs

(4) Greater stop band attenuation. (4) Better step response settling time.
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14-44 High pass requirements o ¢ := 25000 Tpax =1 Ty =01 oMINT = 10000

8 2 2

20 ) le oC
oMmN? = 5000 Tz == 10 Lowpass prototype: oy = OMIN2 =

®MIN1 OMIN2

oMINT = 6.25 x 104 ommN? = 1.25 x 105

-
Tmax 2 Tvax 2
T -1 acos - -1
MIN1 MIN2
=1907 <—n=2 =2311 <-n=3

O MINT © MIN2
acos acos|
(Y] oC

The -20 dB requirement at The -40 dB requirement at
10 krad/s requires n =2 4 krad/s requires n =3

31 order Chebychev high pass respones is required.
1

TLp() 7 5 <--3' order Chebychev
— 5 ) iozsal —3 il —2—— 141 low pass
0.9159-0¢ 0.9159-0¢ 0.2980-0C

2
A 1 rd
Typ(s) = Trp = <---3'4 order Chebychev

S 2 high pass
(O] W [}
¢ + 0.3254. ¢ + 1} ¢ +1
0.9159-s 0.9159-s 0.2980-s

3
S

insert o = 25,000 and
74510 + 8.882.10%s + &) (8.389.10° + §) evaluate coefficients.

{b) Stopband requirement at ® = 10 krad/s requires n = 2. The requirement at v = 5 krad/s
requires n = 3. Filter order determined by the stopband requirement at » = 5 krad/s.

20-log(| Tp(j-5000)|) = -53.715  <—less than -40 db as required

20- log(

14-45 (a) Low pass oC :=3000 opN:=40000 Tpmax:=1 TmN:=10
For Butterworth poles

()

Typ(s) = (

THp(j- 104)D = -34.808 <—-less than -20 dB as required

2

> =1778 =2
OMIN
In
(e
6
1 9-10
Trp(s) = 2 = c
\ .3000-5 + 9
s\ a (=) s~ +4/2-3000-s + 9-10
3000 3000
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14-45 Continued

Highpass oc:=100 opmmN:=10 Tmax:=1

For Buttrworth poles

2 1
TMAX\ )
1 [TM}NJ J-z

2 o
o C
OMIN

The Butterworth bandpassis Tpy(s) :=

{b) Checking ,
20-log(| Ty -100)|) = -3.01

20-log(| TBU(G -3000)|) = -3.01
20-log(| Ty 10)] ) = —40
20-log( | TRy (j-30000)| ) = —40
Tguy(s) meets requirements

14-46 Bandpass requirements:
®oc2:=2000 TN =01

TMax =1 ocy:=100

(a) Butterworth low-pass requirements

Tvin == 10 2

1 52

= n=2 Typ(s)= =

() ()

9.10° &

& +42-3000-s + 9-10° 10" + {21005 + &

<---lower cutoff at ® = 100 rad/s

<—upper cutoff at ® = 3 krad/s

<-—-stopband gain -40 dB at © = 10 rad/s
<---stopband gains less than -40 dB at o = 40 krad/s

OMINI == 25 omm? = 8000
Butterworth high-pass requirements

—

10% 4+ y2-100s + &

! Tviv ) el B
= 11657 <—n=2 1 657 <nen
®MIN2 .
o In
e ® MIN1
i 1 2
e 2 ) > <-——Butterworth T(s)
2
(—f—- wranl S 41 IS+ L4ldecrs +oct
L i\mcz @c2

{b) Chebychev low-pass requirements

Chebychev high-pass requirements
[TMAX

2
-1
TviN
=1448 <—n
2

®Cl
acosh
© MIN1
S

Te(s) = {

2 l
( s s l
| — | 07654 ———|+1|| 2
E_lk0~8409°°02 0.84090 C2 J s +07654

2
e ®C1
S+
0.8409) (0.8409]

2093

=2

.|




14-46 Continued o = 10,20.. 10000

10F E—
TB(j‘m)i 1 ‘ e : === = = \ =
0.1 et , e ﬁ 3
aaaaa 001 (=% ; ; : Emaaas , =
110 °
10 100 1-10° 1-10*
(0]
{c) Butterworth gains Chebychev gains

20log(|TB(-29)|) = -24.099 20log(|Tc(-29)|) =—29.83  <—gains less than -20 dB
201og(| TBG- 100)|) =-3.009 201og(|Tc(-100|) =—2.989  <—cutoff at 100 rad/s
20log(| Tr(j-2000|) = -3.009 20log(|Tc(i-2000|) = -2.989  <—cutoff at 2 krad/s
20 log(| TB(-8000)|) = -24.099 201og(| Tc(j-8000)|) =-29.83  <--gains less than -20dB

(d) Either is acceptable. Both require two 2™ order filters. The Chebychev has more stopband
attenuation. The Butterworth has a better step response.

14-47 Butterworth with ©c:=2000 n:=3 K:= 100'85 the low-pass prototype is

1 .
Trp(s) = 5 . K The resulting high-pass transfer function is
§ s Ll
— +|—|+1 e
e ocC
® ﬂ 2 K
C .
Tup(s) = Tep = > ( > j = (T1())-(T2(s9)) <—two-stage design
S 2 2ils+oc
S +oCs+oc

15t stage: use a unity-gain design with ¢ := oc

2
and £:=0.5 Let Rp:= 104 then Ry ={ Ry

C:= [(\[m—i)mo]_ ! Ci:=C Cy:=C

Cr=1x10" " Co=1x10""

A\' 4

Ry =25x 100 Ry=1x 10"

d 1
2" stage: use a first-order design with RC = —
ole

Ra +Rp
and K= —— Let R:zl()4 C:= !
Rp R-oc Ry

then C=5x 107" let Rg:= 10" then Ry = Rp-(K—- 1) Rp=6079x 10"
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14-47 Continued Checking the design

2
) R1-Rp-Cy-Cos RCs Ra+Rp
§) ;= : .
R1-R2'C1'C2-s2 +(R-Ca + Ry ~C1)-s 41 RCs+1 - Rp
) o
20-10g(‘T(1~10 )D =17 <---Passband gain is 17 dB
20-log(| T(G-2000)]) = 13.99 <-—Gain = 17 -14 = 3 dB down at the cutoff frequency
14-48 Butterworth high pass with fc := 2000 fiyqy = 400 Tpax = 1 Ty o= 107 -2
2
T
i [ MAX} )
1 Tvmiv
P e - = 1.787 Second-order Butterworth required with o ¢ = 2-n-fc
N
2
1 s
Thp(s) = =

H (%) (o) + V2 oc)s 7

S

Use unity-gain design with og:= o

2 2
and ¢:= -‘é—— Let Ro:= 10' then Ry:= ¢ Ry NN
) o T |

C= [( R1-R2)-co 0] Ci=C (C=C Ci Ca _ >

Ci=1125x 1000 Cy=1.125x 107 ° i,

Ri=5x 10 Ro=1x10' Checking design =

2
Ri-Ry-Cy-Cos
T(s) =
Rl-Rz-CyCz-SZ + [(RyCI + R1~C2)*S + 1:[

20-log(| T(-1000-0.c)|) = 4344 x 107> <—0 dB passband gain

20-10g( |T(] -2-71:-2000)') =-3.01 <--- Cutoff frequency at 2 kHz

20-log(| T(-2-x-400)|) = —27.966 <--Gain less than -25dB at 400 Hz
14-49 4" order Butterworth bandpass requirements:
passband gain of 0dB  wc1:=400 ©c2:=2500

Butterworth low-pass Butterworth high-pass
1 52
T(s) = 5 13 2 <---—4th order Butterworth
. band
s ©a1af S WH s" + 1414ocys + ocy andpass response
o C2 ®c2)
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14-49 Continued
HP-stage use unity-gain desigh with o= acy

i
and C:= g Let Ro:= 10 then Ry:=C" Ry AN,
C= [(, ,RI.RQ).Q)O:I_ ! C1:=C Cp:=C >.—_(!;!‘—‘_;”2 t >
Cy=3.536x 107 Cy=3.536x 107 R,

Ri=5x 10 Rp=1x 10" =

LP-stage use unity-gain design with 0 g:= o2

V2 _7 2
and (:= 7 Let C3:=10  then C4:=C -C3

R:= [(m)-o)()]_ ! R3:=R R4:=R

\ 4

C3=1x 167’ Cq=5x 108

R3=5.657x 10 R4 =5.657x 10
Checking design
5
Ri-Ry-Cy-Cos™
T(s) == !

R}-R2~C1AC2-SZ + [(R1~C1 + R1~C2)vs + 1] R3-R4~C3~C4-82 + [(R4~C4 + R3-C4)~S + l]

20-log(| T(j-/400-2500)|) = 022  <—0 dB passband gain

20-log(| T(j-2500)|) = -3.013 <— Upper cutoff frequency at 2500 rad/s
20-log(| T(j-400)|) = -3.013 <---Lower cutoff frequency at 400 rad/s
14-50 (a) Low pass oc = 3000 oy = 10000 Tyax =1 Ty =100
For Butterworth poles
[ 2 1
75 6
1 10 -1 1 9-10
5._____.______._’4-( 12} 121421 n=2 Typ@s)= =
m[—-—-) ( s T 7 ( s w } §* 1 {2-3000-s + 9-10°
3 2000) "V Zaan 1T
High pass oc = 40000 oy = 10000 Tyax =1 Ty =10 """
For Butterworth poles
lo™)
75
_1__(10_)—_1_J_ =1234 n=2
2 In(4)
2
1 S
Tep(®) = 2 - 9 2
4 6- . .
( 0000) +\/§(40000) L Lo +1/2-40000-s + §
S S
9.10° &

The Butterworth bandstop is Try(s) := +
6 9 2
s” +4/2-3000-s + 9-10 1.6-10" +/2-40000-s + §

296




14-50(b} Checking

20log(| TRU(-3000|) = -3.017  <—lower cutoff at » = 3 krad/s
20-log( ITBUG' 1000()[) =-17.046 <--—-stopband gain less than -15 dB at ® = 10 krad/s
2(}10g(|TBU(is4OOO()|) =-3.017 <-—upper cutoff at » = 40 krad/s. T (s) meets requirements

® = 1000,1100.. 10°

0 —— —
~ -

- \ . /

20‘1°g(lTBU{j'@)l) -10 ] \\\ ] /

|/

15 ;
Nl_~

-20 s

1-10° 1-10% 1-10

(0]

14-51 The filter requirements are defined by passband gain (0 dB), the minimum stopband gain (-10dB),
and the cutoff frequency at 4 Hz. The stopband must begin at 5 Hz which is the lower edge of the
adjacent theta band (5-7 Hz). The filter requirements are

. 1
Lowpasswith oc=2714 Tvax =1 TMN=— oMIN=2mn3

J10

Butterworth order Chebychev order

Tmax 2
T -1 acos)
L\ MN =4923 <—n=5

1
2 O MIN
In
Ty
Use 3 order Chebychev
1
T(s) =( ) ! =TTy
2 2 S

L + 0.3254- L + 1 0.2980 +1

9159-m¢ 9159.0¢ RS
1% stage use unity-gain design with 0 ¢:= » -0.9159 C,

0.3254 — 2
and C:= =22 Let Cp:= 10 ° then Cp=C-Cy

Il
2 1
R:=[(JCrCo)-mo] " Rj=R Ry=R >-'\/\/\rL\N\« T L

_6 _ 8 R, R: _J_ =
Ci=1x10 Cy =2.647x 10

Ry =267x 10 Ryp=2.67x 10°
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14-51 Continued. 2" stage use 1% order unity-gain o := 0.2980w ¢

Let R:= 105 then C;:_l_
a-R

R=1x100 C=1335x10°

Checking the design
1

T(s) = ( 1 )
R1~R2'C1.C2.32 + (RZ'CZ + R1‘02)~S +1 RCs+1

201og{ | T(j-2-%-4)|) = -3.01
201og{|T(-2-7-5)|) = —12.431

20-log(|1(-2-w+/5-7)|) = -18.653
20-log(| T(j-2-n/8-13)|) = -35.365

20-log(| T(j-2- 7 /14-30)| ) = —54.364

14-52 Existing filter: Ty(s) ==

<—-Cutoff at 4 Hz
<---gain less than -10 dB at 5 Hz

<---gain in mid Theta band

<-—gain in mid Alpha band

<---gain in mid Beta band
1

2
S
(2%104}

Added filter:

+\ﬁ( : 4)+1
2-w-10

1

Tz(s,('_:,w()) =

2
SY s aef5)
o0 ®g
. 4 . 4
lTQ(J-Z-WlO ,C,(D())‘ =1 and |T2<_y2~n~3~10 ,C_,,(Do)l =0.1

ITZ(j-Z-m?;-lOA,(;,mO)‘ =01

Design requirement:

Q= 2-1t~104
0.455

/
(i (2
®0 ®g 5802x 1

Gain(f) := 20-log( | T1(-2-n£)|- | Tofj- 27 £,8,

Gaim (f)
T —so [TTTTOIETONG
———— \\
N
\
100 3 4 5
1-10 1-10 1-10
f

=05 Given iTz(j-Z-ﬂ~104,C,030)| =1

+1

¢ = 0455
04)

®0)|) £:=1000,2000..100000

Gain{10-10°) = 3,01

4 ©Q
owg=5802x 10 — =9235x 10

3
2.7

<---Cutoff frequency is
unchanged

20~Iog([T1(j-2~n-3O~103)D = -19.138 <-Original gain

Gain(30.10%) = 39,138
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14-52 Continued. Use a unity-gain design with o ¢:= 5.802 104 C,

— 2
and C:= 0455 Let Cq:= 10 ° then Coi=-Cy

R:=[("C1-C2)-COQ]_I R;:=R Ra:=R

Cp=1x10 " Cp=207x 10~

R;=3788x 100 Rop=3788x 10°

checking the circuit design

1
Teki(s) =

Ry RyCp-Cos” + (R;-Cp + Ry Cy+ Ry-Co—~ R-Cp)-s + 1
Gain(f) := 20log(| T1 (-2 n-1) |- | Tera (i-2-7-£)| )

Gain\ 10- 103) =-3.015 <-—cutoff frequency unchanged
ZOIOg( |T1(j~2-n~30 103)D =-19.138 <---original gain at 30 kHz
Gaiu(30 103) =-39.14 <---gain at 30 kHz reduced by 20 dB

14-53 (a) At cutoff:

@

1
x| " (xD? oY " ( 1 T
4 V2 oor |1+ oc =2 or @C _ n
e ()] 72 el
®0

(b) In general: )| = (1K) Atzero freq.  Ty(0) = (|K|)"

] ) —Z- Athigh freq. | Ty(j-0)| = ﬁ%

E&) &

00 @0

The low and high freq. asymptotes intersect at the corner freq. i.e. when ({KI )n - (lKl )n

hence  ®gomer = M0 o 2n
) =
- 09
_ 1,2 : _ { 1 <---2nd order Butterworth
(c) Foroc=1 og:=\2" -1 GamBUC((D) = > cascade gain
()]
1+ —
— l 4
& 1 <-—1%t order cascade gain

1
n 2
®:=0.1,02..10 2% -1 L 1+(g)
o
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14-53 Continued

e The 2" order Butterworth cascade

(the solid line) produces more stopband
attenuation than the 1%t order cascade

Gain (@) (the dashed line).

