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Erratafor Introduction to Electric Circuits, 6th Edition

Errata for Introduction to Electric Circuits, 6th Edition

Page 18, voltage reference direction should be + on the right in part B:

+ 4 - - 2 + + 6 - - a3 +
o a0 O 0 O O O —=
—= —= - -

34 6 A 2 A 4 4
{4) { &) {c) (o)

Page 28, caption for Figure 2.3-1: "current” instead of "cuurent”

Page 41, line 2: "voltage or current” instead of "voltage or circuit"

Page 41, Figure 2.8-1 b: the short circuit is drawn as an open circuit.

Page 42, line 11 "Each dependent source ..." instead of "Each dependent sources..."

Page 164, Table 5.5-1: method 2, part ¢, one should insert the phrase "Zero all independent sources,
then" between the "(c)" and "Connect a 1-A source. . ." The edited phrase will read:

"Zero al independent sources, then connect a 1-A source from terminal b to terminal a. Determine Vab.
Then Rt = Vab/1."

Page 340, Problem P8.3-5: The answer shouldbe v (¢} =10-5272* ¥ fors > 0.

Page 340, Problem P8.3-6: The answer should be v {¢) = 5™ 3 for¢ > 0.

G+ 5V for 0<£<15 3
Page 341, Problem P.8.4-1: The answer should be v {¢) = S5 Ls
10-521 0 for 1564 ¢

Page 546, line 4: Theangleis &,; instead of &, .
Page 554, Problem 12.4.1 Missing parenthesis: V', = (EDE/{«,E)J —an®

Page 687, Equation 15.5-2: Partial t in exponent: Jeu?

http://www.clarkson.edu/~svoboda/errata/6th.html (1 of 2)5/10/2004 7:41:43 PM



Erratafor Introduction to Electric Circuits, 6th Edition

Page 757, Problem 16.5-7: Hy(s) = V() / V41(s) and H(s) = V(S) / V(9) instead of Hy,(s) =V41(s) / V>,
(s) and He(s) = V4(s) / V(9).

http://www.clarkson.edu/~svoboda/errata/6th.html (2 of 2)5/10/2004 7:41:43 PM



Chapter 1 — Electric Circuit Variables

Exercises

Ex. 1.3-1
i(t) = 84t A

=

~
~

A
Il

r, [ 2 _8 3 2| _8 3 2
jozdr+q(0)_ jo(sr —40)dr+0="7" =27 ‘O—Et 24 C

q(t)=fgi(r) dr+q(0)=J.(:4sin3r dT+0=—§COS3T|; =—§cos3t+§ C

Ex. 1.3-4
(i)
a0 0 1<0 ¢ |
o\ dq o '.
l(t)—7 l(t)— 2 0<t<?2 = 5 -t
P >2 ;
-2 4
Ex. 1.4-1

i1 =45uA=45x10°A<i,=0.03mA=.03x10°A=3x10"A< i3=25x10" A

Ex. 1.4-2
Aq = iAt = (4000 A)(0.001s) = 4C
Ex. 1.4-3
-9
=2 X0 g 1069 A
At 5x10
Ex. 1.4-4
i= [IObillion elecm’“}[lﬁoleo” c}: {1ox10" elecm’“}{l.éozxm‘" C}
S electron S electron

— 1010 x1 602)(10_19 electron C

S electron

=l.602x10_99= 1.602 nA
g —
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Ex. 1.6-1

(a) The element voltage and current do not adhere to the passive convention in
Figures 1.6-1B and 1.6-1C so the product of the element voltage and current
is the power supplied by these elements.

(b) The element voltage and current adhere to the passive convention in Figures
1.6-14 and 1.6-1D so the product of the element voltage and current is the
power delivered to, or absorbed by these elements.

(c) The element voltage and current do not adhere to the passive convention in
Figure 1.6-1B, so the product of the element voltage and current is the power
delivered by this element: (2 V)(6 A) = 12 W. The power received by the
element is the negative of the power delivered by the element, -12 W.

(d) The element voltage and current do not adhere to the passive convention in
Figure 1.6-1B, so the product of the element voltage and current is the power
supplied by this element: (2 V)(6 A) =12 W.

(e) The element voltage and current adhere to the passive convention in Figure
1.6-1D, so the product of the element voltage and current is the power
delivered to this element: (2 V)(6 A) =12 W. The power supplied by the
element is the negative of the power delivered to the element, -12 W.

Problems

Section 1-3 Electric Circuits and Current Flow

P1.3-1
o d i i
l(t)=54(1—65t)=20e5’A
P1.3-2
t, t _5¢ _ t t Zsr B 4 B 4
q(t)=joz(r)dr+q(o)=j04(1—e s )df+o_j04dr—j04e s dr=4r+c Sf_g C
P1.3-3

( )dr+q(2):J.;2dr:2r|;:2t—4 C for 2 <¢<4. In particular, g(4) =4 C.
=Iti(r) dr+q(4)=Jj—l dz'+4=—z'|;+4=8—t C for 4 <¢<8. In particular, ¢(8) =0 C.
(7)

t
dr+q(8)=[ 0dr+0=0C for8<1.
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P1.3-4

i =600 A=6OOg
S

Silver deposited = 6005 x20 minx60 5 51118 8= 8 .05x10° mg=805 g
s min C —

Section 1-6 Power and Energy

P1.6-1

P1.6-2

P1.6-3

a) g = [idt=iAt=(10A)(2hrs)(3600s/hr)=7.2x10'C
b) P=vi=(110V)(10 A)=1100 W

0.06%

c.) Cost = x1.1kWx2hrs =0.132 $
kW

hr

P=(6V)(10 mA) = 0.06 W
Aw 200 W-s

At = = = 2 = 333x10° s
P 0.06 W _

for 0<t<10s: v=30V and iZi’(S)t =2tA .. P=3012¢) =60t W

for 10 < ¢ < 15s: v(t):—255t+b = v(10)=30V = b5=80V
v(1)=-5t+80 and i(t) = 2t A = P=(2t)(-5t+80)= —10¢>+160r W
for15 <t <25s: v=5V and i(t):—f8t+bA

i(25)=0 = b=75 = i(t)=-3t+75A
P = (5)(=3t+75) = 1564375 W
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-~
oo |

Pit) Watts 500 |

400

-

- qbua.,d. rotic

Joo

-

200
oo

i 1 -

1& I= 2s i f.{‘bcr..}

Energy = [Pdt = [ 60¢dr+ | (1600-10¢)de+ [ (375-15¢)dr

15

25 -
+375:—1342| =58333 )
10 2

15

= 30#\'00 +807 —%ﬁ

P1.6-4
a.) Assuming no more energy is delivered to the battery after 5 hours (battery is fully
charged).
, 5(3600)
w= [ Pdt = [ vidz =j5(36°°)2[11+ 0.5 Tjdr:22t+ 05
0 3600 3600 |,
= 441x10°J =441 kJ
wit) kT
44|
t ' ¥t (e
0 qos0 Beoo )
b.) Cost=441kIxLPC 106y oas
3600s kWhr —
P1.6-5

p(1) :%(cos3t)(sin3t) = ésin6t
p(0.5) :ésin3 =0.0235 W

p(1)= %sin 6=-0.0466 W
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Here is a MATLAB program to plot p(¢):

clear

t0=0;

tf=2;
dt=0.02;
t=t0:dt:tf;

v=4*cos(3*t);
1=(1/12)*sin(3*t);

for k=1:length(t)
p(k)=v(k)*i(k);

end

plot(t,p)
xlabel("time, s7);
ylabel ("power, W®)

P1.6-6

p(t)=16(sin3¢)(sin37)=8(cos0—cos6¢)=8—8cos61 W

%
%
%
%

%

%

initial time
final time
time iIncrement
time

device voltage
device current

power

Here is a MATLAB program to plot p(?):

clear

t0=0;

tf=2;
dt=0.02;
t=t0:dt:tf;

v=8*sin(3*t);
1=2*sin(3*t);

for k=1:length(t)
p(K)=v(K)*i(K);

end

plot(t,p)
xlabel ("time, s%);
ylabel ("power, W©)

%
%
%
%

%
%

%

initial time
final time
time iIncrement
time

device voltage
device current

power
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P1.6-7
p(t)= 4(1—6_2’)>< 2e7 = 8(1_8_21)6—2t

Here is a MATLAB program to plot p(¢):

clear

t0=0; % initial time
tF=2; % Final time
dt=0.02; % time increment
t=t0:dt:tf; % time
v=4*(1-exp(-2*t)); % device voltage
1=2*exp(-2*t); % device current

for k=1:length(t)
p(K)=v(k)*i1(k); % power
end

plot(t,p)
xlabel("time, s7);
ylabel ("power, W*)

P1.6-8
P =V 1=3x0.2=0.6 W

w =P-t= 0.6x5x60=1801J
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Verification Problems

VP 1-1

Notice that the element voltage and current of each branch adhere to the passive convention. The
sum of the powers absorbed by each branch are:

2 VIQRA)*SEVIRA)BV)BA)FTEV)(-5A)HIV)EA)=-4W+IOW+IW20W+5W
=0W
The element voltages and currents satisfy conservation of energy and may be correct.

VP 1-2

Notice that the element voltage and current of some branches do not adhere to the passive
convention. The sum of the powers absorbed by each branch are:

-BV)BA)*+B V)2 A+ BV)2A)+HAE V)3 AH-3V)-3A)H4V)-3A)
= OW+6W+6WH+I2W+OW-12W
Z0W

The element voltages and currents do not satisfy conservation of energy and cannot be correct.

Design Problems

DP 1-1

The voltage may be as large as 20(1.25) =25 V and the current may be as large as (0.008)(1.25)
=0.01 A. The element needs to be able to absorb (25 V)(0.01 A) = 0.25 W continuously. A
Grade B element is adequate, but without margin for error. Specify a Grade B device if you trust
the estimates of the maximum voltage and current and a Grade A device otherwise.
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DP1-2
p(t)=20(1-€¢")x0.03¢™* =0.6(1-¢ ™ )e™

Here is a MATLAB program to plot p(?):

clear

t0=0; % initial time
tf=1; % final time
dt=0.02; % time increment
t=t0:dt:tf; % time
v=20*(1-exp(-8*t)); % device voltage
1=.030*exp(-8*t); % device current

for k=1:length(t)
p(kK)=v(k)*1(k); % power
end

plot(t,p)
xlabel("time, s7);
ylabel ("power, W©)

Here is the plot:

015

a 0.2 04 0.6 0.3 1

The circuit element must be able to absorb 0.15 W.
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Chapter 2 - Circuit Elements

Exercises

Ex. 2.3-1
m (i1 + iz) =mi,+mi, => superposition is satisfied
m (a il) = a(mil) = homogeneity is satisfied

Therefore the element is linear.

Ex. 2.3-2
m(i1 +1, ) +b=mi,+mi,+b# (mil + b)+ (mi2 +b) = superposition is not satisfied
Therefore the element is not linear.
Ex. 2.5-1
2 (10)°
pov _(10)
R 100 ——
Ex. 2.5-2
2 2
P:‘in(lo cos ) =10 cos’t W
R 10
Ex. 2.8-1

i=-12 A, v,=24 V
i, =4(-12) = -48 A
ig and v4 adhere to the passive convention so
P=v,i,=(24)(-4.8)=-1152 W

is the power received by the dependent source



Ex. 2.8-2

v,=-2 V,i,=4v.=-8 A andv,=22 V
ig and v4 adhere to the passive convention so
P=v,i,=22)(-8)=-176 W

is the power received by the dependent source. The power supplied by the
dependent source is 17.6 W.

Ex. 2.8-3

i,=125 A, v,=2i =25 V andi, =175 A
ig and v4 adhere to the passive convention so
P=v,i,=(2.5)(1.75=4375 W

is the power received by the dependent source.
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Ex. 2.9-1

0=45,1=2 mA,R, =20 kQ

9 ok = (20 k0) =25 k0
360

a =
P 360

v, =(2x107)2.5x10°)=5V

Ex. 2.9-2

v=10V, =280 uA, k:I’ffA for AD590

K
. i K o0
i=kT = T——(280,uA)[1 J—280 K
k HA
Ex. 2.10-1
At ¢ =4 s both switches are open, so i =0 A.

Ex. 2.10.2

At t =4 s the switch is in the up position, so v =i R=(2 mA)(3 kQQ) =6V .

At t =6 s the switch is in the down position, so v =0 V.

Problems

Section 2-3 Engineering and Linear Models

P2.3-1
The element is not linear. For example, doubling the current from 2 A to 4 A does not double the
voltage. Hence, the property of homogeneity is not satisfied.

P2.3-2

(a) The data points do indeed lie on a straight line. The slope of the line is 0.12 V/A and
the line passes through the origin so the equation of the line is v=0.12i. The element is indeed
linear.

(b) When i =40 mA, v=(0.12 V/A)x(40 mA) = (0.12 V/A)x(0.04 A) =4.8 mV

(c) Whenv=4 V, i:ﬁ:% A=33A.
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P2.3-3

(a) The data points do indeed lie on a straight line. The slope of the line is 256.5 V/A and

the line passes through the origin so the equation of the line is v = 256.5i . The element is indeed

linear.

P2.3-4

12

(b) When i =4 mA, v = (256.5 V/A)x(4 mA) = (256.5 V/A)x(0.004 A) = 1.026 V
(c) Whenv=12 V, i=———=0.04678 A =46.78 mA.
256.5

the property of homogeneity is not satisfied. The element is not linear.

Section 2-5 Resistors

P2.5-1

P2.5-2

P2.5-3

i=i;=3Aandv = Ri=7x3=21V
v and i adhere to the passive convention
S P=vi=21x3=63W

is the power absorbed by the resistor.

i=i =3 mAandv=24 V
Vo2 8000 =8k

i .003

P = (3x107)x24 = 72x107° = 72 mW

v=v,=10V and R=5Q

i= 21050
R 5 —

v and i adhere to the passive convention

T p=vi=210=20W
is the power absorbed by the resistor

Leti=1A,thenv=3i+ 5=8 V.Next2i =2A but 16 =2v = 3(2i) +5=11.. Hence,
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P2.5-4

il v=v, =24Vandi=2A
+
VSC) Rgv R=¥:224=129
- p=vi =242=48

e vi=v,=v,=150V;
all . et . R =50 R, =25Q
vy Ci) Ry V1 R2§ Vs v, and 7, adhere to the passive convention so
_ ; :;11:15500:3_
v, _ 150 _

v, and i, do not adhere to the passive convention so i, = 2 T s -6 A
2
The power absorbed by R, 1s F, = v,i;, =150-3=450 W

The power absorbed by R, is P, = —v,i, =—150(-6)= 900 W
P2.5-6

i, =i,=i,=2A;
R=4Q and R, =8 Q

ks (D Rzg ¥ V=R, i,=-42=28 V.

_ The power absorbed by R | is
P=vi, =(-8)(2) =16 W.

v, and i, do adhere to the passive conventionsov, = R, i,= 82 = 16V.
The power absorbed by R, is P, =v,i, =16-2=32 W.

P2.5-7
Model the heater as a resistor, then
2 2 2
witha 250 Vsource: == R = = = B0 _ 650
R P 1000 —_—
2 2
witha 210 V source: P= Vo (261205) =705.6 W

iy, Ry I l . v, and i, do not adhere to the passive convention so
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P2.5-8
The current required by the mine lights is: i = L 5000 = 125 A
v 120 3
Power loss in the wire is : i* R
Thus the maximum resistance of the copper wire allowed is
0.05P  0.05x5000
2 (1253)
now since the length of the wireis L = 2x100 = 200 m= 20,000 cm
thus R = pL/A with p =1.7x10°Q-cm from Table 2.5-1

4 _pL_ 1.7x107°%20,000

R = =0.144 Q

= 0.236 cm’
R 0.144 —_—
Section 2-6 Independent Sources
P2.6-1
(a) i =;;=155=3_ and P = Ri*= 5(3)° = 45

(b) i and P do not depend on i_.
The values of i and P are 3 A and 45 W, both wheni, = 3 Aand wheni,Z =5 A.

P2.6-2

2 2
(a) v=Ri =5-2=10 V and P =;:1(5):20

(b) v and P do not depend on v .
The values of v and P are 10V and 20 W both when v, =10 Vand whenv =5V



P2.6-3

P2.6-4

P2.6-5

Consider the current source:
i, and v do not adhere to the passive convention,
so P, =iv =312=36 W

is the power supplied by the current source.

Consider the voltage source:

i, and v do adhere to the passive convention,
so P =i v=312=36 W

is the power absorbed by the voltage source.
.. The voltage source supplies —36 W.

Consider the current source:

i, and v, adhere to the passive convention +
so P =i v=312=36 W i v

is the power absorbed by the current source.

Current source supplies —36 W.

Consider the voltage source:
i, and v, do not adhere to the passive convention
so P =i v=312=36 W T

is the power supplied by the voltage source.

(@) P=vi=(2 cos t) (10 cos t)=20 cos’t mW

1

=10+5 sin 2 mJ

0

(b) w=[ Pdr = |20 cos’t dt=20(1t+lsin2tj
0 0 2 4




Section 2-7 Voltmeters and Ammeters

P2.7-1

P2.7-2

(a)R:Z_:%:m 9)
1 .

(b) The voltage, 12 V, and the
current, 0.5 A, of the voltage
source adhere to the passive
convention so the power

P=12(05=6W

is the power received by the
source. The voltage source
delivers -6 W.

The voltmeter current is zero
so the ammeter current is
equal to the current source
current except for the
reference direction:

i=-2A
The voltage v is the voltage of
the current source. The power
supplied by the current source

1s 40 W so

40=2yv = v=20V



Section 2-8 Dependent Sources

P2.8-1
i,=2A
t =840
' i, 2 —
Fig=Vp=8V
P2.8-2
. A
v,=8V; gv, =i, =2A; g =—*=—=025 —
v, \Y
P2.8-3

i= 8A; di, =i =32A; d=e=32_4 A

Ly _A
P2.8-4
v,=2V; bv,=v,=8V; b :vl=§=4x
Vv, _V
Section 2-9 Transducers
P2.9-1
q= i , 0= 360 v,
360 R, I
_ (360)(23V) _ 75970
(100 kQ)(1.1 mA)
P2.9-2

AD590 : k=172
K
v=20 V (voltage condition satisfied)

4 uA <i<l13 uA

. = 4K<T<13K
ok
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Section 2-10 Switches

P2.10-1
At ¢t =1 s the left switch is open and the
right switch is closed so the voltage
across the resistor is 10 V.

v 10
R 500 ——

At t =4 s the left switch is closed and the right switch is open so the voltage across the resistor is
15 V.

15

i=> =_—"_ -3mA
R 5x10 E—
P2.10-2
At ¢t =1 s the current in the resistor
iIs3mAsov=15V.
At t = 4 s the current in the resistor
isOAsov=0V.
Verification Problems
VP2-1
v,=40 V and i =-(-2) =2 A. (Notice that the ammeter measures —i_ rather thani_.)
So Vo 240V
i 2 A

Your lab partner is wrong.

VP2-2

We expect the resistor current to be i = % = z = 0.48 A. The power absorbed by

this resistor will be P =i v, = (0.48) (12) =5.76 W.

A half watt resistor can't absorb this much power. You should not try another resistor.



Design Problems

DP2-1

DP2-2

DP2-3

1.) m>0.04 = R<1—O:25OQ
R 0.04

2
2.)£<l = R>200Q
R 2

Therefore 200 < R <250 Q. For example, R =225 Q.

1)2R>40 = R>20Q

2)2’°R<15 = R<$:3.75§2

Therefore 20 <R <3.75 Q. These conditions cannot satisfied simultaneously.

2 2

(30mA)’ (1000 Q) = (.03)’ (1000) = 0.9 W <1 W
P, =(30mA)”-(2000 Q) =(.03)° (2000) = 1.8 W <2 W

P, =(30mA)’-(4000 Q) =(.03)" (4000) =3.6 W <4 W

L



Chapter 3 — Resistive Circuits

Exercises
Ex 3.3-1
+ 3V —
a b
C
- - - o+ +
3
3V A\LQA Vo BlﬂA 6V E\L'IA Ve
i
— + 4 — —
—>
D
c d
— vy +
Apply KCL at node a to get 2+1+i3=0= i3=-3A
Apply KCL at node ¢ to get 2+1=i4= is=3A

Apply KCL atnode btoget iztig=1= 3+ig=1= is=4A
Apply KVL to the loop consisting of elements 4 and B to get
»-3=0= 1»n=-3V
Apply KVL to the loop consisting of elements C, E, D, and 4 to get
346+v4-3=0= »u=-6V
Apply KVL to the loop consisting of elements £ and F to get
V6—6=0= v¢=6V

Check: The sum of the power supplied by all branches is

-3)2)+(-3)(1)-B)-3)+(-6)3)—(6)(1)+(6)(4)=-6-3+9-18-6+24=0



Ex 3.3-2

4 Q Apply KCL at node a to
A /\ a determine the current in the
horizontal resistor as shown.
62 :
-i
+ _ Apply KVL to the loop
(_> 24V 2A ! i/ § 4Q consisting of the voltages source
and the two resistors to get
b 4(2-1) +4(i)-24=0= i=4A
Ex 3.3-3 -184+0-12-v,=0 = v,=-30V and im=§va+3 = i =9 A
18

Ex 3.3-4 -v,—-10+4v, -8=0 = va:?:6V and v, =4v =24V
Ex 3.4-1

+ v 1~ From voltage division

_ 3 )
| vy = 12[3+9J 3V
! 6 Q + then
+ V3 _
3Q -
— Vg +

The power absorbed by the resistors is: (12 )(6) + (12 )(3) + (12 )(3) =12 W
The power supplied by the source is (12)(1) =12 W.