G0 1 e VA |

e 0.01 N “"f

1-10 ° : :
01 1 10
(&)

(d) The 2" order Butterworth cascade:
(1) Produces a smooth (no ripple) passband response.

(2) Has more stopband attenuation than a 1%t order cascade with the same number of poles.
(3) Involves a cascade connection of identical stages
(4) Has a faster step response than either a regular Butterworth or a Chebychev response
with the same number of poles.
14-54 (a) The required eaualizer is found from the conditions
Krs _ Krs which yields G(s) = S 2m-0.1 _ s+ 0.62832
s+2-x-01 s+2.7001 s+2-1-0.01 s+ 0.062832
(b) Use a noninverting ampilifier to realize G(s)
Z1+Zy Y1+Y2 54062832

VA Yo s + 0.062832

G(s)-T(s) = G(s)-

1
In the prototype Y is a capacitor C, = 1 in parallel with a resistor Ry = ——— = 15915 and
prototype Y, P 2 P 27 0062832

. . 1 .
Y1 is a resistor Ry = 5—5—6—5— =1.77 To get practical elements we use a scale factor of k= 105

hence Y, =s+ 0062832 and Y; =0.62832 — 0.062832 = 0.565

hence in the final design C, = 10 pF, R, = 1.59 MQ), and R, = 177 k. “02
1
—A\AN\—
This design is shown on the right -—>. R Rz
_:[ . >_>-—>+
v V2
14-55 (a) Writing node voltage equations: Note that Vo = 4-V¢ 1
I
11
1
Z42Cs  — 0 v
R va) (28
1 _2_+£§ __l_._zc.s,vB R
R R 2 R 0
Ve
0 L 1 + C-s 0
R R
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14-55 Continued

3 2
R-Cs)” +2-(RC-s)” +2-(RC-s) + 1 Vs(s)
a= EED R PRI pow =
R R
Vo 4Vc 4 Ac 4 4
TV = — = =

(RCs)° + 2-(RCs) + 2-(RCs) + 1 [(R(:s)2 + (RCs) + l]-(RCS +1)

Which is of the form of a 3rd order Butterworth low pass response (see Table 14-1)
with o = 1/RC and K=4. QED

(b) The 3" order Butterworth requires a 2" order stage in cascade with a 1%t order stage.

] 4
Th(9) = Ty(9) Ta(s) = : ~ )
sy (), 3~HJ

@c} oc N

1st Stage use unity-gain design
1

()

2
£=05 C;=C Cy=C (=

Ti(s) =

C
4

R=

Ri=R Rpy=R
C-oc

2nd Stage first-order circuit

To(s) =
S
—+1
oC

Let R-C=L and
®C

Rp=R then Rpa=(K-1)Rg=3Rp
(c) Comparing the two designs:

Design No. R's Diff Values No. C's Diff Values No. Op AMPs OP AMP gains
34 order ckt 5 R, 3R 3 Cf2,C,2C 1 4
2nd/qst order ckt 5 R,3R 3 C/4,C 2 1&4

(1) The 3" order design requires one less OP AMP.

(2) Both require gain 4 from OP AMPs. In the 2n9/1st order ckt the Gain-BW could be less for each stage.
(3) The cascade design requires fewer different element values.
(4) The cascade is easier to tune by adjusting its RC products of each stage.
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CHAPTER 15, Standard Version

CHAPTER 16, Laplace-Early Version
15/16-1

@ L;=1010 " 15:=510 ° M=710
in(t) =0 vg(t) = 10-sin(2000-1)

3 3

d. . . . v
v =Lidim + Mot vo=MLlin %0 5 (—
dt dt dt dt

(b) vi(t) = vg(t) = 10-sin(2000-t)

with ix(t) = 0
o d. d. 1 4. M

vi(t) = L1E11(t) d_tll(t) = L—l-Vl(t) va(t) = M'all(t) = L—X‘Vl (t) = 7-sin(2000-)
15/16-2 See figure in Prob.15-1 Lj:=10-10" 3 Lp:=510 3 M=710"° vg(t) = 5-sin(500-1)
a . . . .
@ vo=0 + M0 wo=Miio+12%H0

dt dt dt dt d. -12 4.
(b) vi(t) = vg(t) = 5-sin(500-t)  with  vp(t) =0 gg‘l(t) - _M_'[i;‘z“)

2
L2 g4 d (M - Lng} d
v =Ll — Loy | + MLis =| ——— 2 | L) = 5.5in(500-¢
1 I[Mdtz()) dtz() M dt2() ( )
ir(t) = -SM 5(500-8) = 70-cos(500-t L2
o (Mz ~LiLy .5000%( DT o = 20 = 0cos(1000-0
. 3 _3 3

15/16-3 See figure in Prob.15-1 Lj:=10.-10 Lp:=510 M:=7.10
a . . . .
@ wo=1%0 + Mo wo=MLio 130

dt dt dt dt d. —L2 d.
(b) is(t) = 35-sin(500-1) With  vo() =0 1O = 5520

V) M2 —-Li-Ly Mz -~ Li-Lo
vi(t) = Ll.[_—ﬁ%iz(t)) + Mg;iz(t) =~ .(.j_iz(t)) = ———Ml— 1.75-10™c0s(500-1)
t

vi(t) = —2.5-05(500-)  vg(t) = vi(t) = —2.5-cos(500-t)

15M6-4 L1 =310 ° Lp:=310° M:=2.10 > ig(t) = 10-sin(500-)
(@ v =L;-Lii0 - MLixy
d a

vat) = ML ) + Ly Lip
dt dt

(b) iy(t) = ig(t) = 10-sin(500-t) with  in(t) = 0

v =1;Li;®  hence
d
V1(1) = L1-10-500-cos(300-t) = 15-c0s(500-1) va(t) = —M-g—il(t) = M- 10-500-c0s(500-t) = ~10-c0s(300-1)
t
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3 3

15/16-5 See Prob. 15-4 for figure L1:=3-10 ~ 15:=3.10 - M:=2.10 3 ix(t) = 0.5-sin(1000-t)

. L2
with vo(t) = 0 —Mg—i](t) + Lz.g-iz(t) =0 i) = i) = 0.755in(1000-)
¢ ¢

vi(t) = L]-gt—il(t) - M-z—:—iz(t) =3.107 3--3_0.75- $in(1000-t) — 2-10° 3.3_0.5 §in(1000-t) = 1.25-cos(1000.-)
t [t t

15166 L;:=12 Lp:=24 v(i) =3-sin(1000-t) vp(t) = 4-sin(1000-1)

M M M 4-Ly
with i) =0 vo(t) = —{ L1 Lij0) || = —=-v(t) hence 4=—.3 M=—=16
14 dt 14 Iy 3

0.5

k=M (L;-Lz)” ~=0943 The coupling is additive because v, and v, have the same polarity.

1
-3 -3 -3 .
15/16-7 Ly :=10-10 Ly:=1010 ° M:=9-10 i1 (1) = 2-c0s(1000-t)

By KCL i»(t) = ij(t) hence

i (t (. _
1;,(—)-» A <——2§) vi® = Li-Lip + MLiyo = 19107 > L2 cos(1000-0)
i T . \ . dt dt dt
vi(t) = -38-5in(1000-t) likewise
v (t V(1) -
%t 1() L, L, - vt = ML) + LoLiyo = 19107 > L2.cos(1000-t)
5 5 dt dt dt
Va(t) = ~38-sin(1000-1)

by KVL  vi(t) = vi(t) + va(t) = —76-sin(1000-t)

15/16-8 with v, = 0 the i-v relationships are

<

d. d. d. d.
vi(t) = L1-—i11(t) + M-—ir(t M-—11(t) + Lo—1p(t) =
1® 1dt1() dt2() dt1() 2mz()

d. -M q.
or —ip(t) = — —11(1)
dt 2 L, dt

A
® ® 2
Li1p-M
and vi(t)y =| Ly - ﬁ -iil(t) Lgg= re2m 7
l——' L, L, Ly ) dt Lo
-3
ey o L;:=7510 Ly:=04 k=097 M:=k[Li1p

LyLy— M2

M=0168 Lpgi-————  Lug-4432x 107 }
2

15/16-9 L:=4010 >  Lp=6010 ° for ki=1 M=kI11; M=4899% 10 °
15/16-10 Ly :=0.11 L:=0266 Lpqg:=0237 since Ly =0.237 <L, +L,=0.376 then

Ly +L2-Lgg 2

by Example (15-2) Lgg=L1 +L;-2M M:= M=695% 10

k:= k= 0.406

,/L1~L2
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2
15/16-11 (a) —2 = % =4 (b) vi(t) = 120-cos(2-7-60-t) Ry := G-) 800 Ry =50
1

@
i) = no 24-cos(2-7-60-t) A
Ry

2
(1
15/16-12 n=£_%—0 =10 vg(t) = 120-cos(2.7-60-t) Rg:=4 Ry, := 600 R;N;:!—) Ry,
3

L 10
vs(t) -1
Rn=6 ij(t) = ———— = 12.008(2.7-60-t) in(t) = —-i(t) = —1.2-cos(2-7-60-t) A
Rs + Ry n
50 10+ Ry
15/16-13 for n:= —I- and Rpgi:=— hence Rpg:= —TQ Rpg= 115
3 n2 2
50
IDEAL IDEAL

50 50
15/16-14 See Prob 15-13 above for figure. For equal power RgQ) = >y =10 hence n= ,—16 = 2.236
n

15/16-15 ideal transformer constraints: N2 ] .
n=—=1 v =v) i) =-ix(t)

KVL: vi(t) = vg(t) (1) = vi(t) + va(t) = 2-vg(t)
KCL: i (t) = —ip(t) is(t) = ip(t) — i1(t) = -2-1(t)

Load: ig(t) = 2-i, (1) =2 ﬁ —Hvs(®
s(t) = L. . RL Ry

vg(t) = 200-sin(400-t) V Ry, := 50
—4-200-sin(400-1) _

ig(t) = ~16-sin(400-1) A
s(®) P (400-t)

i) = (:2}-)(~16-sin(400-t)) = 8.5in(400-1) A

IDEAL
15/16-16 The look-back resistance in the secondary with n:= 5 and Rg:= 100 is Rgq = n2~RS

Rpg=25x 103 Max power requires Ry, = Rgg = 2500 Q
50.200

15/16-17 Rp:= 150 + ——2"— Ry =190
T (50 + 200) 150 2
Ry := 1000
wi)(®) 2000
Ry,
n= j— n=2294
Rt
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R
15M16-18 vr(t) = 5-sin(1000-t) RT:=50 n:=5 Ry :=300 Rggo:= L Rpo=12
Q 5 Q

n

. vi(t) . .2 . 2
ij() = ————— = 0.0806-sin(1000-t)  pr(t) = ij(t)"-Rpq = 0.0780-sin(1000-t)" W

Rt + Rgo

15/16-19 n=4 vg:=12
for ideal transformer vo:=nvg vy =48
6Q (1)

- = by ohm's law i'=—‘12— i, =4

53“) I[_(t) 4 L= T

i

vy — Vg

_‘ by KVL and Ohm's law i3:= iz=6
L O} | net | F1.00 Y =—g— i3

+ @ o T

by KCL atnode B 1i:= —(iL + i3) ip=-10
for ideal transformer ij:= —n-ip 1} =40
by KCL atnode A ig:=1; —i3 So finally

v <i2q

is = 34

for ideal transformer Nj-vo = Np-v; and

15/16-20
. . v2
i Np-ip = -Nj-iy by Ohm's law 1}, = —
13 D
byKCL i1 =ip + i, = —Liy + -2 h
i} =ip + i, = —-i] + — hence
y 1=+, No 1 Ry
N2 w2
i} = ——— — by definition
i Ni + N2 Ry,
"L Vi +Vv2 Ny Ni+ N2\ Ry,
REQ= - = —+1 V| e e
N iy N2 N> V2
2 R
L 2
N1 + No
R EQ) so finally Rpgg = (——) Ry,
N
C L
15/16-21 L1:=003 L7=0.12 M:=005 V{:=20+j-0 o := 1000
X1=w-L Xo=0Ly XM =o-M X1 =30 Xy =120 XM = 50
In=1+j1 Ig=1+j1 <-—Initial guesses
Given
. . ZiN 50 mH
(50 +j-X1) I — j- X1 = 20 50 Q /\
—j-XpIa + (600 + j-Xp) T = 0 > )
) L +
I - 800 Q
. \'%
= Find(Ia, v 2
(IB) ind(1x, ) 1 30 mH 120 mH _
- >
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15/16-21 Continued

_ Vi
B 5 IN=—  ZpN= 54006 +29.199%

[IA} 2866 x 107 — 1549 x 107"
1701 x 1072 + 2.048i x 10 A

Ip
Vo i=Ip600  |Va| = 15972 -l—::—g:arg(Vz) =50292 w(t) = 15.97-005(1000~t + 50.29°)V
15/16-22 L; ;=02 L,:=045 k:=0.98 M=k L1y M=0294 Rp:=75 o:=377
X1 =wol4 Xo=w-Ls Xm=o-M Z; =Ry, Vg :=100+3-0
Initial guesses for solve block
Lh=1+j ILy=1+]

Vi:=100  Vj:= 100 +j-100

Given
Coupled coil constraints
Vi =i-Xp-h +i-Xmlz

Vo =3-Xmhi +3-Xo2'h

Connection constraints

Vo =71 b Vi1 =Vsg

Solution
I I 2.858 — 1.582i
(a) (2 5821
b _ 15} -1.944 + 0.174i
= Find(I,Ip, V1, V2) =
Vi Vi 100
Vs, V2J 145.83 — 13.063i

Vi
b) Zp= —  ZN=2678+14825 Q
1

(=)’

(€) Pr==— =Ry P =142913
Pg:=P;  Pg=142913 W
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4
15/16-23 1.1 := 0.01 Lp=006 M:=0.02 Vg :=20+3-0 o =210

Xi =0l Xy=oly Xy=oM  X;=200 Xp=12x10" Xy =400
hi=1+j] DL:=1+j V;:=10+j.10 Vy:=10+j-10 <-—-Initial guesses
Given
KVL constraints 100 Q &L,
VNV—¢
= 20 + 100-(I} + Ip) + 1001 + V;
= =20 + 100-(Iy + Ip) + 2001 + V5 100 200 Q
20 mH
Coupled coil constraints vg(t) .
Vi =3-Xph +j-Xml 10 mH 80 mH

Vo =3 Xl +5-Xo'Ip

Solution
Vi Vi 8.114 + 6.166i w
. Vv, 18824 + 47061 |
y |7 Find(V1, V2,1, 1) B |7 0069 - 0028i
L L) (-0019-6491ix 10> J

- -1 —
T=h |1 =2014x 1072 30.x -arg(D = 1612 i(t) := 2.014-10 2~cos(2-104-t— 161.2)A

151624 L := 001  L,:=006 M:=0.02 Vg =20 + -0 o = 10"
Xj=0l; Xp=oly Xy=oM X1 =100 X = 600 Xm = 200
Li=1+j] I=1+j V;:=10+j10 Vo:=10+j-10 <—Initial guesses

Given

KVL constraints

0 =20 + 100-(Ty + Ip) + 100-I; + V;
= -20 + 100-(I + I) +200- + V7

Coupled coil constraints
Vi=3-Xrh +j-Xmb
Vo =3- Xl +3-X2-1p

Solution
v, v 5.846 + 5.231i \
v, v, 16x 10 +8i [
= Fmd(Vl,Vz,Il,Iz) = 5 5
L I 7692 x 10" 7 — 1.538ix 10
I I _ _
2 2) {1231x 1072~ 2.154i x 1072

- -1 —
T=L |1 =2481x 10> 180-n .arg(l) = ~119.745 i(t) = 2.481.10 2~cos(104~t— 119.7) A
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1
15/16-25 L; := 0.064 Lp:=0016 M:=0.016 © :=2000 Vg:=0—j-150 Z :=

(-0-1251079)
Xj=0kL; Xy=ol; Xpm:=o-M Inital guesses for the solve block: Ip:=1+j-1 Ip=1+j-1
000 400 emy 22
¥ ®
-'-
VgD C_) v(ty 64 mH

Given ZlN
Vg = (300 + 40 +§-X1)Ia - j-(Xnelg) 0= - X la + (-X2 + 12+ Zp ) Ip

Ia _ IA ~0.148 — 0.384i’
= Find(I, Ip) = _
Ig Iy 0.014 + 0.033i

Vs
2N = -—I-—- — 300 Zmy = 40.091 + 130.78i1 7y, = 4001
A
Vi:=Vg—I4300 Vy =44327 - 34.728i Vi, =1IgZ;, Vi =13.183 - 5569 V

15/16-26 Use the equivalent T-ckt 1;:=0.064 1,:=0016 M :=0016

Xl(co) = (:)~(L1 + M) Xz(m) = cu'(Lz + M)

XM(CI)) =-o-M

7(0) = 12+ (j0-1251079) 1

Znalo) = 40 + X (o) + !

» 1
iXu(@) | X0(o) + Z1()

® := 7000,7050.. 8000
There are two solutions

500
400 \ b ® = 74OCGiven IIII(ZIN((D)) =0
300
(7o) 200 \\ Find(») = 7271.6 <-First solution
IN' .
_— 100 | \ o Zm(7271.6) = 922.56 — 0.061i  <--Checking
0 L 7
- o
100 T o :=800CGiven Im(Zpy(0)) =0
—200
7000 7250 7500 7750 8000 .
Find(o)) = 7939.8 <---Second solution
[}

ZiN(7939.8) = 272.049 — 0.014i <—Checking
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15/16-27 11 :=0.5 L1:=05 M:=0250 =4000

i
Vg:=10+j-0 2y, =

(20007 + j-0-125.107%)
Xi=ol1 Xo=ol) XM =0o-M

Inital guesses for the solve block

h=1+j Dbw=1+j Vy:=1+4j Va=1+]
Given

Coupled coil constraints ;(t) 2kQ % H

Vi=i-Xi-h -3 Xuml »
®
Vo= —-Xmh +5-X2-12 i -
v [t H ¥ H 2kQ== n
Connection Constraints S( ) % o
Vo=—-71-b

Vg — 2000-; = V;

Solution
(1) (T 2941 x 107> — 1.765ix 107>
1) _3 . _4
1 Vi 4.118 + 3.529i I
Va J LVz L —2.941 + 1.765i J
Vs 3 ) 3 -3 180
7N = T ZiN=25x 10" + 1.5ix 10 || =343x 10 T-arg(ll) = -30.964

(

2
A I
i1() =3.43.10° j-oos(4000-t - 30.964") A P= l—;ﬂ--Re(ZIN) P=1471x10 2 W

10
15/16-28 Write Mesh Egs. 2Q 40

Vs=2+38+36)Ia—-(G4+j6)p

0=—G4+j6)Ia+(1+5+j2+]j6)Ip 5Q

A= (2 +j-14)-(6 +j-8) — (j-10)°
A = 100i

. . Z}N
Ap=(6+j-2+j-6)Vg o
Ap - (6+]-8)-Vg Vs j-100
\=—=—— 7EQ = — 7EQ = Zgo=8+6i Q
ATTA j-100 EQ Ia EQ 6+j8 EQ
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15/16-29 Write KVL Egs.
120 = Vy + 515 - Ip)

0=5(Ig—Ia) - Vo + (-5 Ip

The ideal xformer constraints are

Vo=nVi=5Vy p=nlg=5I

The KVL egs. become 120/0°V C) == -b0Q
120= V) +5(4Ig) j=+-1

0=-20Ig-5Vy -j-5p

which yield
Vi = —29.416 — 9339-j-1V5:=5.V] V5 = —147.08 — 46.695i

Ig:=7471 +0467-j-1 Ip:=5Ig  In=37.355+2335i

Checking solution in KVL egs.

Vi+ 5'(IA - IB) = 120 <--—-checks mesh A voltage sum

. — 14
5:(1 -~ Ia) = V2 + (5§:5)Ip = ~1.998:10 <-—checks mesh B voltage sum

15/16-30 L; = 5.107° L= 20-10_3 M:= 1072 o= 10" Xi=o0l1 Xp=0ly Xpm=oM
Zy,:=200+j-100 Vg:=1+j-0 <---Assume 1V input
=1+ bL:=1 Vi=1+) Va:=Vy <---Initial guesses for solve block
Given Vi =)-Xp-h +-Xml V2= Xl +- Xl <—-Coupled coil constraints
Vo=-I-7Z], Vi=Vg <-—Connection constraints
Solution
I Y (16x10%-28ix10 2
I 1) -3 -3
= Find(T}, I, Vy, V) ~| 8x10 " +4ix 10
Vi Vi 1
Vo Vo 2
\4!
ZIN = —I—— Zin = 15385 + 26.9231 O
1
T V2 T 2
V= Vi V=
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15/16-31 With secondary open |V1| =100 |V2| =220 |Ij| =0.12 o :=2-7-400 and
. . Vil V2| _
Vi=j-Xi-h Vo=jiXmh hence X; = "i‘i""l‘— =8333 Xu= —II—;[— = 1833
1

With secondary shorted ihl = 10 |12[ =22 V=0 and

1
0=j-XpmIj +j-XpIp hence |Xp| = XM-—l—l—}— = 83333

|2

Xy X2 XM
sofinally Ly = — =0332H Lp;=—=3316H M=-—=0729H
o [0 [y

15/16-32 n:=0.1 Vg=2500+j-0 Zp:=25+j10 Zg:=0+j2

. 2
\ -1 I
I = 5 I; =0.862- 03451 Ip:= Tl I =-8.616+3.4531 Pp:= (I—zzl)—-Re(zL)

PL=1077x 100 W

3 Va by,
15(16-33 PL:=25100 V=480 V{:=2400 n=— n=02 bL=— I =52083
Vi Vo
I'=-n-k |h| =10417 A Use a 15 A circuit breaker.

Vo
15/16-34 P = 50.10° V=480 V1:=7200 n:=— 1 =0.066667

Vi
159

I=— I| = 104.167 A
2= ||
I = =nlh 111| =6.944 A

N2
15/6-35 Nj:=480 Np:=120 ni= = n=025 V=480 Va=nV] V=120

1

2.7,
PLi=5000 L=—= L =83333 (peak) Ij=-n || =20833 (peak)
2

2P,

Ry,
Ry:= Rp=144 RiN=— RiN=2304Q

()’ n
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15/16-36 (a) The s-domain mesh equations are

Lis+Ry  —Ms ING) _ Vs(s)
Ms Ips+Ry ) Ip® ) | o R, L ) 7\: <2|§£3)
for which + ® L] -+
As = M-s-Vg(s) v i)V O b é Ly v, igh )< R,
NN »
T NN

Va(s) =

. A
A= (Ll.Lz - M2),52 + (R1 Lo+ Rz.Ll).s +Ry-Rp  since Va(s) = Ry Ip(s) = Rz__z we have
Rp-M:-s
=< Vs(9)
Ro-M-s-Vs(s) (LI'LZ B M2)
(Ll.Lz _ M2)'sz " (Rl-L2 + R2-L1)~S +Ry-Ry Sz (RI’LZ + R2.L1) Ry 'RZ

(L1~L2 - M2> o (LI.LQ_ - M2>

(b) For 1;:=0.1 Lp:=05 M:=01 R;:=10 Rp:=40 Vg(s) = 1 this becomes
S
100-s 100 0.97 0.97
Va9 = 4 (51 164) (s 1 6096) 51609 s+ 164
42255100 ST IOREHOU :
va(t) = 0.97-(exp(=60.96-1) — exp(~164-1) V
15/16-37 (a) s-domain mesh equation written in 15-36 above
(b) V(s) was found in terms of Vg(s) in 15-36 above. This solution yields
the transfer function V,(s)/\V4(s), which has the form of a 2" order bandpass filter
Rz-M-S
- . Va(s) LyLy-M? Ks
S) =
A\ Ri-Ly + Ry L Ri-R 2
s(s) 2, ( 1-L2 +Rp 1)_s+ 182 52+2.C.m0.s+®0
(LI-LQ - M2) (LI'LQ - M2>
{c) for L1:=025 I5:=1 M = 0.499 Ry =50 Ry := 200
Ri-Lo+RpLg
00=3164x 100 B=—2""21 5 1001x 100 =2
Lilo— M2 200

2
C=15819 oc:= 0)()-({ + \} 1+¢ ) wc] = 99.9

This is a broad band characteristic since B >> o,

(d) g(t) = (0‘998,3": . 0-998-6_ 100099-t)
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CHAPTER 16, Standard Version
CHAPTER 17, Laplace-Early Version

16117-1 (a) v(t) = 1200.oos(m - 145") it = 2-cos(m.t + 50°)e = (~145) — (50) 0 = -195

12002 1200-
Pi= cof F—0)] Q=222 ol E 6] pf = cod ——0
2 180 2 180 180

P=-1159x 10° Q=310583 pf=-0966 P <0 delivering
(b) v(v= 280-cos(m-t + 600) it) = 15-cos(cu - 200) 0 = (60) — (-20) 0 =80

280- 0-15
P:= 15~cos Z 0 Q:= 28 sin| ——-0 pt = cos Z 0
2 180 2 180 180

P = 364.661 Q = 2.068 x IO3 pf = 0.174 P > 0 absorbing

16/17-2 (a) w(t) = 135~cos((o-t - 90”) i) = 1.5~cos(0)~t + 30°) 0 = (-90) — (30) 0 =—120