3-2



Ex 3.4-2

P=6W and R, =6 Q

2= 6 _ o im1a
R 6

+
v =1 R,=(1) (6)=6V
VO
— from KVL: —v t i(2+44+6+2) =0
= V.= 14i =14V
o 25
Ex 3.4-3 From voltage division = v__ = (8)=2
m - 25+75
L 25
Ex 3.4-4 From voltage division => v__ = (-8)=-=2 V
m - 25+75
Ex. 3.5-1
3
o 10 1y
R 100 100 100 100 10 eq 4 4

()

eq

1mA R
) eq § By current division, the current in each resistor = %(l 0°) =— mA

1
4

Ex 3.5-2

. 1
From current division = i = 0 (—5)=—1 A

m - 10+40
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Problems

Section 3-3 Kirchoff’s Laws

P3.3-1
1A

- o+ T 4V - +

2A/P A[-12V fl/ Bl12V 12V|C J/4A 1AT Flv

+ — _ -1A —

Apply KCL at node a to get 2+1=i+4=i=-1A

The current and voltage of element B adhere to the passive convention so (12)(-1) =-12 W is
power received by element B. The power supplied by element B is 12 W.

Apply KVL to the loop consisting of elements D, F, E, and C to get
4+v+(-5)-12=0= v=13V

The current and voltage of element F do not adhere to the passive convention so (13)(1) =13
is the power supplied by element F.

Check: The sum of the power supplied by all branches is

2)(-12) + 12 — (4)(12) + (1)(@4) + 13 — (-1)(-5) =24 +12 — 48 + 4 +13 -5 =0
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P3.3-2

— V3 + + 4V
a b

C E

<— <—
+ - 6A 3A
6V |A J/2A ) B /Ffz 2V |D J/f4 Ve
— + + +

ad
Apply KCL at node a to get 2=H+6=0= h=-4A

Apply KCL at node b to get 3=i4+6= i4,=-3A
Apply KVL to the loop consisting of elements 4 and B to get
V-6=0=> »=-6V
Apply KVL to the loop consisting of elements C, D, and A to get
V3—(-2)—6=0= =4V
Apply KVL to the loop consisting of elements E, F and D to get
4-v6+(-2)=0= v=2V

Check: The sum of the power supplied by all branches is

(6)(2) — (-6)(-4) — (-4)(6) + (-2)(-3) + (4)(3) + (2)(-3) = -12-24 + 24+ 6+ 12~ 6 =0
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P3.3-3
KVL: -12-R,(3)+v=0 (outside loop)

R, v = 12+3R, or R :v—12
a 2 2
AM— 3
12
* KCL i+——3 =0 (top node)
v ks JORL R,
) i:3—E or R =£
| 3—-i
(a)
v=12+3(3)=21V
i:3—2:1A
6
(b)
R2=2_12:—EQ; R - 12 _30
3 3-15 —
(checked using LNAP 8/16/02)
(c)
24 = —12 i, because 12 and i adhere to the passive convention.

“i=-2A and Rlzi =24Q
E— 3+2

9 = 3v, because 3 and v do not adhere to the passive convention

Ly =3V and R2=¥=—3Q

The situations described in (b) and (c¢) cannot occur if R; and R, are required to be nonnegative.
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P3.3-4

SIS
Power absorbed by the 4 QQ resistor = 4- i% =100
2

Power absorbed by the 6 QO resistor= 6-i° = 24

Power absorbed by the 8 (2 resistor = 8- i2

N

i=2:2A
1 6
20
l2 = T = 5A
13 = 3—12 = -2A
l4=12+l3=3A

(checked using LNAP 8/16/02)

P3.3-5
407 gV v =8V
WA - __ _
vy - | + . — ] v,=—8+8+12 = 12V
=2.4 =
& u/ﬁ_fs 5{1?1,»’1 Ny, ar é - 12 82V
—~ 9 ! 40: P =%=16W
N N P
26 12 v 6Q:P=€2=24
v2
: 8Q: P=—=8W
(checked using LNAP 8/16/02) 8

P3.3-6

6y
<
%}
3

=

= O
=0

—[3x(2x10*3)] —_6x107° =—6 mW

:_[_7x(1x10-3)]=7x10-3 =7 mW

(checked using LNAP 8/16/02)
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P3.3-7

3V 2V
3 D
— —
-2 mA T mA _ 3\ | _ 3
- - P,y =+ 2x(1x107) |=2x107 =2 mW
»—6 O L] P3V:+[3><(—2x10’3)}=—6x10’3:—6mW
3 mA
() .
/ (checked using LNAP 8/16/02)
P3.3-8
i
R
—> R
—/\/\/——O KCL: i, =2+1 = i,=3A
+ vp — KVL: v, +0-12=0 = v,=12V
ve 12
+ S R==2=—=4Q
12VC_> 2A<\l/> J/1A i3
O (checked using LNAP 8/16/02)
P3.3-9
i
R
—> R
_/\/\/ O KVL: v, +56+24=0 = v,=-80V
+ vg — + KCL: i, +8=0 = i,=-8A
— ) vy 80
24v<+> BAG\) sev - R=T =g =100
O

(checked using LNAP 8/16/02)
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P3.3-10

371V 2 Q 12V 7Q 5.61V
O O
KCL at node b: 5.61_371-561 12-561 _ o0 =19 .0
7 R, 5 -
1:L=3.983z4§2
1.278—-0.801
KCL at node g 371,3.71-5.61 371-12_ 1.855+(_0.475)+—8.29:O
2 4 R, ]
2=&:6.oo7z69
1.855-0.475

(checked using LNAP 8/16/02)
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Section 3-4 A Single-Loop Circuit — The Voltage Divider

P3.4-1
: . , % 6 o 12=4
AU A A 1 6+3+5+4 18 —
VWNV—VW—VWN— 3 5 10
6 Q 3Q 5Q v2:—12=2_V;v3:—12:—V
n 18 18 3
12V _) 4Q2V4 4 e
- v, =—12==-V
418 3
(checked using LNAP 8/16/02)
P3.4-2
6Q 30 20
NNV—MN—AN
S8V D i 40 (a) R=6+3+2+4=15
. 28 28
(b) i=—=—=1867 A
R 15
(a) (c) p=28-i=28(1.867)=52.27 W
— (28 V and i do not adhere
i . .
8V D R to the passive convention.)

(b)
(checked using LNAP 8/16/02)
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P3.4-3

iR, =v=8V
" B[ [o[o] | RV
Voltmeter @ SrATYEIAT
ei\/\/\l + © — =4 = lR1
i
12V D Ry Z v
(a) =5 -8 g2 210 59
R, 100 i 8 —
(b) =2 _ 4 R2:§:8 100 _H000
R, 100 i 4 —
. 4 8
(c)12=12i=i=01A; R=—=40; R, =—=80Q
i — i —
(checked using LNAP 8/16/02)
P3.4-4
" Voltage division
t 16
. v, = 12 =8V
60 Y 402V ' =678
- h 4
vy=—-12 =4V
f 2w oo - 3 4+8
i + *
g 8L \é_ B \':%_ KVL: V;—=V—Vy = 0
i - _ v= -4V
(checked using LNAP 8/16/02)
P3.4-5

. .. 100 Vs
using voltage divider: Vo<l T 1Yy R=50| =-1

with v
s

with v
s

100+ 2R

20V and Vo > 9V, R < 61.1Q

28 V and Vo < 13V, R > 57.7Q

R =60Q



—o—A\/\/ [ ]
120 Q + Voltmeter
Q Q
_|_

C_) v, R Yp

—O €
a.) (Aj 18=12V

120 + 240

b) 18— |=09w
120+ 240

c.) R 18=2 = 18R=2R+2(120) = R=15Q
R+120

d) 02=—% = (02)(120)=08R = R=30 Q
R+120

(checked using LNAP 8/16/02)
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Section 3-5 Parallel Resistors and Current Division

P3.5-1

4A<D 6 Q

P3.5-2

sa(]) v 260

12 Q

(a)

P3.5-3

40 GAC'

Voltmeter

Q

1
T :121364:%A
4,1, 1,1 +2+5+
6737271
1 2
. 3 _“
T T, 11Ty
673271
1
.2 _
BT T, 1,1 A
6737271
, 1
l4_l+l+l+1 1=2A
6732

(a) I L N Y
R 6 12 4 2 ———
(b) v=6-2=12V

(c) p=6-12=72 W

1=i or R1=§
R, i
8 8
8=R,(2-1) > i=2——o0r R,=—
,(2-10) l R 275

2
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(c) R, =R, will cause iZ%Z = 1 A. The current in both R, and R, willbe 1 A.

Rl R2 1
2 - =8; R=R, = 2 -—-R=8=R=8.R=R,=8Q
R +R, 2
P3.5-4
Current division:
16 M1 ]
" Tgegl 0)=2A
@, 6A
8
50 S h=ges 0 = 3A
[ =ll—i2 =+l
P3.5-5
current division: i, = L i and
2 Rl + R2 s
—
i’ "
O R2Z vo

) Ohm's Law: v =i, R2 yields

i
BN R

plugging in R1 = 4Q, v, >9V gives is > 3.15A
and R1 = 6Q), v, < 13 V gives i < 347 A
Soany 3.15A < iS < 347 A keeps 9V<v0<13 V.
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P3.5-6

o (
o

c) 0.

[ ]

Ammeter
) Q@

24
12+24

R

R+12
R
R+12

4=

Section 3-7 Circuit Analysis

P3.7-1

j1.8:1.2A

= (0.4)(12)=06R = R=8Q

24 Q
8Q
AVAVAY
24V D 32 Q R

—]2:1.6 = 2R=1.6R+1.6(12) = R=48 Q

48

N | —
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P3.7-2

6Q a, 8Q 2 40
N\ o—\\N\N—¢ * NN—¢
24V 2 A V1 129% 6Q vy 6Q 30
(a)
60Q ha, 8Q 2 60Q A,
AAAY o—ANN—¢ g N\
24V 2 A Ve 12 Q GQ% Vo R, 24V 2 A Vq R
(b) (c)
(@ R =4+-% _60
3+6 —
1 I 1 1
b) — = —+—+— => R =24Q then R, = 8+R, =104Q
R, 12 6 6 b P —
(c) KCL: i,+2 =i, and —-24+6i,+R,ij= 0
= -24+6 (;-2)+10.4i= 0
i1=£=2.2A = v=i R,=2.2(10.4)=22.88 V
16.4
1 is
. 6 —= 4
(d) 1, :ﬁ(22)20878 A, __?_'M »* )
—+—+— ‘L{‘E
6 6 12 Vo & L 3
v, =(0.878)(6)=5.3 \% _ ]

(e) g:iiz:o.sssA = P =3i’=1.03W
3+6
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P3.7-3

Reduce the circuit from the right side by repeatedly replacing series 1 Q resistors in parallel with

a 2 Q resistor by the equivalent 1 Q resistor

1Q 1Q

1Q /\/\/
12V 2(2% 2Q 1Q
1Q 1Q
V( : I 222% TQ]%
1Q

This circuit has become small enough to be easily analyzed. The vertical 1 Q resistor is
equivalent to a 2 Q) resistor connected in parallel with series 1 Q resistors:

1Q 1Q

—> —>

v 6A 3A
2Q 1Q

1Q 1Q

$
3A 1.5A
2Q 1Q
%

10 10
AVAY,
A BA i=—L (15
12V 2q 20 bo2+(1+)