P:= 13515 cos| ——.0 = 1351.3 sin| ——-0 pf = cos L 0
2 180 2 180 180
P =-50.625 Q =-87.685 pf=-05 P < 0 delivering
(b)  v(t) = 370-cos(w 1) it = 11.5-cos(cu~t + 130") 0:=(0-130) 6 =-130
370.11.5 115
i -co§| ——-0 Q:= -?—’-7-—0——2—-~sin - pf == cos Lo
2 180 2 180 180
P=-1368x 100 Q=-163x10° pf=-0643 P <0 delivering
16/17-3 (@) Vs := 250 ¢y =0 Ims := 025V := Vi (cos(¢v) + j-sin(pv)) o= _15'1%6
. - P
L= Ims-(cos(¢r) +j-sin(¢))  S:=VIP:=Re(S) Q:=Im(S) pf:= ™
P = 60.37 Q=16.176 PE=0966 o apsorbing
T .. i
(b) Vs =120 ¢y = 35— Tms =125 V= Vims (cos(¢v) + j-sin(pv)) b= 165—
. - P
L=l (cos(gr) +j-sin(pr)) S:=VIP:=Re(S)  Q:=Im(S)  pf:= Il
P=129x10°  Q=-750 pf = 03866 P >0 absorbing
16/17-4 (3) V= 2400 = 45.—— 6 == -10.5.—— 71, = 250-(cos(0) + j-sin(0))
180 180 :
. %
V = Vimg (cos(9y) + j-sin(¢v)) L=——  1=5437+7912]
L

S=VI P:=R«S) Q:=Im(S) pfi=—
P=2265x 100 Q=-42x10°  pf=0983 P >0 absorbing

(b) L= 0.120 ¢p:= 25% I:= L (cos(ér) + j-sin(pr))  Zp,:= 300 — j.400
V:=1Z; V=52913 - 28289 [v] =60 I—Sg-arg(V) =-28.13
T
S:=VI P=Re(S) Q:=Im(S) pf:= -ligl— pf =06
P=432 Q=-576 P > 0 absorbing




P .
16M7-5 (@) S :=800.10° +-250.10° P:= 800-10° Q := 250-10° pf == T P09 Q-0 lagging
2

P .
(b) Q:=-9000 P:=y12000° - Q° S:=P +j-Q pfi=—  pf=0661 Q<0 leading

Is|

16176 (a) P=100 $:=1210° V=240 Q:={S°=P°  Q=6633x10° S:=P+j.Q

||
Ipms = —— Ipns = 50 f:=— pf=0833
ms Vs ms p ISI P
S .
(b) 71 = — 71, =4 + 2.653j |71] =438
Irms
16M17-7(a) V,p = 2400 P := 20000-0.75 Q:=y20000° - ¥ Q=1323x 10" $:=P+j-Q
S
S=15x 10"+ 1.323j x 10" Iys = 131 L = 8333
1ms
S
(b) 7y, =—— 71, = 216 + 190.494; |71] = 288
2
Irms
3 Rel ZL 2
16/17-8 71 =4 —j-15 S:=10-107 pf = ﬁ P:=Spf Q=—/S - P2
L
3 3 P S
P=9363x 10" Q=-3511x 100 Ippe:= [——— Iyns= 48382 Vo= —o Vims = 206.688
Re(ZL) Irms
S
16/117-9 Ippe=12  P:=4800 Q:=2400 $:=P+j-Q Vims = 13|
I1‘[118
P S .
pf=—  Zp=— pf=0.894 7y =33.333 + 16.667j |71| = 37.268
IS 2
Irms
16/17-10 Vg = 440 L= 10 RT Q= J(Vms-lrms)2 P Q= 1833 x 10°

. s
SEPHIQ = g a0 1833 |7y =

Irms

- —1
161741 R= 100 Vipg=240 ©=27160 L=015 Y=R '+ (j-o-1)
Y=1x 10771768 10 > S:=(Vgm) ™Y S =576+ 1.019jx 10°

16M7-12 R:=50 Vype=110 ©:=2m133 L:=10 © Z=R+jwol 7 =50+ 83.566]

Yi=Z ' Si=(Vim) Y S =6379+ 106.624j
16/17-13 S:=10—3-12 @ := 2.5-60 Vipg= 440

S 1

1=227x 10 2+ 273jx 1072 Y=
ms mes

o colimy) Ro1936x 10" Cc=t16aax 1077
Re(Y) o

I=

Y=5.165% 10 ° +6.198jx 10 > R:
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161714 o= 12 Yr:=200 ' +(-50) "

7= (Y1) Zw=1+j10 ﬁ

@ Vs:= (21, +2-Zw)-Ims v (—_l_—)
Vg = 165.176 + 804.706j |Vg| = 821.483
S i {7

) Sp= (|Tms|)*Zr L= 1694 x 10° + 6.776) x 10°

3 Source Line Ll
Swi= ([lms|) 27w Sw =288 + 2.88j x 10
Re( )
(€) Sg:=Sp+Sw 100 1 = 8547
Re(Ss)
16/17-15 See figure with Prob. 16-14 above V=220 71 :=60-j.40 Zw:=2+j-5
\Y
@ I=——— || =3.113
2y, + 27wy

(b) s:= (1 )2-ZL Sp, = 581.265 — 38751 Sw:= (II[)2~2-ZW Sw = 38.751 + 96.878;

Re( Sy,
(¢} Ss:=Sp+ Sw n:= e(‘ )-10() n=93.75
Re(Ss)
Sm
16/17-16 Vg := 2400 Spaq := 50000 Irms = ——=
leS
Ry iz o Vims Xy 1= 2 Vems
Irms Irms
Zw =Ry +j-Xw Zw = 3.456 + 13.824j
\
When Ry := 200 -
Ry, +2-Zw
. P
P = (|1 )2-RL Pg:= Re(vms.l) n= —P—--IOO n = 96.659
16/17-17 See figure with Prob 16-16 above Pr, == 25000 n =90
100
Pw = PL(T B I) Py =2778x 10" W

When the second line is added the wire resistance is reduced by 1/2. The line power is reduced by 1/2
since the same line current exists because the load power is still 25 kW. Hence:

199
Py = 0.5 Py Py =1389x 100 W no=—100 1 = 94737

P+ Pw
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16117-18 Vo= 110
71:=25+j6 Z3:=16+j8 7Z3:=10+j2

Vlms Vnns ZVI'mS
(@) h=— b= L=
Z1 V%) Z3
A=l +L IN=L-1); Ip=-L-h 11020° Vims

Ip = 25314 5.229j Ty = 1.34— 1.752j
I = —26.654+ 6.981j

() Supper = VimsIa Supper = 2785 10° + 575.218;

110/0° v,ms

Siower = Vims (—fé) Siower = 2.932x 107 + 767.885]

16/17-19 See figure with Problem 16-18 above Vg=110
St:=1250+}-500 Sp:=800+ j-0 S3:= 2000+ j-400
S S S5
(a) I; .= Vs Ih:= —‘;; Iy:= —2-*\-—,; Ihn=h+h In=h-5 Ip=-Ih-13

Ip =20.455-6364] Iy =-4.091+ 4.545] Ig =-16.364+ 1.818]

(b) Supper = VSIA Supper = 2.25% 10° + 700 Siower = VI Stower = 1.8 10° + 200j
16/17-20 The load ratings are:

Vi =440 I =30 Pp = 10000

SL=Vil, Q= JSLZ ~P’ QL =8616x 10°

7y =
2 _ .
(IILD 7y, = 1L+ 9.574) When connected to the power source via the line
Vs
Vg:=440 Zw:=03+j2 Ii=——"- Vi, =171, Vi, = 356.049 — 52.982j
71, + 27w

[Vi| =359.969 Sp=VLI Sp=6693x 10 +5767jx 100 |Sy| = 8835 10°

16/17-21 See figure with Problem 16-14
Vi, := 2400 Pr,:=25000 ptf:=085 Zw:==2+j8

1 , St —
Q=P [— -1 Sp:=PL+j-Q Ip=—  Vg=Vp+L2Zw Sg:=Vsh
pf2 Vi,

4 4 Pr
S¢=256x 10 +179%x 10 1 :=——-100 1 =97.653

Re(Ss)

316




16/17-22 See figure with Prob. 16-14 Vi, :=2400 pf:=0.75

Zgr =2 +j-10 1
=P j— -1
Qr =P >
pt
) S,
Sy, =Py, +3-Qr I, = MVL

Vg =V + 2. Zw

Py, := 30000-pf

- 4 . 4
Vg =2603x 10° + 154.428§  |Vs| = 2607x 107 Ss:= Vg, S =2313x 10" + 2.297) x 10

 Refsy)

g =

pfg = 0.71

16/17-23 See figure with Prob. 16-14

Pg:=37000 Sy, :=35000 + j-20000 Zy := 2.1 + j-12

Vs - VL "
VL = 2400 Vg =V, +j-100 I, = B — <-—-Initial guesses
W
Given VL'iI—, =8y, Re(Vsii) =Pg Vg =V, +2.Zyw ]y, <-—--Constraints

0 VLY [ 1.83x 10° + 254.145)

- . <---Solution (many others are possible)
I |= Fmd(VL’IL’VS) L= 20.256 — 8.117] All have the same voltage magnitudes
Vs Vs) {211 10° + 706.196j

VLI = 3.5 x 107 4 2jx 107 Re(VS.E) ~37x 10"

16/17-24 S; := 12000 +j-6000  pfy:=0.7

Sy =175x 10" + 1785 x 10°

Vi, :=2400 Zw:=2+j-8

@ Sp=S+8 I=S.Vp |

Vg:=VL+2Zywl, I,=12292-9939

3 Source
Vg =2.608 x 107 + 156.911j
3
|Vs| =2613x 10
4 . 4
Sg=3.05x 10 +2.785) x 10

(b) Sg:= Vs,

317

|Vs| = 2225 10° |VL] = 1.847 x 10°

<--—-Checking solution

Sp = 2500()-(pf2 + j-,fl — s’

+
VL
N
VZ4
Live Lovenls
Re(St)
(c) = 100 =96.723
Re(Ss) !




16/17-25 pf1:=0.75 pls:=038

S = 16()00(pr +iy1- pf]z)

52225000+ .0 Zyr= 0.1+ j-0.5

Sg:= SOOOO(pfS Fif1- pfsz)

N S1+ S, Sy = Ss - S,
S S
L, = W It, = 138.801 V=
2-Zwy I,
Vs =V + 2.1, Zw Vs =294328 4 215.047;

1 S,
16/17-26 1= 15 pr.— 0.75 Pp,:= 5000 Qp -= Py f-5 =1 Sp=Pp+1jq V= —
. pf

VL =333+ 294; [VLJ =444

2
I
€=5921:10"" Checking v, (IL])”

Q=-Q, c=

VL, = 266.568 + 76.246] ]VL} =277.258

[vsj =364.519 v

I,
-Qc

——————.

27:60(| vy])?

R Ye=j2m60C Yo 4 Yoz 0025
L

16/17-27 VL= 440 pf.= 075 Py,

Pry1 - 0,952
(a) Forpf>0.95 A +Qec<—1 77

= 33000pf QL= 330001 - pr? g, .- PL+j.Qp

L5 2.0 0
0.95 250 |
' PVl - 095" 1369 x 10* y c
smce -“‘Egs—m— - QL = -1.369 x vs vL
4 2 050 RoOQ _
Q¢ <-1.369.10" put Qc =-2-7-60.C.v;,
1369.10°
C> -——~2 =187.6 mF Source Line Loads
2-m-60-Vy, .
i . St . 2
(b) Without the capacitor- I, = o I, = 56.25 — 49.608; Ry:=05 Pw = 2-Ryy( [])
L
n = ~PL-100 n =815
P+ Py
With the capacitor C:=1876.10"° Qc = —2-‘n~-6O~C-VL2 QL= QL+ Q¢ Sy, =P, +3-Qp
o
|-

I = 56.25 - 18 489
v

Power factor correction raises the transmission eff. from 81.5% to 87.
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Py = 2.Ryy- (|1, )

Py,

PL+PW-loo n =876
6%.




16/17-28 V1= 440 pf:=06 S1,:= 25000 Pp,:= Sy -pf Qp:= ,f SL2 - PL2 For pf=0.9

PiA1-09

Qc _
Qc:= QL Qe—-t274x 160 e 19 C=1745¢ 10"
0.9 ’Z-Tr-ﬁO-VTZ

16/17-29 v, — 0. .

29V :=12000 pfi=08 Ji50 o
S = 1.2-106-(pf N P

v L 4
. 4 Bl v

Vs1 1= 12700 +j-960  |Vg| = 1274 x 10 Vet L Vg,

-t [Vsil psa 2N peg

St Vs1 - vy,
I =— I = -

\%9 2.j-15
I=32-235  S;=Vsih  §1=384x 10 +3271jx 10° L=, - 14 Ip = 48 — 36.7]
Vg2 := VL + 2§10, Vo = 1273 x 10° + 960j [Vsa| = 1277 x 10*
$2=Veely  $=576x10°+513jx 10°  Checking S1+82=96x 10"+ 8.4jx 10°
Sw=24-15(|n|)* + 2-10(|])? SL+ Sw=9.6x 10° + 8.4jx 10° |
1611730 Py :=20.10° pf1 =08 Py:=12.10° pH:=09 L =8 Zw:=12+j9

i . I .
Qi :=Pr- — " I $1=P1+jQ Q=P — I S=P+jQ Sp=8+8;
pfy pf
, SL .
71 = () f=300+325085 (L 27w)n”  s5=3215% 10"+ 2.196)  10°
L

Re{Sg

pig = e( ) pis = 0.826
[Ss]

V r - |
16/17-31 Vi, =480 Vp:= V_I—J VAN = Vp Vpy:= Vp‘[exp[j-(—l-gﬂ] Ven = Vp-[exp[j-(—#-%)}
3 i |

VAB=VAN- VBN Vpci=Vpy-Vony  Vea = Ven - Van

Van = 277.¢°
: oyy im Im
VBN = 138 — 240, = 277¢ 1120 Vo= 27721200V
1-120 ch= 480/150° vV vmﬂsglaoc v
Ven = -138 + 240§ = 277.¢"
vAN=27710° Vv {

. . |
VAB = 416 + 240.j = 480.¢ >° > Ro .
Vpc = -480.) = 480.¢ 190
Vea =416 + 240.) = 480.6}'150 Van=277/-120° V V,=180.-00° V
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16/17-32