=0.75 A
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P3.7-4

(b)

=

(10+8)-9
(10+8)+9

0,
=
2,25 adf
R rAY 3] 4.0
0.75 .ﬁ.\l/ o

First, apply KVL to the left mesh to get —27+6i, +3i, =0 =
apply KVL to the left mesh to get 4, —3i, =0 = i, =225A.

i, =3A. Next,

(©)
- -1V 4+ .
—AAA—AAA— A 2234
104 s | —
o
I N A, y— Lieo A
+ . 2411 J/
(_ a7y 30
a?ml} 50 2
1
iy=——8 _225=1125A and v, =—(10) _ 9 3l-_iov
T T (10+8)+9
2478 12
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P3.7-5
10 Q

—\/\ N\ "

100 + 10+30

v=6 = v =8V

+

T

)12\/ R, 2 30 Q 6V

vV &, 12=8 = R, =20Q

10 Q + R, +10
Cf 12V R, 8V 2o R(10+30) 400
R +(10+30) b

Alternate values that can be used to change the numbers in this problem:

meter reading, V | Right-most resistor, O | Ri, QQ

6 30 40
4 30 10
4 20 15
4.8 20 30

3-19



P3.7-6

ok

—  1OmA = |
10k + 2.5k D,

10k) 2500 N 2 kO
resk 18 V
10K + 2.5k +
LTV
LROS 7 ek
<
18V _
K =6 mA
P3.7-7
_/\/\/_ 3 24 3
Ix10°=———— =R, =12x10’=12kQ
12 kQ l1mA 12x10° + R,
_|_
O 7S )
12x10° =R, =——— = R=28kQ
(21x10%)+ R
P3.7-8
RlllEd]s ik 4 RIS Gle
AVAYAY AAVAY
+ + +
@ 50V lp=gllte nilo) "h§!€|._= k070 o Wil s Cﬁ 50V =g lictol o4 fafolo)o
AYAVAY AYAYAY AAA"
R = 200 Q R =30Q R = 200 Q
- 130500
Voltage division =v =50 =15.963 IV
130[500+200+20

'.Vh ZV(

I, =

h

100 j:(15.963) (9}12279\/
100+30 13

Yho_

12279 A
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P3.7-9

3 k(Y

3 k(Y
1e V%) 6 RQ$ 6 RQ%$ 6 RQ%
|

3 k(Y

3 k()

3 k()

6 k)

e VvV

3 k()
1e V%P 6 RQ% 6 RQ%

3 k()

6V

6k

ITmh
—

3 k)
6 k()

2 mA
—

1e VHP

3 k)

3 k)
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P3.7-10
a 20 Q /
—” N\ 2

a
O
+ Vv, -
(_Dsov 150 100 <> o R
]
O

ot
s

15(20+10)
= ——-=10 Q
15+(20+10)

e (22 ) (2w
» 30+15 Req 20+10

a

P3.7-11 a) ga . ‘n . o
AN Ay
® = =
i
A —] S
4 e
;:[?.IL 5-‘1% o j
Ae Ay A A
204 L= 2oL 2 By
R, :24”12:w:89
! 24 + 12 —
4.0
b) _° from voltage division:
48y 100
+ L. :40( 20 j:@\/,_i _3 5,
2o x 20+4 3 X 20 3
o .. 8 5
from current division: i=i_ |——| = = A
X (8+8 6
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P3.7-12

10Q 17 Q = 9+10+17=36 Q
Ohmmeter a) ———==12 Q
P P 36+18
§9£2 R
ol
b.) SO0R g o 18 R=(18)(36) = R=36 Q
36+R
P3.7-13
] 2R(R
@5 - R = 2R(+ )ziR
Aoy & 3 V240
l deliv. :7:27:1920 W
to ckt Req 3R
Thus R=45 Q
P3.7-14
112Q
_"/\/\/\/_
i 3 20 1Q
—0O NN ® * AVAVAY
6Q
e AVAVAV
40V i) —> 20
—\\N—
{_r 9 [
b 20
—A\N\N—/—
Rk., :':')
R =2+1+ (6]12)+(2]2)= 3+4+1=80Q
eq
40 40
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Verification Problems

VP3-1

VP3-2

VP3-3

KCL at node a: z'3 = i1 + i2

-1.167 =-0.833 +(—O.333)
-1.167= —1.166 OK
KVL loop consisting of the vertical
6 Q resistor, the 3 Q and4Q2 resistors,
and the voltage source:

6i3+3i2+v +12 =0

yields v=—4.0V notv=-20V

reduce circuit: 5+5=10 in parallel with 20 Q gives 6.67Q2

by current division: i= (

..Reported value was correct.

320

y =
0 (320+650+230

Jo4)-6av

6.67
20+6.67

5=125A

~.Reported value was incorrect.
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VP3-4

0.05 Q 1/2\\’
— "VW————¢ )
Battery in
H_ Headlights
¢ AVAYAY
1.2Q
01Q "/Q/
mdVAYAY ¢-)
Alternator
VP3-5

KVL bottom loop: —14+0.1i, +1.2i,, =0

KVL right loop: —-12+40.05i, +1.2i, = 0

KCL at left node: i, +i, =i,

This alone shows the reported results were incorrect.
Solving the three above equations yields:

i,=16.8 A i, =103 A

iy, =—649 A

.. Reported values were incorrect.

Top mesh: 0=4i_ +4i, +2(z‘a +%—ibj:10(—0.5)+1—2(—2)

Lower left mesh: v, =10+ 2 (ia +O.5—ib) =10+2(2)=14V

Lower right mesh: v +4i, =12 = v =12-4(-0.5)=14V

The KVL equations are satisfied so the analysis is correct.
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VP3-6
Apply KCL at nodes b and ¢ to get:

1 mA 2 mA KCL equations:
Nodee: —-1+6=0.5+4.5

Nodea: 0.5+i,=-1 = i,=-1.5mA

Noded: i,+4=45 = i ,=05mA

That's a contradiction. The given values of 1,
and iy are not correct.

Design Problems

DP3-1
Ry +C l—u“JE’p Using voltage division:
R,+akR, R,+aR,

R +(1-a)R,+R,+aR, R +R,+R,

Vm=8 Vwhena=0 =

R, 1
R +R,+R, 3
Vm=12Vwhena=1 =
R,+R, 1
R+R,+R, 2
The specification on the power of the voltage source indicates

247 1
————<—- = R +R,+R, 21152Q
R +R,+R, 2

Try R, = 2000 Q. Substituting into the equations obtained above using voltage division gives
3R, =R, +R,+2000and 2(1’32 + 2000) =R, + R, +2000. Solving these equations gives

R, =6000Q and R, =4000 Q.

With these resistance values, the voltage source supplies 48 mW while Ry, R, and R, dissipate
24 mW, 16 mW and 8 mW respectively. Therefore the design is complete.
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DP3-2
Try R; = . That is, R; is an open circuit. From KVL, 8 V will appear across R,. Using voltage

. 2 : .
d1V1510n,&12 =4 = R, =400Q. The power required to be dissipated by R,
R, +200
2
is—=0.16 W< % W . To reduce the voltage across any one resistor, let’s implement R; as the

series combination of two 200 Q resistors. The power required to be dissipated by each of these
2

resistors is 4— =0.08 W< l W.
200 8

Now let’s check the voltage:

190 <v, <12.12 210

1.88——— — J2—
190+420 O 210+380

3.700 < v, < 4314
4-7.5% < v, <4+7.85%

Hence, v, =4 V % 8% and the design is complete.

DP3-3
V., = 200 mV
10 10
v = 120V, =——— (120) (0.2
10+ R a 10+R( ) (02)
letv=16 = 22— r_sq
10+R
2
Sp=1 _osew
(0 R —
DP3-4

N
! i:GTv:Ev whereGT: > L:N(lj
f-v(%) %n. %1 %:. R n=1%, R

; 12
: N:ZR—%:ltgbulbs

s
r s
Gy v
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Chapter 4 — Methods of Analysis of Resistive Circuits
Exercises

Ex. 4.3-1
()
?ﬁ Va Ya Vb
KCL ata: —+ +3=0 = 5v -3v, =-18
3 a b
20
a o—AANA—=D voo—v
KCL at b: b2 £-3-1=0 = v, —v =8
239 1A(D
Solving these equations gives:
1 ve=3Vandvy=11V
Ex. 4.3-2
2 Q b KCL at a:
—VW—0
Ya Ya b
§4Q 3A 30 (1 an 3T T30 = dv 2y
v, v -V
T 24l 4=0
= KCL ata: 3 2
= -3v +5v, =24
a b
Solving:
v,=—-4/3Vandv,=4V
Ex. 4.4-1
Apply KCL to the supernode to get 10V
a /-\ b
gt + — Fat
v, +10 v ~
2+ 0 +£=5
20 Q 30 Q
Solving: Ci 2 A (T 5 A
vb=30Vandva=vb+10:40V _T_
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Ex. 4.4-2

(Vb +8)—(—12) v
+b_3 =, —8Vandv =16V
10 40 b a

Ex. 4.5-1

Apply KCL at node a to express 7, as a function of the node voltages. Substitute the result into
v, =4 i, and solve for vy, .

v 9+v
§+_b=l‘ = y =41‘a:4[ b} = v, =45V

8§ 12 a b 12 b

Ex. 4.5-2

The controlling voltage of the dependent source is a node voltage so it is already expressed as a
function of the node voltages. Apply KCL at node a.

v -6 v —4v
a

+-4 -0 = v =2V
20 15 a
Ex. 4.6-1
6 Q
VMV
@ 30 [T 1]
AN —o Voltmeter @

(Drzv sv @ 60

Mesh equations:

—12+6i1+3(i1—i2j—820 = 91'1—31'2:20

8—3(1’ —i2)+6i2=0 = -3i,+9i,=-8

Solving these equations gives:

) 13 ) 1
ll—z A and 12__8 A

The voltage measured by the meteris 6 i, =—1 V.
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Ex. 4.7-1

X [T

@ —o Voltmeter @
3a A (l) 4Q i 30
W
28
. . . .3 . )
Mesh equation: 9+3i+2i+4 Z+Z =0 = (3+2+4)i=-9-3 = ZZTA
The voltmeter measures 3i=—4V
Ex. 4.7-2
15y (T
@ o] & Ammeter @
D3a 6 0 q
3Q
NN—El
i ' ' - . —33 2
Mesh equation: 15+3i+6(i+3)=0 = (3+6)i=-15-6(3) = === EA
Ex. 4.7-3

[T T1]

o Voltmeter

40 30
NV AN
9\/@) q %AC}) @ 20

. 3 .. . .
Express the current source current in terms of the mesh currents: e =i, = i = 2 +1i,.

Apply KVL to the supermesh: -9+4i, +3i,+2i,=0 = 4(%+i2j+5i2:9 = 9i,=6

v

W |

2 L
so i, = 3 A and the voltmeter reading is 2i, =
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Ex. 4.7-4

6Q

[T TT]

o Ammeter @

30
AN——

A
15v (%) q

Express the current source current in terms of the mesh currents: 3 =i, —i,

Problems

P4.3-1

6Q

L

o
o<l

= i, =3+1i,.

Apply KVL to the supermesh: —=15+6i,+3i,=0 = 6(3+i2)+3 i,=15 = 9i,=-3
Finally, i, = —% A is the current measured by the ammeter.
Section 4-3 Node Voltage Analysis of Circuits with Current Sources
KCL at node 1:
vV, V.-V
> V2 0=ty L 2 2 A2 15k = i=15A
8 6 8 6

(checked using LNAP 8/13/02)
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P4.3-2

O V3

()
_/
TA
20 Vs 10 &
1 —AN——AAN
2 A
50 15 €2
AN 4%
P4.3-3
()
_/
i
50 Vs 15 &
1 —AN——AAN
i
20 10 &
AN 47"

O V3

KCL at node 1:

V,—V v

! 2+—1+1:0 = Sv,.-v,=-20
20 5 12
KCL at node 2:
Vv, —V Va—V
! 2+2: 2 3 = —-v. +3v,-2v,=40
20 10 1 2 3
KCL at node 3:
VoTV3 V3

+l=— = -3v,+5v,=30
10 15 2 3

Solving gives vi =2 V, v, =30 Vand v =24 V.

(checked using LNAP 8/13/02)

KCL at node 1:

1 2 't . 4. 4 4
5 20 |1 1 5 20
KCL at node 2:
ViTVs ' Vy TV
+i,=
5 2 15
i 4-15 +15—18=2A
2 5 15

(checked using LNAP 8/13/02)
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P4.3-4

+ -

sma(D) viSky Sk, () 5mA

Node equations:

—003+-L 412 ¢
Rl
A% 005 = 0
500 R,
Whenvl =1 V,V2=2V
003441 _ 0=>R = L — = 2000
R 500 003+
500
___1 i_.005=0:>R2=—2 =667 Q
' 500
(checked using LNAP 8/13/02)
P4.3-5
Node equations:
Vo Vi Vi=V, VI T Vs
AV + + =0
504 500 125 250
L T T V9§ L T
125Q v, 250Q 125 250
Wy VW1 2 Vamve vimvi, vy
250 250 500
1 mA Solving gives:
500 Q 500 Q
VW VW v, =0.261V, v,=0337V, v,=0239V

Finally, v=v -v,=0.022 V

(checked using LNAP 8/13/02)
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Section 4-4 Node Voltage Analysis of Circuits with Current and Voltage Sources

P4.4-1

— AT —

6 Q 10Q + Voltmeter
6] (0]

X

Express the branch voltage of the voltage source in terms of its node voltages:

KCL at node b:

a

A v, =V,

+2=
6 10

KCL at node c:

Finally:

P4.4-2

+

0-v,=6 = v,=-6V

OV Ve o i lgp B o 308y, -3y,
6 10 6 10
V=V, V. 9
== = 4y, -4v.=5v, = vy, =—v,
10 8 4

30:8(%\)‘,]—3\)‘) = =2V

(checked using LNAP 8/13/02)

i 8V d

4
N

o

4kQ + + +
v, G_ 12v 2mA(/M)v 1mA /Dvc 4KQ§ vy
-

Express the branch voltage of each voltage source in terms of its node voltages to get:

v, ==12V, vy =v =v,+8
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KCL at node b:
Yy

-y ) vb—(—IZ) ] ]
—42=0.002+i = ———~=0.002+i = v, +12=8+4000i
4000 4000

KCL at the supernode corresponding to the 8 V source:

0.001=—4+; = 4=y, +4000i
4000
SO v,+4=4-v, = (vd+8)+4=4—vd = v,=-4V
4—v
Consequently v, =v =v, +8=4Vandi= 4 =2
q y b c d 4000

(checked using LNAP 8/13/02)

P4.4-3

10\/@) 100 Q DSOmA

Apply KCL to the supernode:
V10 Ve VT8 g3 o v 27y
100 100 100

(checked using LNAP 8/13/02)

P4.4-4

Apply KCL to the supernode:

v, +8 (Va+8)—12 v, —12 v,
+ + +
500 125 250 500

=0

Solving yields
500 Q v —4V

a

(checked using LNAP 8/13/02)
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P4.4-5

60
2
—> b 3Q
S AT AN ¢
+ 40 + +
v, (T)12v 1A</Dvb 2Q§ v,

X

The power supplied by the voltage source is

N (i1 +i2):vq (va v Yy ;VCJ:12(12—9.882 . 12—5.294)

4 4 6
=12(0.5295+1.118) =12(1.648) =19.76 W
(checked using LNAP 8/13/02)

P4.4-6
Label the voltage measured by the meter. Notice that this is a node voltage.

Write a node equation at the node at which
L] the node voltage is measured.
@ Voltmeter @
—(lz_ij+&+o.ooz+ m=8_
6000 R 3000
N That is
6 kQ 3 kQ
WV W 6000 6000
+ 3+ v,=16 = R=——
R 16 3
Dev & Ve ema (Dsv o

(a) The voltage measured by the meter will be 4 volts when R = 6 kQ.
(b) The voltage measured by the meter will be 2 volts when R = 1.2 kQ).

4-9



Section 4-5 Node Voltage Analysis with Dependent Sources

P4.5-1
Express the resistor currents in terms of the
c node voltages:
i T i [= Yo~ Y _8.667-10=-1333 A and
1 - 2 1
:;i 1Q zsz:;: 10
v, =V, -
= < = = —4 A
3 A + T 2
O <P
Apply KCL at node c:
+ + _
A 20 20 Ve i +i,=Ai;, = —1333+(-4)=4(-1.333)
_ . 4= —5.333 _ 4
—-1.333
. .
= (checked using LNAP 8/13/02)
P4.5-2

Write and solve a node equation:

e

2 kQ 4y

° —4
i, = ~= e = _]2mA
3000

P4.5-3

1kQ 3 kQ
VWV VWV iy 220y Bty oy
+ 1000 2000 3000

(checked using LNAP 8/13/02)

iy First express the controlling current in terms of
the node voltages:

AAVAY, _
4 kQ + = 2%
y ' a 4000
2 kQ b Siz  Write and solve a node equation:

2% Y 5(2_Wj=o = v, = 1.5V

4000 2000 \ 4000

(checked using LNAP 8/14/02)
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P4.5-4

P4.5-5
AN
\/
3i,
20 Vs
V1 +—ANN,
C 12V 20

Apply KCL to the supernode of the CCVS to get

12-10 14-10 1

+ -—+i,=0 = i,=-2A
4 2 2
Next
. 10-12 1
KR Y QN r:_—?=4%
ri,=12-14 )

(checked using LNAP 8/14/02)

First, express the controlling current of the CCVS in

v
terms of the node voltages: i, = ?2

Next, express the controlled voltage in terms of the
node voltages:

v
12—v2=3ix=3?2 :>v2=% \Y%

soi,=12/5A=24A.

(checked using ELab 9/5/02)



Section 4-6 Mesh Current Analysis with Independent Voltage Sources

P 4.6-1
2Q

3Q

15v(%)

:

P 4.6-2

e

AMA—
©

R
AVAVAY,
4Q
AVAVAY, %

MWy
b@)zw

Vo

or

SO

21,+9(@, -
15-3(@, -
_6(1‘2_

i)+33,—i,)=0
i,)+6(i,—iy)=0
i,)-9(@i,—i,)-21=0

147,-3i,-9i,=0
—3i,+9i,-6i,=—15
—9i —6i,+15i, =21

i1=3A, i2=2Aandi3=4A.

(checked using LNAP 8/14/02)

Top mesh:

4(2-3)+R(2)+10(2-4)=0

SOR=12 Q.

Bottom, right mesh:

8(4-3)+10(4-2)+v,=0

sovp,=-28 V.

Bottom left mesh

—v,+4(3-2)+8(3-4)=0

sovi=-4V.

(checked using LNAP 8/14/02)
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P 4.6-3
A A Ohm’s Law: i, = _?6 =-0.75 A

R KVL for loop 1:
§4Q + Riy+4(i,~i,)+3+18=0

/) 8(2§—6V KVL for loop 2

i @)3\; in — +(—=6)~3-4(i,~i,)=0

= -9-4(i,—(-0.75))=0
= [ =-3A

R(-3)+4(-3-(-0.75))+21=0 = R=40Q
(checked using LNAP 8/14/02)

P4.6-4
75 Q 100 Q
AVAVAY, * VN KVL loop 1:
;2509 (*)av 100 szé 250 —2+250 +75i +4+100 (i, —i,) = 0
450 ,-100 4, = -2
iy ih
b . b KVL loop 2:
+ , +
®av ve 21000 8V(F) ~100(i, —i,) —4+100 4, + 1004, +8+200i, = 0
j ~100i,+500i, = —4
NN AAYAY, “ b _
25 Q) 200 Q = i, = —65mA, i, = -93mA
(checked using LNAP 8/14/02)
P4.6-5

Mesh Equations:

mesh1l : 2i + 2 @G, —i,) +10=0

mesh2 : 2(i,—i) + 4 (i,—4) = 0

mesh3 : —10+ 4 (i,—i,) + 64, =0
Solving:

i=i, = i=————_0.294 A
17

(checked using LNAP 8/14/02)
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Section 4-7 Mesh Current Analysis with Voltage and Current Sources

P4.7-1
50 Q 75 Q . 1
A AN mesh 1: 7 = E A
: mesh2: 75i,+10+25i, = 0
1 ' +
054 (]) b ) b @ =i, = -0.1A
AN AN, i, =1,—i,=0.6A
50 Q 25Q
(checked using LNAP 8/14/02)
P4.7-2
75 Q 100 Q

§25o Q <j>4 v 100Q § mesha: i, = —0.25A

b b meshb: i, = -04A
I f-;-,

- v, = 100(i, —i,) = 100(0.15) =15 V
0.25A V 100 Q
( . 0.4 ACD
AN A |
25Q 200 Q (checked using LNAP 8/14/02)
P4.7-3
supermesh vy - 60 O

LT

Express the current source current as a function of the mesh currents:
ii—i, = =05 =i =1i-05

Apply KVL to the supermesh:

307, +204,+10= 0 = 30(i,—0.5)+20i, =

|

|
[S—
(e

50i,-15 = —10 =

i=4A and v, =205, =2V

(checked using LNAP 8/14/02)
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P4.7-4
supermesh

Express the current source current in terms
of the mesh currents: f

100 Q
i, =i —0.02

Apply KVL to the supermesh: 08 g b

250i,+100 (i, —0.02)+9 = 0 9V
ni = —02A = —20mA K
v, =100, -0.02) = -4V
(checked using LNAP 8/14/02)
P4.7-5
6 Q
VWY [T T 1]
8V q @ Voltmeter @
L 4 Q —
_/
12v{Z @ @
O S

Express the current source current in terms of the mesh currents:
-0, =2 = i,=i,-2
Supermesh: 6i,+3i, -5 (i, ~i,)-8=0 = 6i —5i,+8i,=8
Lower, left mesh: —12+8+5 (i2 —i3) =0 = 5i,=4+51,
Eliminating 7; and i, from the supermesh equation:
6(i,-2)—(4+5i,)+8i;,=8 = 9i,=24
. 24
The voltage measured by the meter is: 37, =3 5 )" 8V