VaB

73

VAN =

eXp (—j

[Vag| = 2.4 x 10°
Vel =24 x 10°
[Vea| =24 10°
|Van| = 1386 x 10°
|VBN]| = 1.386 x 10°

[Ven| = 1.386 x 10°

16/17-33 Ip:=35

n
Iy == Ip-exp| - —
1:=1p P(J 6)

14| = 6.062 180
Y
[IB| = 6.062 180
Y
lic| = 6.062 180
T
Ih| =35 180
T
|| =35 180
T
|| =35 180

T

16/17-34 VvV =480

7:=20+j-15
VaN
(@ Ip=—
ATy
Ip = 8.868 — 6
(b)

Vi, := 2400

SL = V3-VL- [1a] -exp(-arg(2))

—

Vap:= VL Vpe = VL{eXp

o3 varnfh(3]

2 2
VBN = Van: eXP(-J'"g‘*) Ven = Ven exp(—.l —3—}

2]

V= 2400/120° V|
180
——E——-arg(V AB) =0
180
—arg(Vpc) = -120 VAE=240-£L(}" v
bis -
180 Im
—arg(Vca) = 120
. v, =1386/90° V
180
T'afg(VAN) =-30 V,=2400/-120° V
180 - Re

-arg(Vpn) = ~150
T

130

V- 13862-150° V V), 1386.-30° V

o] wrfbo3]
oref (3]

-arg(Ven) = 90

i
I =lpy3 Ia=1

n 4n
Iy =Ipexpj| — - —

-arg(Ip) = 0 1= 6.062/120° A v
-arg(Ig) = 120
§,=6.062,0° A
—l— e
-arg(Ic) = -120 m
i ¥,=35/90° A
-arg(ly) =30 1, =6.062,-120° A
-arg(lp) = 90 ~ Re
-arg(lz) = 150 1,=35.,-150° A 1,=35/-30°A
\% L \Y \%
I —— = . 18 . T
PE Y e v ol (23] v = vel i (4
. VBN _ Ven
p=—— lc=—
651j  Ig=-10.194 — 4354j Ic = 1.326 + 11.006

S = 7.373x 10° + 5.53) x 10°
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16/17-34 Continued

m

V. =277,120° V"]
(€) |ia] =111 Eo—.arg(IA) _ 3681

T

[iB| =111 %(z~arg(IB) = -156.87 Vm=27;/f:\ée

el =111 22 arg(ic) = 83.13 m
" T

V] =277 @-arg(vAN) o Vg =277 14200V | 1= 11.1/83.13° A
T
180

Vpn| =277 ——arg(VpN) = —120 - R

[ Vil L re(ven) 1, =11.12-3687° A
180

[Ven| =277 —7[—~arg(VCN) =120 1, =11.1,-15687° A

Vap Vie Vea
@ ILj=—- =— = Ip:=1 -1 Ig=h -1 =K -1
1 7 2 7 3 7 A=l -13 p=hb-1 Ic=h-1
Ip =428 - 6.5 Ip = -15.7 + 40.3 Ic = -27 - 33.8j
(B)  Spi=y3-Vi|la|-expGeare(Z)) S =281 10" + 2248 x 10"
180
(€) || =433  —-arg(ln) = 866 V_=480,120°V'}
T BC
180
|ig| =433  —arg(lp) = 111.34
T VU, p=480/0° V
180 — > Fle im
[lc| =43.3 —arg(Ic) = ~128.66 '
T
180 = o
IVABI — 480 """al'g(VAB) -0 lB A33/11134° A
T " 2
X v, =180/-120° V . e
|VBc| = 480 T‘arg(VBC) =120 1,=433.-866° A
180
[Vcal =480  —arg(Vca) = -120 I, =43.3/-128.66° A
s
16M7-36 V[ =480 Z=50+-15 Tp:=VL.Z | Ip = 8.807 — 2.642;
. —2-m 8
@ I=y3lp| =1 Ig:= IL'“P(J —-3——) Ig = IL'eXP(J'T)
Ip = 15.926 Ip = —7.963 — 13.793j Ic = -7.963 + 13.793j

(b)  Sp,:=3- Vi |1a|-exp(j-arg(2))

S, = 1.268 x 10" + 3.805] x 10°
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161737 7,:=8-j-6 Zy:= 12-exp(j~40~—1—7;——6] 75Q:

<--—-Equivalent Y-load

31
—+=—  Zpo=2.805— 1.167]
%9 7 EQ ]
Vi, =480 Vp:= 5 Vp =277.128 Za Iy
3
Vp pf = -—-———Re(ZEQ)
I=— I =912 =T pf = 0.923
|ZEq) 72
ia i.30.
16/17-38 1, = 25.exp| j-| 40— VAR = 480-cxp| j- 30.—’5*1 I = —exp| Lt
180 180 V3 180
VaB
Ip = 19.151 — 16.07j I = 14.214 — 2.506; Zi=—=  7=25475+21376
1

16/17-39 pf := 0.75

SL = 30000-(pf fja1 - pfz) Sp=225% 10" + 1.984j x 107 V7, := 480

|51
(@ L= I = 36.084
V3-VL
L Vp . .
(b) Vp=— Vp=277128 Z:= T-exp(yarg(SL)) Z =576 + 5.08
3 L
3 Pr,
16/17-40 Py =20.10° V=480 I,:=32 pf=——"— pf=0752
NERYR'
180 A4 Vp
0 = acos(pf) 0. — =41257 Vpi=—  Z:=—-exp(j-0) Z=651+571lj
n V3 Iy,

16/17-41 pf =075

S|
I =
@ - \V3-VL
® L
NG

%
16/17-42 pf =085 Sp:= 30()0()~(pf + j.Jl - pfz) V=480 Vp:= %
3

Sy = 3000()~(pf riy1 - pfz) S =225% 10" + 1.984j x 10" Vy,:= 2400

I = 7.217

S,

3(|1e])”

7= 7 =432 + 381j

Zy =20+j-15

Iy := TZ—PT Sy :=3-Vi, I y-exp(j-arg(Zy)) Sy = 7373 x 10° + 5.53j x 10°
S - 4 . 4 lSLI
=Sy + Sp S, =3287x 10 +2.133jx 100 I, = I, = 47.136
VERY
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2
Vio

16/17-43 When Vi, := 480 Sy := 16000 +j-12000 Zy = ——  Zyw:=0.6 +j-4
S2
Vi1
Vi1 =440 Vpp:= ——\/:— Vp1 = 254034
3
Bus No. 1 —t— Bus No. 2
I, = Vel Vpy = Vpy - I1-Z P2
L= e 70 p2:=Vp1 — I -Zw 'qz
Vi2:=v3-|Vps|  Via=345348
S;:=3-Vpll  Sp=8822x 10° + 9.806j x 10°
Checking  $2:=3Vpolr,  Sw=3(|i|)"Zw Sy + Sy = 8.822 x 10° + 9.806] x 10°

16/17-44 See figure with Prob. 16-43 above Vp; :=4160 Zy;:=j-22 Zw:=12+j5 Zyp:=80+j-66

Vp1
@ Ip:= 1| = 38.052
Iyl + Lw + Ly
() Vpr=lZys  |Vpa| =3946x 10° S3:=3.Vppl,  $p=3475x 10° + 2.867jx 10°
= 5 .5 Re(S7)
) Si=3VpLlL  $=3527x10°+308x 100 (d) i 5 ).100 n = 98.522
€Lo1

16/17-45 See figure with Prob. 16-43 above Vy2:=7200 pfr:=08 Zw:=0+j-8
So $1
Sp:=8 105-(pf2 +j~J 1- pfgz) I = [ l Sw = 3~IL2vZW S1=%+Sw Vpi= | l
V3-Vi2 V31
Re(S1)

[51]

I =6415 VL =7766x 10 S| =64x 10 +579%x 100 pf =

|81] = 8.629x 10 pfi = 0.742

16/17-46 See figure with Prob. 16-43 above

1
Vi = 72.10° Py = 3.10° pfy:=08 Sp:=Pp+j-Pp ,—»—5 -1 Zw:=3+j6
0]

constraints on complex power at Bus No. 1 are: || = ng + 3~(|ILD2~Zwl and |S1| =/3-Vp1- |1

Since S,, Z, and V|, are known these equations yield one equation in the unknown line current.
Using this eq in a solve block:
I, =10  Given

lSz +3( !ILDZ-ZWl =3V I Iy, := Find(Ir ) Vig = —t

|52]
3.4,

I, = 31.512 Vi =6.871x 103 <---Solution (Many others are possible)

l32| =375% 10° V30V =375 x 10° <-—checking
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161747 Py= 45100  pf= (L)

7
P2 2
Sy = Pz-{—_]--'?- 1-pf Vi2 =440
P

So
(v Zw=05+j2

I, =

I, = 5.905 - 5905  Vj:=I-Zw~/3 + Vi V1) = 465.568 + 15341 |VL1| = 465.821

1

16/17-48 P, = 100.10° pf:= 08 Sp:= Py + Py 1 Vpy=90000 +j-0

2
pf N
. i
Zwi =35 +j-120 Zwn =24 +j-80 Ve = 90000"”{"(]'12"18_0 J
Bus |
No. 1 P,
Q,
Vp3z - Vpo S2 ,
hp=——— I:= Ip=1 -1I2 Vpy:=Vpy + I1-Zwyy
VA 3-Vpy

I, = 37037 — 277778  I; = 162.549 — 364.708] I = 207.822 + 86.93j

Vpp = 1395 x 10° + 6.741jx 10° Vpy = 9 x 10° Vps = 8.803 x 10" + 1.871j x 10°

S1:=3-Vpr-ly 83:=3-Vp3I2

i
Sy = 6.063 x 107 + 1.559j x 10° S3=5.977x 10/ — 1.129j x 10° ) + S3 = 1.204 x 10° + 1.446j x 10°

Checking complex power balance

swi = 3-(|i1|)>Zwi swoi=3(Ji2])Zwa  Swa + Swaz + S2= 1204 x 10° + 1446 x 10°
16/17-49  Zyq =200 + 100 Za0 = 2700 — j-1200 S3:= 110-10° +j.9510°  Zy:=1+j-10
2
3:(]vel) . 1
Vpi=T7200 Zy3 = —0 7.0 809.808 + 69938 Zy =
S3 o3 1

Zyy  Zp  Zy3

Vp . ~ .
Zy = 154.016 + 60.087] I, := -:7:-- Iy, = 40.573 — 15.829} Sp,:=3.Vp.I1, S, =8.764 x 10> +3.419j x 107
Y

Ss =St + 3(|i| - Zw Sg = 8.821 x 10° + 3.988) x 10°
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VL VA
16/M17-50 V] =480 Vp==—  Zpo:=60+j-25 Zy:== _3‘5 Vp=277.128  Zy = 20 + 8.333]
3
@ I=—— s 3.Vpl,  SL=9816x 10° + 409 x 100 Zy:=5 +j-15
Y
Re( Sy,
ss = s+ 3:(||)*- Zw Sg= 1227 x 10" + 1.145)x 10° n = ( )-100 n =80
Re(Ss)
1 RelSL,
(b) Zw-= Sq =S, + 3-(|ILl)2~ZW n = ! ).100 n = 92.024
1 1 Re(Ss)
+
5+i15 24515
16M17-51  7,=100 7Zp=100 Zc=50+j.100 Vp:=208

(@) Van=Vp Vpn:= Vp~exp(—j~ 120-

I
180

Ven = Vp-exp(mj -240-

I
180

Writing a node-voltage equation at N' with point N grounded:

VN-VAN VN-VBN VN-VCN  hence
+ + =0

Zp Zp Zc
VAN - VN VBN — VN
Ipim=——r Ip:=
ZA V4!
Ip = 1.275 - 0.165] Ip = —1.845 — 1.966j

St,:=Van-Ia + VeNnIg + Ven-Ic

(b) With point N grounded V|, = 0 and hence:

e VAN - VBN
AT B
In=2.08 Ip = -1.04 — 1.801j

S1,:=Van-Ia + VNI + VenIe
A

S = 1.136 x 10° + 486.72

VeN
Ic:=—

Ic = 1.025 + 1.553j

1

VANZA L+ VENZB L+ VenZe
N =

ZA—lJrZB“lﬂ—ZC_1

_ Ven - Vi
= 7

Ic = 0.571 + 2.131;
3
Re(SL) = 1.136 x 10

IN=Ia+Ig+1c
Zc

Ix = 2.065 — 0.249j

S = 1.038 x 10° + 346.112; Re(Sy) = 1.038 x 10°

\ 4

16/17-52

B
c
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16/17-52 Continued

VL= 480 pf=08 S, = 10510 ot + J1- o)) b Re(St)  Qu:=Im(Sr)

2
To make pf > 0.95 requires ISL —j'QCl = l > i = > 095 or [O—PL%] - PLZ > (QL - QC)2
JPr7+(0r - 0c)
and finally Q¢ > Qg, — 0.329-P, = 35.4-103 Checking let Q¢ :=354- 103 then —i~§£~P§—Q—(:—l = 0.95

Increasing the power factor above 0.95 requires a minimum of 35.4 kVAR of capacitive reactance.

The least expensive option is the 40 KVAR unit (PN=1N0240A17) unit whose cost is $900.
P,
Installing this unit reduces the power cost by: M-S-(O.w -0.07) = 13.44 $/day. Hence it takes

about 100 days to recover the capital cost.