(checked using LNAP 8/14/02)
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P4.7-6

7 Q

N0,

Mesh equation for right mesh:

4 Q

LT

@ Ammeter @

10 5

4(i-2)+2i+6(i+3)=0 = 12i-8+18=0 = i=—— A=—"A

P 4.7-7

C 3

Q)

M CNOE

N N
OR N e

12 6

(checked using LNAP 8/14/02)

ih=-3A
i—i,=5 = i—(-3)=5

= [ =2A
2(i,—i))+4 5 +R(i;—i,)=0
= 2(-1-2)+4(-1)+R(-1-(-3))=0
= R=5Q

(checked using LNAP 8/14/02)
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P 4.7-8

Express the controlling voltage of the
dependent source as a function of the

mesh current

v, = 504

Apply KVL to the right mesh:

P 4.7-9

0-04‘1"2

=10V

4y <

P4.7-10

= 50,

s0mA (])

fb

100 Q

Apply KVL to the right mesh:

Finally:

250 Q

~100 (0.04(50i,)—i,)+50i, +10 = 0= i, = 0.2 A
=504

(checked using LNAP 8/14/02)

1
iy = 4 =i, = =
—100(; j+2001 +8 =0

= i, = —0.048 A

(checked using LNAP 8/14/02)

Express the controlling current of
the dependent source as a function
of the mesh current:

i, = 06—,

~100 (0.06—i,)+50 (0.06—i,)+250i =0 = i =10mA

v, =50i, =50(0.06—0.01) =2.5V

(checked using LNAP 8/14/02)
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P4.7-11
Express the controlling voltage of

the dependent source as a function
of the mesh current:
+

6 mA CD v, <100 Q 250 Q v, = 100 (.006—i,)

Apply KVL to the right_mesh:
—100 (.006—i,)+3[100(.006—i,)] +250i, = 0 = i, =—-24mA

(checked using LNAP 8/14/02)

P4.7-12
10 kQ
— A Q
I
3V C‘_‘) 20 kQ 2100 kQ
apply KVL to left mesh: —3+10x10° i, +20x10° (i, —i,) = 0=30x10°i, —20x10%i, =3 (1)
apply KVL to right mesh : 5X103ll+100X10312+20X103(12 ) 0= i = 8, (2)
. . .6 . 3
Solving (1) & (2) simultancously = i =—mA, i, =——
e(1)&(2) g 55 S 220

(54) (i,)+100(;,)*

=3 (%5)(%20)“00(%20)2 = 0.026 mW

. Energy in24hr. = Pt = (2.6><10_5 W)(24 hr)(3600 %r)

Power delevered to cathode

= 2.25]
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P4.7-13

©

RZ
(a) v,=—gR,v andv= RIR, v,
) (5x103)(1o3)
(b) =g
Vi 1.1x10
PSpice Problems
SP 4-1
% R1

F1

GAIN = 4

3,667
D ¥ @ FEEE

=-170 = g=0.0374 S
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SP 4-2

R1
4‘ ¢V 6.000
-18.00 Tz ES
V1 L V2 V3 o,
18Vde ——— Vde— OVde—
.
oV =0

From the PSpice output file:
VOLTAGE SOURCE CURRENTS
NAME CURRENT

V.Vl -3.000E+00
V V2 -2.250E+00

V. V3  -7.500E-01

The voltage source labeled V3 is a short circuit used to measure the mesh current. The mesh
currents are i; = —3 A (the current in the voltage source labeled V1) and i, = —0.75 A (the current
in the voltage source labeled V3).

SP 4-3
The PSpice schematic after running the simulation:

The PSpice output file:
#x4% INCLUDING sp4 2-SCHEMATICI .net **#*

* source SP4 2
V_ V4 0 NO1588 12Vdc
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R R4  NO1588 N01565 4k

V_ V5  NO01542 N01565 0Vdc

R R5  ONOIS16 4k

V_ V6  NO01542 NO1516 8Vdc
1 0NO1565 DC 2mAdc

I
I12 0 N01542 DC 1mAdc

VOLTAGE SOURCE CURRENTS
NAME CURRENT

V_V4 -4.000E-03
V_V5 2.000E-03
V_V6 -1.000E-03

From the PSpice schematic: v, =—-12 V, v, =v. =4 V, vg = —4 V. From the output file: i =2 mA.

SP 4-4
The PSpice schematic after running the simulation:

f\é‘%‘( -2.838

AVde——7
2 |
I
1|1k
4Vdc
1

The PSpice output file:
VOLTAGE SOURCE CURRENTS
NAME CURRENT

V V7  -5.613E-01
V V8  -6.008E-01

The current of the voltage source labeled V7 is also the current of the 2 Q resistor at the top of

the circuit. However this current is directed from right to left in the 2 Q resistor while the current
i is directed from left to right. Consequently, i = +5.613 A.
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Verification Problems

VP 4-1
10V
S
40 4 50
AA%Y NV
2Q 1/ A 3Q

Apply KCL at node b:
v, =V, 1 v, =V,
4 2 5
-48-52 1 —-48-3.0
— - T
4 2 5

The given voltages do not satisfy the KCL

equation at node b. They are not correct.

Apply KCL at node a:

- Vb_va]—2+v—0= 0
4 2

_[20=4 —2+i = —4=0
4 2

The given voltages do not satisfy the KCL

equation at node a. They are not correct.
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VP 4-3
Writing a node equation:

[7].]s]0]
@ Voltmeter @ _ 12-75 E 7.5-6 =0
Rl R3 R2
SO
45 75 1.5
T - —+—+—=0
- R, R, R,
R4 R .
AN AN There are only three cases to consider. Suppose
R, =5kQ and R, = R, =10 kQ. Then
C 12V R, (j) 6V
45 75 1.5 -09+0.75+0.15 _ 0
é R, R, R 1000

This choice of resistance values corresponds to branch
currents that satisfy KCL. Therefore, it is indeed possible
that two of the resistances are 10 kQ and the other
resistance is 5 kQ. The 5 kQ is R;.

VP 4-4
KCL at node 1:
O
8 (- _
ST C UL N RN ( )+—8+1:O TA
20 > 20 20Q ) 10 Q
) O }
KCL at node 2: VWV Vv
2 A
ViTVa_, VaTYs - —8—(—20):2+—20—(—6) - 15 Q
20 10 20 10 AN AN
12 6 -
= —=—
20 10
-V v -20—(-6 — -4 -
KCL at node 3: ‘)2—3+1:—3 = —()+1:_6 = _4:_6
10 15 10 15 10 15

KCL is satisfied at all of the nodes so the computer analysis is correct.
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VP 4-5

Top mesh: 10 (2—4)+12(2)+4(2-3)=0
Bottom right mesh 8 (3—4)+4 (3-2)+4=0

Bottom, left mesh: 28+10(4—-2)+8(4—3)#0 (Perhaps the polarity of the 28 V source was
entered incorrectly.)

KVL is not satified for the bottom, left mesh so the computer analysis is not correct.
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Design Problems

DP 4-1
Model the circuit as: R,
ANN—T
C‘*‘ 15V R, C\D )
a)

We need to keep v, across R, as 4.8<v, <54

03A display is active
For / :{ play

0.1 A display is not active

v,—=15 v
KCL at a: -2 +—=2+71=0
1 RZ
Assumed that maximum / results in minimum v, and visa-versa.
Then

B 48V when/=03A
2 154V  whenI=0.1A

Substitute these corresponding values of v, and / into the KCL equation and solve for the resistances

b)

48-15, 48 030
R] R2

4= 24 L 01=0
Rl R2

=R =789Q, R, = 483Q

L = 157_8‘;8 = 1292A = B, = (1292)*(7.89) = 13.17 W
2
5.4
I, 2% _igA = P - CO” 3w
2max 4.83 e 4.83

maximum supply current = [ R 1.292 A

ma

¢) No; if the supply voltage (15V) were to rise or drop, the voltage at the display would drop
below 4.8V or rise above 5.4V.

The power dissipated in the resistors is excessive. Most of the power from the supply is
dissipated in the resistors, not the display.
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DP 4-2

V1

=

L

AN

Rg R§ Q) v
1

Express the voltage of the 8 V source in terms of its node voltages to get v, —v, =8. Apply KCL

to the supernode corresponding to the 8 V source:

V,=Vi v, v, Vb_(_vz)

e L
R R R

Next set v, = 0 to get

O:

For example, vi =18 Vandv, =2 V.

Vv, —V
14 1 4 = v,—-v,=16V

=0 = 2v,—v,+2v,+v,=0

= 2va—v1+2(va+8)+v2 =0

= 4v,—v,+v,+16=0

Vi—=V,
= v, = 2 -4
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DP 4-3

a)

pply KCL to left mesh: —5+50i,+300 (i,-1)=0

Apply KCL to right mesh: (R+2)1+300 (/-i)= 0

Solving for I: 1= 150
1570 + 35R

We desire 50 mA <7< 75 mA so if R =100 Q, then / =29.59 mA = 1 amp so the lamp will not
light.

b) From the equation for /, we see that decreasing R increases /-

try R=50Q = [ =45 mA (won' light)

try R=25Q = [ =61 mA = will light
Now check R+10% to see if the lamp will light and not burn out:

-10% — 22.5Q — [ =63.63 mA}lamp will

+10% — 27.5Q — [ =59.23 mA | stay on

DP 4-4
10 Q R3 3 10 Q
AYAYAY
+
(Dzw 5Q Ry vyp Ci 25V Z5Q RZ v
— )
t\
Equivalent resistance: R=R,||R, || (R3 +R4)

Voltage division in the equivalent circuit: v, = ﬁ(%)
+

We require vy = 10 V. Apply the voltage division principle in the left circuit to get:
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102 R4 Vl — R4 x (Rl HR2|| (R3 + R4))
Ry+R, 10 + (R|R,| (R + R,))

R, +R,
This equation does not have a unique solution. Here’s one solution:

choose R, =R, = 25Qand R, +R, =20Q
then 10=&x (12‘5”20 )
20 10 + (12.5]20 )

and R, + R, =20= R, =1.6Q

x25 = R, =18.4Q

DP 4-5

Apply KCL to the left mesh:
(R, +R;) iy — Ryiy—v, =0

Apply KCL to the left mesh:

—Ryiy+ (R, +R,) i, +v,=0
Solving for the mesh currents using Cramer’s rule:

% (nen)

i, = and i, =

A A
where A = (R, +R;) (R, +R,) R/

Try Ri= Ry=R;=1kQ=1000 Q. Then A =3 MQ. The mesh currents will be given by

2v, - v,] 1000 ~2v, +v,] 1000
8 e LI e = =i =
! 3x10 3x10 3000

Now check the extreme values of the source voltages:

ifvy=v, =1V =i = %mA okay
ifvy=v, =2V =i-= %mA okay
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Chapter S Circuit Theorems
Exercises

Ex 5.3-1
R=10Qandi;,=1.2 A.

Ex 5.3-2
R=10Qandi;=-12A.

Ex 5.3-3
R=8Qandv,=24V.

Ex 5.3-4
R=8Qandv,=-24V.

Ex 5.4-1
v, :L(15)+20 —L(z) :6+20(—%):—2 A%
10+20+20 10+(20+20) 5
Ex 5.4-2
i, :ﬁ—i(5)=5—3=2A
3+2 243
Ex 5.4-3

N 3 e
vm_3[3+(3+3)(5)} VEPEI LR
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Ex 5.5-1

6Q

Q
b
6Q a
CT 1A 2 Q
b
2 Q 6Q 4
AN AMA—O
O
O
b
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Ex 5.5-2

12+6i,=2i, =

3i,=2i, = i

sc a sc

Ex 5.6-1
3Q 6 Q

jus]

O
b
6Q g
(1 1A 30 6Q
Q
b
6Q 4
CT 1T A 2 Q
O
b
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O

b
Ri=8Q ,
—AA—
Ct)voc*zv
=
b

Ex 5.6-2
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Ex 5.6-3

a
NN—0—N v 12x24  12x24
12Q 8Q R = = =8Q
‘12424 36
16 Q
v, =22 (30)=20V
12+24
A i 20
8+ R
Ex 5.7-1
AN——AN—O
3Q 2Q 4+ 6
m v, =——(18)=12V
(F)rev 60 Voo 6+3
O
b
a
3Q 2Q
3)(6
| o200y
6Q &' 3+6
Ry
- O
b
a For maximum power, we require
il i R,=R,=4Q
Ci)mv RS v Then
2 2
i pmax_voc = 12 :9W
4R 4(4)




Ex 5.7-2
1

. 3 50
7+7 J—

3 150 30
150(30)

R, =3+———==3+25=28Q
150+30

R (28)5°
P = = =175 W
4 4

Ex 5.7-3

The power increases as R, decreases so choose Ry =1 Q. Then

_,,_loo(s)

=139 W
pmax (1+5)2

Ex 5.7-4

—3—(56)=———(5.6)=5A
© 7 1+1( )=Sor1es50)

From the plot, the maximum power is 5 W when R =20 Q. Therefore:

R=20Q
and

Pow =2 = v, =[P4 R =[5(4)20=20V
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Problems

Section 5-3: Source Transformations

P5.3-1
(a)
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LR =20

v, =-05V
(b) —9-4i-2i+(-0.5)=0
;o 2405 i se A
4+2
v=9+4i=9+4(-1.58)=2.67 V
() i,=i=-158A
(checked using LNAP 8/15/02)
P5.3-2
8Q
3Q
p
Y
0V 6Q 2 A 4 Q
3Q
i
10V * Zea Z1ze (Dasa
. . .16 .
Finally, apply KVL: -10+3i, +41i, —?=0 oo, =219A

(checked using LNAP 8/15/02)
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P5.3-3

)
/
6  3A
i VAVAY
8V
30 10Q
D l
O A AMA
2a(D) S0 12Q | 70
20 Q . '

Source transformation at left; equivalent resistor for parallel 6 and 3 Q resistors:

_/
3A
32V 8V
20 100
(D
16 Q 12 Q | 70
20 O Y0 i
AV C>——

Equivalents for series resistors, series voltage source at left; series resistors, then source
transformation at top:

24V BV g
S & AV

36 Q 12 Q 7£l§
Vo .

Source transformation at left; series resistors at right:

y

(

213 A CD 36 Q 12 Q

w

(9)]

=
—
(o]
L=~
I~

NV

v

)<
N4

Parallel resistors, then source transformation at left:



)

—/

®

Finally, apply KVL to loop
-6+ i (9+19)-36-v,= 0
i=5/2 =>v,=-42+28(5/2)=28V

(checked using LNAP 8/15/02)

P5.3-4
6 kQ 4 kQ 4 kO

C 12y 3kQ 4kQ (;)6\/

2 kQ 4 kQ 2 kQ

— 4 — 2000, — 40007, +10 —2000i, -3=0
wi,o= 375 uA

a

(checked using LNAP 8/15/02)
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PS.3-5

4 A
T
\_/

6V
6 Q
A——O)

L
AMA—O)
@) 1A sa (D) e2a
Ve
6o AV 30

(checked using LNAP 8/15/02)

P5.3-6
A source transformation on the right side of the circuit, followed by replacing series resistors
with an equivalent resistor:

100 Q 100 Q

Source transformations on both the right side and the left side of the circuit:



+
C/I\ 100 mA 100Q v, 100 Q 100 Q 110 mA
=

Replacing parallel resistors with an equivalent resistor and also replacing parallel current sources
with an equivalent current source:

+

50 va§1oog

C’[\ 210 mA

|||-|>—/\/\/—0

50(100) 199 021y=7v

Finally, _ 21)=
haty Y =504100 02 =3

(checked using LNAP 8/15/02)
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Section 5-4 Superposition

P5.4-1
Consider 6 A source only (open 9 A source)
Use current division:

v 15
— =6|————| => v =40V
1OQ§ (D 8A §15Q 20 [15+30} LR
20 Q
AAAY
+ V1 —
Consider 9 A source only (open 6 A source) Use current division:

20Q
AVAVAY,
Vo -

“v=v +v, =40 + 40 = 80V

% =9{%} = v, =40V
1OQ§ 9A §TSQ *
+

(checked using LNAP 8/15/02)

P5.4-2
Consider 12 V source only (open both current sources)
KVL:
12V 4 kO
@ AN 20+ 12+4i,+12i, =0
=i =-1/3mA
20 kQ § 12 kQ §
i
Consider 3 mA source only (short 12 V and open 9
mA sources) Current Division:
4 kQ
1 4
AN N 0 A
16+20 3
2OKQ§ 3mA () 12m§
i)
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Consider 9 mA source only (short 12 V and open 3
mA sources)

4 kQ Current Division:
A"
, i=-9| —2—| = -3mA
20 kQ 12 kO (D oma 24512
i3

i =4+ L+ = -1/3+4/3 -3 =-2mA

(checked using LNAP 8/15/02)

P5.4-3
Consider 30 mA source only (open 15 mA and short 15 V sources). Let i; be the part of i due to
the 30 mA current source.

ia:3OL:6mA:>il:ia 6 =2
2+8 6+12

Consider 15 mA source only (open 30 mA source and short 15 V source) Let i, be the part of i
due to the 15 mA current source.
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Consider 15 V source only (open both current sources). Let i3 be the part of i due to the 15V
voltage source.

i = —25] 06 | _ —10( 3 ] = —0.5mA
(6]6)+12 3+412)  ———o

Finally, i =104 +,+i = 2+2-0.5 = 3.5mA
(checked using LNAP 8/15/02)
P5.4-4
Consider 10 V source only (open 30 mA source and Let v, be the part of v, due to the
short the 8 V source)
10 V voltage source.
100 Q
v = 1001100 (10)
+ (100||100)+100
10V v, 100 Q 100 Q :ﬂ(m)zﬁv
150 3

Consider 8 V source only (open 30 mA source and Let v, be the part of v, due to the

short the 10 V source) 8 V voltage source

8V

G )

+ — *

NI v = 1001|100 (8)

(100100)+100

2
+
1000 v, S 1000 100 Q - Vg)=Sv
15073
T
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Consider 30 mA source only (short both the 10 V

source and the 8 V source)

+
100Q v3<S 1000 <1000 (/D
Finally, v, =V, + v, +V3 =
P5.4-5

Consider 8 V source only (open the 2 A source)

I
—
6Q
8V

Consider 2 A source only (short the 8 V source)

N\

3 Q

<i> 31,

Iy f2+2
— —_—>
6 Q 3Q
N + ;
D o
2 1 1
Finally, | = 4. =2 =_ A
mally I =1+, 3 276

Let v, be the part of v, due to the
30 mA current source.

v, =(100][100 (| 100)(0.03)

%(0.03) =1V

30 mA

E+§+1=7V

(checked using LNAP 8/15/02)
Let i; be the part of ix due to the 8 V
voltage source.

Apply KVL to the supermesh:
6(i,)+3(i,)+3(i)-8=0

SN
12 3

Let i, be the part of ix due to the 2 A
current source.

Apply KVL to the supermesh:
6(i,)+3(i,+2)+3i,=0

1

L6
12 2
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Section 5-5: Thévenin’s Theorem

P5.5-1
30 3Q 4
C 12V 6Q 3A
C
b
3G a
CT 4 A 30 6 Q 3A
O
b
30 a
(T 1A 20
O
b
20 30 a
AVAAY, NAN—O

s

(checked using LNAP 8/15/02)
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P5.5-2
The circuit from Figure P5.5-2a can be reduced to its Thevenin equivalent circuit in four steps:

\/\—0 \\—0

8O 8 Q
C\lDLSA 10Q 40 Q C\IDLSA 8Q

2 2
(a) i (b) )

NN—ANNV—0 —A\/N\,—O

8 Q 8O 16 Q
(;) 12V (;) 12V
) )
() ) (d) )

Comparing (d) to Figure P5.5-2b shows that the Thevenin resistance is R, = 16 Q and the open
circuit voltage, v, =—12 V.
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P5.5-3
The circuit from Figure P5.5-3a can be reduced to its Thevenin equivalent circuit in five steps:

ANN—C) o
6Q 12V
CIDGV 6Q
6Q
N\ Q
(a) i
AVAY O ©
120
<+>6V §6Q QDO.SA 120 S 60
0 0
(b) B (©)

(Dosa San Dev

Q Q

@ (o) i

Comparing (e) to Figure P5.5-3b shows that the Thevenin resistance is R; = 4 Q2 and the open
circuit voltage, v, =2 V.