16/17-53 Three-Phase Power Transformer

Primary Secondary
" 66-m b
Vi1 :=2540-exp| -j-— | I} :=43.3-exp| - —— Vo =240 I :=417-exp| --—
1 PL J 6) 1 P( ] 180) 2 2 XP( ] 6)
— Re(Sy
(@) S1=y3V1] S; = 1541 x 10° + 112 x 10°  pfy = (’é l) pfy = 0.809
1
— R 52\
(b) S, =\3-Valp Sy = 1501 x 10° + 8.667j x 10" pty = ré l) pfy = 0.866
2

. . 3 . .
{c) Transformeris notideal S; —S7=3.993x 10" + 2.53jx 104 there is power loss

n = 97.409

16/17-54
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16/17-54 Continued

Three phase system single phase system

Line voltage Vi3 Vi1
Same line voltage means Vi3 = Vi1 = V|,

Henceurrent I3 1§
Load power PL3 PLi

Pi3= \/§ .VL.13.QOS(9) Py = VL~11-cos(9)

The same load power means: Py3 = \/§~VL-I3~OOS(G) =P = VL~Il-cos(e) hence
2 2
Pw3 =31 R3 Pwi; =2-I1 Ry

. 2
Same efficiency means: Pys = 3-132-R3 =Py = 2-112-R1 = 2~(\/§~I3) -R1 hence

oL
. R3 A3 Az 1
Same length (L) means: —=2=—— Hence — =-—
1 p-L 1 2
Aq

So finally: Copper in 1¢ line = 2(L)(A,)

=35

R; = 2R,

Copper in 3¢ line = 3(L)(A3) = 3(L)(A/2) = 1.5(L)(A) = 0.75(copper in 1¢ line)

Hence the 3¢ line take 25% iess copper than the 1¢ line. QED
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W1-1

wW1-2

wi1-3

wW1i-4

W1-5

W1-6

CHAPTER W1, Fourier Transforms

(O = A-(u®) —u(t - 1))

1

Flo) = J A VO g = ;}—-eXp(—j-m)-A + ;—-A= '_é"(l ~ exp(-0))
0 jo jo jo

f(t) = A-t-(u(t) —u(t - 1))

o1 o) - Loas AL+ (15 ja)eswlio)]

1
F((n) = J A~t~exp(-—j~m»t) dt = A
0 ® 0} »

£(t) = A~oo{§-t}(u{t +1) —ut - 1)

i 3\
1 . e J‘m‘t~[—j-0)-008(§"t) + g.sm(—;itj)‘i
Flo) = A-J cos(-—zﬂ—i)-e(ﬂ'm't) dt= A ‘ 1
-1
B |

2
(—j'w)2+(—725) |
(o) = ._.R._GXP(‘i‘CD) o expli-o) }= { - cos(w) }
' Al: 2 (4'602—70:2) i (4~0)2—-1t2) ' (4.012,.752)

F((;o) = 10~ﬂ:-(u(co + 1) - u(m - 1))

1
1 1 it -t
(1) = .___J 10-n-explj-0-1) do = _.(.j.lo,n,_efp_(_‘_) +j.1().n.m_)_)
2-n -1 2 t t

10-(exp(i ) — exp(§-1)) _ 10-sin(t)

f(t) =
© 2.5t t

P(ca) =j IO~|~1t~(—u(oa + 1) + 2-u(co) - u((;) - 1))

. .ol
fty = —Z—J-f —l()n-exp(im-t) do + ZJ—J 10-7t~exp(j~w~t) do
LR | T
(cos(t) — 1)

£ty = 3—{ 1047 - 104 exp(— 1)- J_[Z10L exp(ityn + 100 | = 10050 =D
f(t)_(Z-n) (wtn 10texp(‘]t)1t)+(2.n)(IOteXp(]t)n-*-lOtn) 10 :

F(o) = w{g_.@)(u(m +1) = uo - 1))
rl

£() = ;‘—;J‘

cos(g-co)-exp(j.co.t) do = (2-11!) -‘:—Z.n.(eXp(j ) - 2-m- exp(j t)z)jt = 2-c0s(t)

2 2
_1 4~t2 -z ) (4-t2 -7 R - 4~t2
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400 _ 20 20
(o +20)Go +40) jo+20 jo-+40

W1-7(a) Fl((n) = hence

£ = 20 (672 = &40 ey
j-o -1 . - 20t — 40t
b F = = + hence bL(t) = 2-€ -u(t
(b)  Falo) G-o +20)-G-o +40) jo+20 jo+40 ce B (% e )u()
400 _ 05 1 0.5

W1-8(a) Fi(o)= =22
@ Filo) jo-Go+20)Go+40) jo j~co+20+jm+40

fi(0) = %vsgn(t) e 056 %)

2
-® 20 80
1+

(b) Fao)= G

j-o +20)-(i-0)+40)= j-m+20_j-m + 40

20-t

B0 = 500 + (206 2 806~ 40 oy

5000 -1 1 2
W1-9(a) Fi(o) = = jo
(@ Filo) 0G0 +50G0+50) jo+50 j(w0)r50 jo

i (t) = —exp(-50-t)-u(t) + exp(50-t)-u(-t) + sgn(t)

50040 250 250
b} F = - )
(b) Falo) (40 +50)-Go+50 [j(o)+50] jo+s50
£(0) = 250" Lu(t) — 250.6 Loy
W10 {a) 1) = 2000 -2 (o) =2 xa(o) | - drilo) = 2~ 220(0)
jo o

(b) Bo(t) = 2.sgn(t) — 2.u(t)  Falo) = 74—- - 2{3—- + 7:~5(c0)) = i —2.71-8(0)
j-o jo j-o

(€) f3(0) = sgn() - 1 F3(0) = = - 21:5(0)
j-®

W1-11 (a) fi(t) =2-¢ 2't~u(t) + 2-sgn(t) ; Fl(m = —2—— + — = ———
jo+2 jo j-co~(j-co +2)

(b) B0 =2¢ >uw) + 2u0); Falo) = - 2 z(—-l— + n-s(m)) = M +2.m-5(w)
jo+2 jo J-O)~(_]~CO+2)

W1-12 (a) fi(t) = 2-sin(t) + cos(t) ; Filw) = —-2-n[ 80 - 1) = 8(0 + 1) + n-(3(0 — 1) + (0 + 1))]
Filo)=n[ (1 -j2)8(e - 1)+ +j2)80 +1)]

sin(t) + cos(t) ; Fz(co) = z.ﬂ(u(m + 1) - u(o) - 1)) + 7[~(5((D + 1) + 5((0 - 1))

(b) (1) =2
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2G0+2) _ j20 +4

W1-13 (a) f1(1) =2-¢ ~ cosd-0u(t): Filo) = : -
oo +2) +4° (ﬁfn +4jo +20)

Cad 2 1 J(})+6
_ au(t); F = B
e )11() 2(0) Go+2) jo+4 (103+2)(l@+4)

W1-14 (a) £i(t) = 3-cos(2-n1) ; F1{o) = 3-n-(3(0 — 7) + 8(0 + 2-1))

() B0 = (202"

) 6O =3¢""" Fyo) =318 - 2.1))
W1-15(a) Filo) =4n-8(0) + 47-8(0 — 2) + 4.n-8(0 +2); fi(H) =2 + 2-cos(2-1)

(b) Fg(co) = 4-%-6(@) + -2— = 2-(2-1:-8(00)) + -2-— s B() =2 + sgn(t)
J ® jo

(¢) Filo)=2n8(0)+-—=—=2 (7[ 3(o) + ——-) £5(6) = 2-u(t)

jo o
W1-16(a) Filo) = 4-cos(2-0); (1) = 2-8(t +2) + 2-5(t - 2)

2
() Falo) = 4u(o) - 2; fat) = K—J;

() Filo)=4¢ |2o] () = 2
n~(4 + tz)
Wi-17(a) Fi(o) = (4'“'5(")) + .—%‘)'e_j'z'a% f1(t) = 2 + sga(t - 2)
jo
(b) F’)(CD) = ]2(0 , fZ(t) - Zexp[__Z(t _ 2)]11((( _ 2)
jo + 2
i-2-o -j2w® ' _
(c) Fs(o)= M [ej_____ff_____J - _‘_2__‘6].2.@ .\ -_2_.{]_2,60 ;
jo j-o 2 j-® jo

£5(t) = sgn(t + 2) + sg(t — 2) = —2.u(~t — 2) + 2u(t — 2)

W1-18 (a) fi(t) = 2-u(-t)s; Fi(0) = z(—l— s 8(—-@)) =2 2n5(0)
10 jo

(1) = 1 - sgn(t) ; Falo) = i +2.7:8(w) thus Fi(o) = F2(0) QED
jo
(b) No, since Hr(t) = u(-t) + u(t) — (u(t) — u(-t)) = 2-u(-t) = f1(t)

w119 Go)= (m) + nF0)-8(0) = B(m Expanding by paritial fractions

]O)(J®+2)(JOJ+4)
G(OD) = %L——l—) + ——1( ! ) + }--( 1 ) + %:-.8(03 Performing the inverse transform

® 2 \jo+2) 4\jo+4 term by term

1 I 21 I —41 1
t) = —.8 1) — —.e w(t) + —-¢ () + —
gt 3 gn(t) 5 u(t) 1 (t 3

1 1 1 1 1 -2¢ 1 —4+¢
but —.sgn(t) + — = —-u(t) hence H=|— - — + —- “u(t
3 gn(t) 3 4 () g(H (4 23 43 ) )
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A

W1-20 Given that F (A-exp(—ou-t)-u(t)) = -
Jo + o
Using reversal F[A~exp[—a-(—t)]«u(—t)] =
-0 +a
Then since A-sgn(t)-exp(—oc- |t|) = —A~u(—t)~exp[—cx~(——t)] + A~u(t)-exp(-cx-t)
Using linearity F(A-sgn(t)-exp(-a-|t])) = A A _ZAje QED
“Go+o jo+o z 2

® + 0o

_fw-d Pt gy TP

.B.t _ e..].ﬁ {
W1-21 Using Euler's eq. f(t)~sin([3.t) = f(t)- >
J

2.] 23
et ~jope
Using linearity F (£(0)-sin(pt)) = F{i(t) ;, } F(f(t)': . ]
-J -]
Using frequency shifting F(t(t)-sin(pt)) = F(mzi B) _ F(m;f B) QED
°J ']
jpt —jp-t i-p-t ~j-Bt
W1-22 Using Euler's eq. cos(B-’[)-u(t) = u(t){e +2e ) = u®) j + u(t)-e2
j-p-t) -jpt
Using linearity F(cos(Bt)~u(t)) = F(u(t)'j J+ F(u(t) 'ez J
1 1 1
Using freq. shifting F (cos(Bt)-u(t)) = ——~L—~———~—- + 80 - ) + ——— + 5o + B)}
2 Li(o - p) ilo+p)
Simplifying F(cos(Bt)-u(t)) = —32"’—2 + %(5(03 -B)+3(w+B)) QED
B -0

The function cos(Bt)u(t) is not absolutely integrable hence its Fourier transform can not be found by
replacing s by jo in its Laplace transform.

W1-23

(8]
= —j-w-t
By definition Fo) = J f(t)-e dt
- hence

—w do —w

o) = J e " a| = d—(f(t)-enj'm't) dt=f (- tf)-e T at
do do J
But, by definition

0

(-tf@)e O dt= F(§.tf) QED

W1-24

(e8]
By definion  F(o) = J (e 3 dt henceifo =0
- 0

F(O)-J £(t)-¢ dt—J £(t) dt QED

- 0 — 0
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[vs)
W1-25 By definion Flo) = j £(t)-exp(—j--t) dt
-

[e.a)
Define G(co) = j f(t - T)'exp(—j -® -t) dt Change variables to t =t- T then

[vs]

-0

e o0 \
G(oo) = J f(r)-exp[—j-o)-(t + T)] dr = exp(~j-u)-T)-[J f(t)exp(—j-com) d’tJ
By definition the integral inside the large parenthesis produces F(w).
Hence F(f(t— T)) = G(o) = exp(-0-T)- Flo) QED

W1-26 vi(t) = 10-sgat) Vy(o) = =

jo®
R
R L°
= " R 1
R+Ls+— s +—s+—
Cs L L.C
1000-s
Ty(s) =

2 2
s + 1000-s + 1000

Valo) = Ty(j-0)-vi(e)

1000-j - 20 _ 20000 [ 866
valo) = 2 > Ge )~ 866 [ 2 2
(-0) +1000j-0 + 1000” | N (G-o + 500)" + 866

va(t) = %23.({ > Oo't.sm(sss.t)).u(t) = 23.1~(e_ DOO't.sin(SGG't))-u(t)
W1-27 5.4 20
i) =20-¢” u(-t)  Vi(o) = __(_).3
il
1
1
R i 10
Ty(s) = = =
RCs+2 s+20
I +R
Cs+—
R

Valo) = Ty(j-0)-Vi(o)

va(io) = (mli 20)[1*(;()) n 5} ) j~(—®8) s 1*038*“ 20

vo(t) = 8-exp(5-t)-u(—t) + 8-exp(-20-t)-u(t)
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W1-28  vi(t) = 20-sgn(t) V; (c) 40 Circuit same as T 1 _ 10

7@ Prob W1-27 above Tv(s) = RCs+2 s4+20
10 40 20 20
Volo) = Tv(j-0)V = = ~20-t
o) = Tv(-0) Vilo) = ( N 20) ( ) io  Go+20 V20 =10sga(t) - 20 T u(o)
W1-29 vy (1) = 10-u(-t)
Vi(o) = —2 4 101-5(-0)
(o)
R s s
Tv(s) = = =
1 s+ 100
R+— s+—
Cs R.C

Vaolo) = Tv(j-0)-vi(o)

V(o) =( Je }L.(l_(;) + 10.1;.5(_03)] __ 10 jlomedle)__ 10

j-o + 100 j-o + 100 j-o + 100 j-o + 100

va(t) = 10-exp((~100-1))-u(t)

W1-30

Circuit same as W1-29 vy(t) = 20.c ' Il Vilo) = 400 Ty(s) = R s
2 1 1 s+ 100
o + 100 R+— s+—
Cs R-C
Valo) =

+ 100

N(_ 400 Y _ 20 1 L1 A 1
o) Vile) = (jo)+100)[w }-H'B'(—@)er] 9 Go+10) 9 (o+1

() = :12T0~exp(10-t)-u(—t) + 2—;~e::;p(—10-t)~u(t) - %exp(—mo{)-u(t)

W11 h() = exp(-2-0u(t) (o) = — x=u-) Xo)= +-8(-0)
jo +2 (—03)

Y(0) = H(o) X(o) = L(_m)ma(ﬂ)] = (mu) i)

o e Rt ey

1
2.j-(~0) " 2.(j-o +2)

Y((‘)) = + —7238(—@)

1 1
() = 2= + —-exp(=2-1)-u(t)
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1

= exp(-2- )= 4 xX(t) = u ®)=——+ x-0o
W1-32  h(t) = exp(-2-]t]) H(w) (o 0 (e) < 2] ®=ut) Xlo) 1) 8(0)
= = 4 -r ! + m-o0\®
o) =10) X0 = o ey )
‘ — -1 + ! +...L+...i£.... Co:—l.. -1 + 1 —+.—-I—-+7E<
Y(m)_[zv(j-mﬂ] [2fi(e)+2]] jo 2 .2 o) 2Lm+z j~(—m)+2;‘ jo T

-1 1
¥y = 7-6XP(—2~f)-U(t) + "Z*'GXP(Z-t)-U(—f) + u(t)

W1-33 () = 5(0) — (2-exp(-0)-u(t) He)=1-—2 == xl) =2
. ,

jo+1 jo+ ]o
jo—-1/( 2 4 2
Y(o) = H(o) X(o) = 2 (———] = - = = () = 4-oxp(-0)-u(t) — sgn(t)
jo+1 o jo+1 jo
W1-34 k() = A. (8(t) - oc-u(t)~exp(—oc~t)) from Fourier transform Table
A=1
Hlo)=A[1- —% =A% |u()| = |A]- ol 1 o=
) ( j-co+0c) i+ 53 oa=1 0:=-4,-399.4
o+
1.5
1
o]
Jorrd? 0.5
@ +a
— 0
—0.5
—4 -2 0 2 4
2
[0 4
System is a 1% order high-pass filter with passband gain of |A| and cutoff freq. o = +o.
wx)=j0 if O0>x o=l

- sin(p 1) :
W1-35 h(t) = A (S(t) - _’I—Ct_—] from Fourier transform Table 1if 0<x

H(o) = A(1 - u(o + B) + ulw — B)) System is an ideal high-pass filter with cutoff freq. o = +f.

15

1

(I-uw(e+B)+u(e-B)) 0.5
0

—0.5

-2 ~1

™|e o
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W1-36 h(t) = A (exp(oc-t)-u(—t) - exp(ﬂ~t)-u(t)) from Fourier transform Table and reversal prop.
A A _ 2jo-A

. Y 5 5 o:=-4,-399.4
A}(—m)%-(x .)(,0+0(, o +a

H((D) =

system is a bandpass filter with a pass-band
[\\ gain of |Al and cutoff frequencies at

) positive: oc=a-(Z+1)& oc=a(y2-1)
----- "\.\. negative: oc = a-{—2 + 1)& oc=a(+2-1)

T

2ol 075 /L. i o
7 2 / ‘
® +o

0
-3 -18 —06 06 18 3

W37 B:=1 H(@):=|2 if <o <p
1if B<|o|<2p

0 if 2.8 < |o] 3
2
—
-1 | |
=3 2 -1 0 1 2 3
B
_— e L (2P
h(t) = ——-J 2'exp(j-oo-t) do + -——-J exp(j-oa~t) do + —- exp(j~oa~t) do
2'7§ __g 2'75 _z'ﬁ 2'7[ [3
by = L Kz-exp(j‘ﬁ-t) B 2<eXp(—j~B~t)) . [exp(-‘j'ﬁ'f) B eXp(~2~j-ﬁ-t)] +{exp(zj-w) B eXP(j-B-t)P
o | it ) v 0 0o ]
wo = L _(exp(j-ﬁ-t) ~ep(ipt) | exp(i2p0) - GXP(—J‘-Zﬁ-t)) _ sin(p-1) + sin(2p-)
-t 24 2] w-t

Alternatively, use linearity and the table of Fourier transforms
Fo) =Fi(0) + Flo)  Filo) =ulo + B) - uwo - B) Falo) = ulo +2-8) - ulo - 2-p)

fi(t) =

sin(B ) bt) = sin(2-B 1) £ = 1) + Ba(0) = sin(p-t) + sin(2-B-t)
-t -t -t

335




Wi-38 H(m):z —g—(ﬁ +o>) if f<o<0
A 2
—-(B»w) f0<o <P
H(w)
0 if B<lol A
0

-3

=|e o

p
h(t) = ;%J(O ——-(B + oo) exp() -®- t) do + 2_111— J %(B - a))-exp(j-m-t)dm
-B 0
=L s i) —A e e pilBioi) A
h(t) = ) { i-(pt+j) (tz'B) (8- )(t . )} E %){ xp(j-p 1) —— (t2~;3-) i(Bt-3) (tz.ﬁ)}
ho = A .{—j-(mn) exp(--B- t)} {—expﬁ p-t)  j(tp —j)}
2w ﬁ~t2 ﬁ't 27 ﬁ-t B~t2
ho) = A 2'(1 —;ﬁt ~ exp(—zj~ﬁ~t) B exsz-B-t) 1 +;’~ﬁ-t) o al — cos(B-1)

2
- B -1 T- B .1
W1-39 Using the Fourier transform table for h{t) = 2 sin(28t)/xt and x(t) = (Axn/B)sin(pt)/=t yields

(o) = 2-(alo +2-8) - ulo — 2.8)) and X(o) = %é(u(m +B) = ulo — p))

The input transform is zero everywhere except in the range - < @ < 8. Throughout this range the

transfer function is H(®) = 2, hence Y(o) = H(o)X(0) = 2X(w) and y(t) = 2-A- ;B t) In other words,
-t
X(w) is a bandlimited signal whose spectrum lies entirely within the passband of H(w).
w1-40 2 L (®
= 1 4 4
Ho) Wig =L w=2. +_m1()
o +1 n 2 2 T, (mZ + 1)
(co + 1)
0
Wi = i[o + = Ltan ! (oo)] 0 tan” (0)] 41z,
22
. ot A
W-41 f(t) = Ae” u(-t) Flo)= e
[i-(-0) +a]
"0 2 (® 2
2 A —
2w J_ 2w (032 + ocz) 2-m-o o —o

— o0

" [ (o) )] = Az (24

Win =
lQZ 2\ 2
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w42 gy = A2 sin(p -1 Flo) = —'g-‘(u(oa +8) - ulo - B))

TPt
1 J’“" 2 1 ' AN 1 (A A2
W | J— F do = —. — = —J =1 4B - {— =
omgr) e w=n ) (Hes (0 -] 2
-B
f(t) is a bandlimited waveform whose amplitude spectrum all falls between |o|<
W1-43 o
A2 032 A2 -0 1 -1{o® e
W1Q=5—_. ~—-—-—-—-—-—-—5 =2—.—(—5~—£-)-+E_~.tan o
T B4 0L (¢4 —00
(032+0a2) 20 +o B
— 0
2z 2
A -1 1= 1r A
Wi =Ly —1 == — |2 —
0= L o) -t ()] = A [2 (£]]-=
e[ oL .
Wy = —- 2 > do = T!i ( > ) + 2— atau(——):l «
T .o o o -
J (co2+cx2) 240 +o
-
Al 12 (1 1 (2)] A2 1 1 A (n-2
Wa=-— — e e e e — ) ——— o ——— g | — ] ———
2m | 4o 20 4 \4o) 2a\ 4 2n | (200)  (40) 4\ 2m
W,
T2 o182 182%
Wi 2=
W1-44  x(1) = 10-exp(-2000-t)-u(t) X(o) = flzoa H(o) = u(-0 - 2000) + u(e - 2000)
jo +

The input is a casual exponential whose 1(2 energy is

(" 100 107

W, =1 do
B T 2 2.2000 40

J 2000% + o
0

— 2000 o0
Wiy = _’-.J (X(0)) doo + _L.J (x(0))? do
2'7( 2'75 2000

-0

{— 2000 0

100 1 100 1
Wyt = — - do + - do | = —-—--(8(’;00 + 8:)‘00) < = 00123
2m J ©” + 2000 J © + 2000° 2-m
- 2000
W
ot 0.0125 = 0.5 50% of the input energy falls in the filter passband
Wy, 0025
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W1-45  x()=20c luw)  X(o)= b = 106" X tu Ho) = —2—

jo+5 j-o + 20
(10 20
¥(o) = (o) (o) = ()20
\Jo+20/\jo+5
1 ” 2 1 rw 100 400 1 fm 320 320
wgm=—fj (M) do = =) ——————do =~ St TS 5|
™0 Tl 07 +20° 0" +5 T 3(00 +20) 3~(a) +5)
0 0
({] ” 1 320 1 -8
-3 — 1 _ _ _
2 . ! do = 320- —-tan 1’(00) — ——-tan 1-(0) =20 T2
3-n 2 2 3.x | 20 20 3.x 20 2 3
o +20
0
20 ” 1 320 1 2
3 32 1 - - 3
. 1 do = _....(.).{-—-tan 1(00) —_ T'tall 1(())] = ..-._.......ZI... = i. 32
3z 2 2 3 |5 5 3.x 52 3 Wo.=22_Z=g
o +5 out 3 3
G

W1-46 () := -5-u(t + 1) + 10-u(t) - 5-u(t — 1) t:=-2,-199.2

10 T 30
25
5 20
15
) o in” |
-5 5
0
~10 ' -5 :
-2 0 2 | 0 1 2
0 1
w=| Ri0d= soo.J 25 dt = 500-25.[1 — (<1)] = 25-10°
- -1
o — 500 10
W147 H(o)= |0 if 0 <o <1000 x®=10c " luy X(o) = ——
j-® + 500
1 if 1000 < ®» < 1100
6 i 1100<
. 1100 00 |
Wont = — _ 100 =L L L) - — atan(2) | = 2357.10" %
i 2 2 n \ 50 5 50
® + 500
1000
2 2 Wout -3 . .
W = A _ 10 01 =2357.10 -~ <—-0.236% of the input energy is in the output
m e 2500 Win The filter is narrow band
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(va)” (va)”

Va 2
W1-48  v(t) = Vaexplo-t)ut) Vi) =- (V)" = ——— Wia=
2 2
\" Va
(a) At high frequency (@ >> o) (|V(o)])’ = -(-‘-2— At low frequency (o <<a) (|V(o)])’ = i—-?-)—
o 0!.“
These asymptotes intersect when A A which occurs ato = o
[i}] o

o=1 Va=1 ® =10 6~0€,0~1'0‘" 10.0.

Va 2
SDg1 (o) = —) if |o] <a

o
2
\Y
[—-—é—] ifos<lco|
®

10
1 <~
SDSL(ZG)) ,f\\‘ —
v, . \
_ 01 ———
N
0.01
0.1 1 10
®
o
(b)
* 2 fw 2
1 (® 1 VA 1 VA
W=~ | SDgr(0)do = — J — | do+ —-J — | do
i 0 T (¢4 iy )]
0 o
f * 2 2 (w 2 2 2
1 Va VA 1 Va VA 2-VA
s oL -0 4 ()] O ool
o

©  wg 2VA
SL_ a 2o _4_ 1.273 <—-\Wg, overstates energy by 27.3%
T

WVig mo Va2
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W1-49 1) = A-(u(t + %) - \{t - 51:)) A=1 T=1 :=-20,-1993.20

ArT-sin(mE-)
<——-From Example W1-1

F(m) =

™|~

[y

[F(0)]

- va// /DN~

0
20 -15 =10 =5 0 5 10 15 20
®-T
F(E,T) = 1A Tsin(x £ 1) £:=10° 1.1.10°. 107
n-f-T
T=210"% Given F(107,1) = 0.9-F(106,T) T Find(T)  T=2516x 107 °
: _-\\
N
[5ct, )| 0.95 T <---Verification of a 10% change on
T | \ the 1 Mhz to 10 Mhz range for
(10, 1)] | \ T =25.16 ns.
0.85
1-10° 1107
¢

Any pulse duration T < 25.16 ns with meet the requirement
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Ww2-1

W2-2

w2-3

w24

CHAPTER W2, Two-Port Networks

600-(400 + 200)

711 = 100 +
600 + 400 + 200

600
) B v ————
600 + 400 + 200

2 = 220400 + 600) [Zn Zu}_(mo 100 )

-200 712 := 791

200 + 400 + 600

o1 722) \100 166.667
i1 = 1 -600

00, 00600 vV iz Yl

200 + 600

Y=t : yit vi2) [ 2941x 107> 1765 107 3)

200,00, _600-100 [ )z ALX oI x

600 +100 \¥21 ¥22) | 17654 107" 7.059% 10 ° }

Checking

-1 _ _ -1
[211 zu} 2041x 1077 —1765% 107> (yn m) (400 100 )
221 722 _1765% 107> 7.059x 107> ) \Y2l ¥22 100 166.667
1
1 ]
e .
50 100 —-100
§-50

721 = 100 zjp:=z
2175750 + 100 - j-100 2

11 =

1

22:= 1 211 712 (20 +60i —20 + 40i)
100 —5-100 +j-50 1 222 -20 + 401 20 - 401

1 ) 9 1 1
M=% " 500 P T 500 2T 27 050 T oo
[YH }’12) ) ix1072 Lix 1072

V21 522) k1072 1x10 2 +ix 1072
Checking

1 _ _
(Zu zuj Lix 1072 Lix 1072
721 722 Lix 1072 1x10 2 +ix 1072
-1
Vi1 yi2 20+ 60i -20 + 40i
¥21 ¥22)  \~20+40i 20 — 40i

341




W25  withl,=0
Vi =(Ry +Ro) Iy + B-RoTy
211 =Ry + (B + 1) Ry
Vo= -f-IbR3 71 =-PR3

with 1, = 0 the current source is an open circuit

7222=R3 z12=0 711 Zi2 R1 + (B + 1) Ry
221 222 -B-R3 R3

1 1
Z11 - [Rl + (B + 1)~R2]
R+ (rDR] o0 Vi [Ri+(3+ DR

W2-6 withV,=0 V;=(Ry +R)L+BRaly  yiu=

h=pL=p

with V, = 0 there is no path from output to input, henc l4=0 yi2=0 yoo = f:——
3

1
(Y]l le) ) [Ry+(B +1)Rs]

¥21 Y22

p L
[Rp+(p+1)Re] R3 j
Checking

This checks that z-matrix from
[Rl n (5 +1) Rz] 1 o)\ Prob. W2—_5 is the inverse of
= the y-matrix from Prob W2-6,
1

0 1/ and vise versa.

{Rl +(p+1)R2 0 }

—B-R3

[Rl + (B +1)Rz ] R3

/7
w27 [Z11 Z12) (1000 500) v; =12 Vo=-250L Li=1 D=1
701 722 \ 500 500

. 18 x 1072
Given 12 = 1000-T; + 500.L ~250-I = 500-T; + 500-L Find(I},Ip) =
12x 1072
Vo oz
W2-8 With [2 =0 and Vl = leIl V2 = ZZIIl TV = — = —
Vi oz
with (711 712 6100 0 751
= = 4167
21 22) | _5510° 510°) ‘1
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W29 Given Ij =410 >V -210 V=210 -V} +2:10 "-V3 V2= -1500L V; = 12

-V2 -V 3 -3 3
b= > 2= 200V 4210 V> Vpi= 2.V ——>  Vp=9
%~ 1500 1500 ! 2 2Ey 2
_ ~3/(3 _ > ~ -V _
L=410 Vi =210 32V —> [ =3x10% —> BLi=—o —> bL=6x10"
4 1500
W210 Given T =(5+j-20)107 ~-Vy —j20.10 °-Vo L =-j-20.10° 3-V1) V, = -50.1
-Va -Va ( 3 )
h=—t > —2={32010 ".Vy) —> Vy=j.Vy —>
2= — o=\ 1 2=V

3

L= (543200100 Vy —j20.10 -(j-V)) —> T = (251073 +j.20.1073)v, —>

i} . -3
YN = — = (25 +§-20)-10

vi
W2-11 Given Vi=z1-I1 +z12b

Vo=21-11 + 22212 Vo=-71.1h

-V3 -V 70 + 71,
h=— —> Voy=zyh+z22|——| —> h=—7—Vy -—>
7y, 71, 221-21,
Z22 + 71, ~V2\) _ (z11-ZL + 211722 — 212221)
Vi=znh +zi2b =211 ——— V2| +712: = { -Vp
221-7y, (z21°71)
V2 22123,
TV | R
Vi 7317+ Ay
W2-12 Given Il = y11.V1 + Y12'V2 12 = Y21'V1 + 222.\/'2 V2 = —ZL‘IZ s

1 +y22Z
b =y21-Vy + y2 (-l 71) Vi = L——-——%%-——E)—.Iz

—> ¥21 -
(1+y22Zr) yi1 + (Vir-y22 - vizy21)-Z1, |
h=yn1-Vi+y12V2=y1r1- m—-llz +y12-(-Z1 k) = [ ) -1
¥21 ¥21
I
=2 = y21

L oy + A7y
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W2-13 WithV,=0, Vi=0=h11 —> =0
h=-I1 =h-Vy >y =-1
With [, =0, Vi =Vy=hj Vo s hio=1
b=Y-Vy=hy- Vo s 2=Y
(b1 by (0 1 )
Lhm by -1Y
Withl,=0, V;=Vy=AVy—> A=1 L[=YVp=CV, —> (=Y
WithV,=0, V;=0=B(-h)—> B=0 L=D(Ih)=(h) —> D=1
(A B 1 0) B
= h=—=0
CD Y 1 J D
W2-14 WithV,=0, V;=Zli=i ] — W=7
b=-1 =V —> Ipp=-1
Wlth '1 = 0, Vl = V2 = hlzvz ——> hlZ =
L =0-Vy =l Vs —> =0
hjp by 7 1
hoy hpp) \-1 0
ithl,=0 = = A.
Wih1p=0, Vi=V2=AV2 . A=1 p=ovy=cVvy; —>  C=0
WithV,=0,  Vi=Z(-b)=B(-h—> B=ZL=D(I)=(X) —> D=1

ABY (12
cp) \01
W2-15 With V, =0,

Vi =Ry +Rg) Iy =hyyy —

—

bh=pI1 =k

With I, =0, —

Vi=0=h2Vz

—

b =G3.Vy=hyp-Vy

by by Ri+Ry 0
hpy hoo p G3

hi=Ri+Ry
;=
hi2=0

oy = G3
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W2-16 With 1,=0,

Vo= f.R3-I)1 = - R M =1 \Y
2 311 3 Ri+R, A 1
R1+Ro
B-R3
Vi 1 Ri +Ry
L= = . Vo =C-Vy
Ri+Rz Ri+Rpy -B-R3
— C= 1
—B-R3
. -1 -1
WithV,=0, bL=g.I =—1 —> =
D p

Vi=(Ry +Ro) Iy = (Ry + Rz).(f,_ 1.12) = B.L—> B

Ri + Ry -(Rl + R2)

ABY_| BRs p B
cpl” ) B (hu hm]: D
a hy I -
—B-R3 B 21 hpo -1
D

Notethat A;=0

W2-17 WithV,=0,

Vi=R) L =h > 1 =Ry
-Vi -Ri-hy -Rj
hs—=——= I — N
R R ho1-Iy Iy -
With{;=0, Vy{=0=hj3Vy —> hj3=0
V2=Roh = () I > =Gy
Ry ©
hyp hog R
= -Rg Ay = —
hy; hop — G2 Ry
1 Ry
A BY (-An -hi1) g
¢ D) iy -1 'gl‘=_1_§
Ri Ry
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(R +Ry)

Checking with answer to Prob.\WW2-15

[Rl +Ro
p

ole olF

0
G3

J Checks




W2-18 Withl,=0,

—— A=]
Vi V3 1
Il=—-—-=--—=C.V2 — (= —
R Ry Ry
\'% R Ry
WithV,=0, —p=—=—fj=—4] —> D=—2
Ry Ry D Ry
Ro
Vi=Ri L1 = (Rl)'-l—{—l_.(_lz) = B-(~Iz) —> B=Ry
Checking with answer to Prob.\W2-17
1 Ry
A B B A Ry 0
cp)- LR ite) \p b 1 Checks
Ri Ry hy; hoo -1 ¢ 11
- = Ry R
D D

Notethat A;=0
W2-18 Given Vy=12 V=500 +Vy L=-)+210 3-V2 Substitute 1%t eq into 2"

12=5000; +Vy ___ 3 1 = (_3__ _ "‘I“'VZ) +2107 0V = 2,1

> & ——-—Vo—> b=
125 500 125 500 125 25

V=6 +250.I; = V1 + Rt hence Vr=6 Rp=250

—

W2-20  Given 6101 =501 +2.107 .V, V= —20.10° L Substitute 3¢ eq. into 21,

_4 3 1%}
L = 50-I; +2-10 -(~20-10 12) —> L=10L Ti= o =10
1

W2-21 Given A:=2 B:=400 C:=2510 "Di=1 Vy=Ry(-b)

AV + B-(-Ip) _ AR ()] + B-(-I) _ARL+B
T CV2+D(h) C[Ri(L)]+D(L) CR,+D

ARy, +B
hence  RyN(Rr):= —C—EII:—JE

RN

Foranopencircuit ~ Ryp:=o  Rpy(Ry) =800
Foranshortcircuit Ry =0  Rpy(Ry) =400

For Ry, =400 Rp(Rp) = 600
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W2-22 Given A:==0 B:=—-50 C:=—-20.10 > D=1-j.025 V= 50-(-Ip)

I C.Vy + D{-L C4{50-(-)| + D-{-L . _
YIN=_1"= 2 ( 2)= l: ( 2)] ( 2) ——> YN=M=(25+]20)10
Va  AVa+B(-l)  A[50(-I)] + B(-k) 50.A + B
W2-23 given Vi=h1 i} +h2Vy b= +hV)o Vo=-71-b
using the 2" h-parameter eq. L =hoy Iy + hpo(-Z1. )  —> b= b1-h
(1+h7y)
16) hpy
Tf=—=————-  QED
I (1 + h22'ZL)
W2-24 given Vi=Iyilj+Vy Dbh=hpi-L) +hpp Vo Vo=-Z1 I —>

Vi=hh + o (-Zh)  and b=l dp + oo (-2 k) solving the 2" eq for |,

hoy 1
L= e substituting into the 15t eq
(1 + h22'ZL)
hiooy-Z
——— V] = (hll — I—_%}___I: Il ———
9 1+ hyy 7y,

-
Vi=hihy + hp| —Z1 m
2271,

Vi hy2-ho1-Zy,
IN=—=h - ——/——— QED
Iy 1+ hyy7y,

W2-25 given Vy=IyiI +h2Vy b=hyly +hpp Vo solve the 2™ eq. for V,

_ gy i By 1
Vo —h + — b=z +220h —> 7] = —— = —  QED
hop hpp hp, hoo
Using this result to eliminate V2 from the first eq. -hy; 1
g this elimina rom the first eq Vi=h 0 hlz-( - I+ E'Iz) .
2
hyp-ho — hyo-hpy )
Vi= 5 Iy + Il"“-lz =z11- +z12 —> 711 = An Zj0 = _}_1_13. QED
2 22 . s

W2-26 given Vi=AVy+B(-I) L =CVy+D(-) solvethe2"eq.forV,

1 D
Vet oh=arh vzl —> 21 =

Using this result to eliminate V, from the firsteq. Vv,

A AD-B.C
Vi=ody + ———— " =211 + 210}
1 Cl C 2 111 1222 _ o
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1
c

D
=— QED
22 C

1 D
= A'(—C"-Il + —6-12) +B(-I) —>

A¢
2= — 212=—-é— QED
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W2-27 given Vy=2000I; —20.Vy L =501 + 10 2.V2 solve the 1%t eq. for |,

1 1 1 1
I =——Vi+—V2=y11-Vi +y122V2—>  yi1=7——= Vy2i="=

T 2000 100 2000 100
- - - . nd 1 1 _ ]
Using this result to eliminate |, from the 2™ eq. L = 50. Vi 4 —— Vs |+ 10 2-V;;-——>
2000 100
B= V] 4 2o V) =y V] +y22V 1 51
25— Vi+——- V2=V Vi+y22V2 - L
40 100 y21+- 10 y22: 100

h 1

— 4 -2
i1 yiz 5% 10 1x 10 Circuit is not reciprocal y,, is not equal to y,,
¥21 ¥22

2.5 % 10~2 51x 10

W2-28 given Vj=5000I; + 20l  Vp=500.; + 3000-I solve the 2™ eq. for I,
1
j=—Vy~-6L=CVy-DI —> C=— D=6
15550 2 2 2 2

Using this result to eliminate |, fromthe 1teq. V) = 5000~(-5-(1i)--V2 - 6.12) + 20l —>

Vi =10V, — 29980.h = A-Vy - B.h-—> A:=10 B:=29980

, 1 4 =AD - B- L . .
(A B\ Ix 10 2998x 10 Av=AD-BC  cicitis not reciprocal A is not equal to 1
2

C - — —
D) {gx1073 6 ) Ar=4x10

W2-29 given Iy; = 104 hip:=0 hpp=—-10 hpy:=10 3 Ap:=hy1-hos — hyo-hoy

Convert h-parameters to t-parameters The t-parameters of the cascade connection are

A A B 10 2998x 10"
(A B) ) h21 h21 CD = 3
CD) | by ?

x 10 6
by by [A B) (A B) 11 11x10°
CDJNED) (11x100* on
Convert the t-parameters of
the cascade connection into

H-parameters

elo

ab 11 1110 b ad— b
o d d

1
Hip = Hig:=————  H2i:=— Hxn:=
cd 11.100% o d

Hyp Hiz 1x10° 0 1 _
= <-—--H-parameters of the cascade connection
Har Haz2) | 9001 1x1073)

348




W2-30- given hyj:= 1()4 hip:=0 hp:=-10 hyy:=10" 3 Ap=hy1-hoy — Iyphoy
Convert h-parameters to y-parameters

(1 -2

yit Vi2 hip by 4
= Y11 Yi2 ( 1x 10 0
21 ¥22 by Ap ( J: x
Y21 ¥22 L—I x 1077 1x10°

— 3
hip hyg

The y-parameters of the parallel connection is
Yii Yi2) (yu viz) (v vi2 Y11 Yu\ 25100 0
= + =
Y21 Y22 ¥21 ¥22 J y21 ¥22 Yor Y220 | 5. 0073 201073

Convert the Y-parameters of the parallel connection into h-parameters

-Yi2 Y21 Yi1- Y22 - Y12 Y21
Hyp = -—I-— Hijpy = —— Hpi =—— Hpp:=
Y11 Y1 Y Y11

Hyp Hyp 5% 10° 0 ) .
= <---H-parameters of the parallel connection
a1 Hao 10 2x107°

At —A¢ Ay
W2-31- From Table W2-2 z,= E =201 At VI2= -B— = Ayoi o= 5 = —A¢-hoy

If excitation at the input produces a nonzero output then z,,, y,;, and h,, are not zero.
When A, = 0 the reverse transfer functions z,,, y,,, and h,, are all zero, hence excitation
applied at the output port produces zero response at the input port.

W2-32- with V,=-7;.b Vi_AV2+B() AZL+B
I CVp+D(-I) CZ,+D
2
Vi AZL+CZ CZL+A
with A=D and B=cCz’ =t T _, T QED
] CZp +A C7Z1.+A
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