(checked using LNAP 8/15/02)
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P5.5-4

Find R;:
12 Q
6Q 10Q a
—QO
3Q ﬁ
Rt
. O
b
B 12(10+2) B
"12+(10+2)
Write mesh equations to find vi:
12 Q
/,D
6Q 10Q a
< —O
+
18V<+> i
— @ 3Q Voo
. O
b
: : . 7 1
Finally, v, =3i,+107, =3 3 +10 5 =12V

S

12 Q

10 Q a

S

2¢€

Mesh equations:

12i,+104,-6 (i, —i,) =0
6(i,~i,)+3i,~18=0

280, =61,
9i,—6i, =18

36i,=18 = A

L=

oA 7
> 31(2) 3

1
2

(checked using LNAP 8/15/02)
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P5.5-5
Find vy:

Notice that v, is the node voltage at node a. Express
the controlling voltage of the dependent source as a
function of the node voltage:

Va= —Voc

Apply KCL at node a:

(5= (5)
- 2+ ——v,. |=0
8 4 4

—-6+v, +2v, —6v, =0 = v _=-2V

Find R;:

We’ll find i, and use it to calculate R;. Notice that
the short circuit forces

v,=0

Apply KCL at node a:

(t)tav v, S 40
+
O

b

(checked using LNAP 8/15/02)

5-21



P5.5-6

Find vo.:
a
NN —"\V/\—0
30 + 30 4+
+
<_>2va 60 v, C\[, 3A Voo
e O
= b
. 2v —v
Apply KCL at the top, middle node: —

=144340 = v, =18V
3 6
The voltage across the right-hand 3 Q resistor is zero so:

Va=Voc =18V
Find ig:
a
3Q + 3Q
+
<_>2vEl 6Q Vg C\l/ 3A \L"sc
. O
= b
. 2v,—-v, v
Apply KCL at the top, middle node: "3 4 = E“+3 +4+ = vy, =-18V
Apply Ohm’s law to the right-hand 3 Q resistor : i, = V?" = %18 =—6V
Finally: R, =Yoo = 18 _

-3Q

t

i, —6

(checked using LNAP 8/15/02)
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PS.5-7

(a)
—v, + R i, +(d+1)R,i,=0
o v,
¥ ““R+(d+)R,
o (d+1)Ryy,
o Yoo T R, +(d+1)R,

—i—di +~L—i =0
R2
* Ryi, =—-v;
di, RSv(Di;
R,(d+1)+R
- iT:(d+1);—T+V—T:Mva

(b) Let Ry = R, =1 kQ. Then

625(2:Rt:1000 = d:@—2:—0.4A/A
d+2 625
and
d+1 —
soy D 042 sy
d+2 —04+1

(checked using LNAP 8/15/02)
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P5.5-8
From the given data:

N/ \—0 2000
R :—Vos
, + R, +2000 v =12V
+) , R : 4000 ~ & =-16000
_ bOC V [ 2= v
B R, +4000 *
I\
O When R = 8000 O,
R
V= v 8000
oc y=— " (12)=15V
R +R —1600+8000( )

P5.5-9
From the given data:

0.004 = —Yoc
R, +2000 v, =24V
=

+) , - R, = 4000 Q
(_) Y oe v R § \l/‘ 0.003 = — e ,
R, +4000

>
+ O

O (a) When i = 0.002 A:
v, 0.002=—22 = R=80000Q
= 4000+ R
R, +R

(b) Maximum 7 occurs when R = 0:

A:O.OO6=6mA = i<6mA
4000

P5.5-10
The current at the point on the plot where v = 0 is the short circuit current, so i =20 mA.
The voltage at the point on the plot where i = 0 is the open circuit voltage, so voc = -3 V.

The slope of the plot is equal to the negative reciprocal of the Thevenin resistance, so
1000002 oo
R -3-0

t
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P5.5-11

2000i,
12v () 1kQ%lfa Vo
o
b

2000i,
12v () ‘IkQ%lfa isc |
667Q . '}

A —o—

~12+6000i, +2000i, +10007, =0
i = 4/3000 A

v, =1000 i, =§ \%

iz = 0 due to the short circuit

~124+6000i, =0 = i =2 mA

4
R=Ye-3 _6670Q

iy = 0.002 A requires

4
R=—3__667=0

0.002

(checked using LNAP 8/15/02)
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P5.5-12

4i
a
+ e
+
10A(]) 20 Voc
' -
O
b
a
+ —
10a(]) 20 4 isc |
/'
b
-2Q 3
—\VV\—0—

10=i+0 = i=10 A
v, +4i-2i=0

= v, =-2i=-20V

i+i, =10 = i=10—-i,

4i+0-2i=0 = i=0 = i =10A

S

t:&:__zoz_zg
i, 10
=i = 202 —~ R, =120

(checked using LNAP 8/15/02)
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Section 5-6: Norton’s Theorem

P5.6-1

When the terminals of the boxes are open-circuited, no current flows in Box A, but the resistor in
Box B dissipates 1 watt. Box B is therefore warmer than Box A. If you short the terminals of
each box, the resistor in Box A will draw 1 amp and dissipate 1 watt. The resistor in Box B will

be shorted, draw no current, and dissipate no power. Then Box A will warm up and Box B will
cool off.

PS.6-2

%}jﬁj“” 3

154 | 250 - E:Qb %2 -

b

(checked using LNAP 8/16/02)

a.
)

b oo
&

N
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P5.6-3

a . & 4
—0
. 65%\%;\\#‘
2 o
b b
a | b o \l( a
I lo %2
fl - ‘4
= 81 n & 5
S, —r
b b &
P5.6-4

To determine the value of the short circuit current, i;., we connect a short circuit across the
terminals of the circuit and then calculate the value of the current in that short circuit. Figure (a)
shows the circuit from Figure 5.6-4a after adding the short circuit and labeling the short circuit
current. Also, the meshes have been identified and labeled in anticipation of writing mesh
equations. Let i; and i; denote the mesh currents in meshes 1 and 2, respectively.

In Figure (a), mesh current i, is equal to the current in the short circuit. Consequently,
i, =i . The controlling current of the CCVS is expressed in terms of the mesh currents as

ia :il _i2 :il _isc

Apply KVL to mesh 1 to get
3i,-2(i,~i,)+6(i,~i,)-10=0 = 7i—4i,=10 1)
Apply KVL to mesh 2 to get

5i,-6(i,=i,)=0 = —6i,+11i,=0 = z‘;%z‘z

Substituting into equation 1 gives

=113A

S

11
7(?'2)—41'2:10 = i,=113A = i
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2D b

Figure (a) Calculating the short circuit current, iy, using mesh equations.

To determine the value of the Thevenin resistance, R,, first replace the 10 V voltage
source by a 0 V voltage source, i.e. a short circuit. Next, connect a current source across the
terminals of the circuit and then label the voltage across that current source as shown in Figure
(b). The Thevenin resistance will be calculated from the current and voltage of the current source
as

\Y
T
Rt —_—

iT
In Figure (b), the meshes have been identified and labeled in anticipation of writing mesh
equations. Let i; and i, denote the mesh currents in meshes 1 and 2, respectively.

In Figure (b), mesh current i is equal to the negative of the current source current.
Consequently, 7, =i, . The controlling current of the CCVS is expressed in terms of the mesh

currents as
I,=1,—1,=1,+Ii;

Apply KVL to mesh 1 to get
3i,-2(i,—i,)+6(i,—i,)=0 = Tij—4i,=0 = i =§i2 Q)
Apply KVL to mesh 2 to get
Siy,+v,—6(i,—i,)=0 = —6i,+11i,=—v,
Substituting for 7; using equation 2 gives

—6(gi2j+11i2 =—v, = 757i,=-v,

Finally,
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— N> AN—0

30 o 50 -
a
/D | 6Q @ vy @\):'T
'a\L _
{

. . . . 2 . .
Figure (b) Calculating the Thevenin resistance, R, =, using mesh equations.
lT

To determine the value of the open circuit voltage, v,., we connect an open circuit across
the terminals of the circuit and then calculate the value of the voltage across that open circuit.
Figure (c) shows the circuit from Figure 4.6-4a after adding the open circuit and labeling the
open circuit voltage. Also, the meshes have been identified and labeled in anticipation of writing
mesh equations. Let i; and i, denote the mesh currents in meshes 1 and 2, respectively.

In Figure (c), mesh current i, is equal to the current in the open circuit. Consequently,

i, =0 A. The controlling current of the CCVS is expressed in terms of the mesh currents as

=i —i,=i,—0=i
Apply KVL to mesh 1 to get
3i,-2(i,—1,)+6(i,=i,)-10=0 = 3i-2(i,—0)+6(i,—0)-10=0
= i1:§:1.43A
Apply KVL to mesh 2 to get

5i,+v, —6(i,=i,)=0 = v, =6(i,)=6(1.43)=858V

(j)mv /D f'\L 6Q @ V,.
a

Figure (c) Calculating the open circuit voltage, v,., using mesh equations.

As a check, notice that R, i, =(7.57)(1.13)=8.55~v,,

(checked using LNAP 8/16/02)
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P5.6-5
To determine the value of the short circuit current, /., we connect a short circuit across the
terminals of the circuit and then calculate the value of the current in that short circuit. Figure (a)
shows the circuit from Figure 4.6-5a after adding the short circuit and labeling the short circuit
current. Also, the nodes have been identified and labeled in anticipation of writing node
equations. Let v, v; and v; denote the node voltages at nodes 1, 2 and 3, respectively.

In Figure (a), node voltage v; is equal to the negative of the voltage source voltage.
Consequently, v, =—24 V. The voltage at node 3 is equal to the voltage across a short, v, =0.

The controlling voltage of the VCCS, v,, is equal to the node voltage at node 2, i.e. v, =v,. The
voltage at node 3 is equal to the voltage across a short, 1.e. v; =0.
Apply KCL at node 2 to get
Vi=Vy V= Vs

= = 2v,+v,=3v, = -48=3v, = vy, =-16V
3 6

Apply KCL at node 3 to get

V,—V
= 3+iv2=isc = gva:isc = i, =—(-16)=-24 A
6 3 6

@ ® ®
—\VN—"V\V 0

30+ 60
CJD 24V v, <4\> 1.33v, l/!sc

Q

N \©O

Figure (a) Calculating the short circuit current, /., using mesh equations.

To determine the value of the Thevenin resistance, R, first replace the 24 V voltage
source by a 0 V voltage source, i.e. a short circuit. Next, connect a current source circuit across
the terminals of the circuit and then label the voltage across that current source as shown in
Figure (b). The Thevenin resistance will be calculated from the current and voltage of the current
source as

R, = V_T
Iy

Also, the nodes have been identified and labeled in anticipation of writing node equations. Let
vi, 2 and v3 denote the node voltages at nodes 1, 2 and 3, respectively.
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In Figure (b), node voltage v, is equal to the across a short circuit, i.e. v, =0. The
controlling voltage of the VCCS, v,, is equal to the node voltage at node 2, i.e. v, =v,. The

voltage at node 3 is equal to the voltage across the current source, i.e. v, =v;.

Apply KCL at node 2 to get

V,=V, V,—V
13 2 = 26 2 = 2vi+vy,=3v, = v,=3v,

Apply KCL at node 3 to get

Finally,

Vy =V

6

+§v2+iT:0 = 9v,-v,+6i,=0

= 9v,-v,+6i,=0

= 3v,—v,+6i,=0 = 2v,=-6i,

R=2-230

t
Iy

© ® ®
AVAY AVAV O

+ 6Q +

A%

. . : V. . .
Figure (b) Calculating the Thevenin resistance, R, =L, using mesh equations.

Iy

(;) 24V v, 133y, <’[\> vy (’D I

To determine the value of the open circuit voltage, v,., we connect an open circuit across
the terminals of the circuit and then calculate the value of the voltage across that open circuit.
Figure (c) shows the circuit from Figure P 4.6-5a after adding the open circuit and labeling the
open circuit voltage. Also, the nodes have been identified and labeled in anticipation of writing

node equations. Let v, v, and vs denote the node voltages at nodes 1, 2 and 3, respectively.
In Figure (c), node voltage v, is equal to the negative of the voltage source voltage.

Consequently, v, =—-24 V. The controlling voltage of the VCCS, v,, is equal to the node voltage

atnode 2, i.e. v, =v,. The voltage at node 3 is equal to the open circuit voltage, i.e. v, =v,_.

Apply KCL at node 2 to get
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V=V, V,—V,
13 = 5 = 2v,+v;=3v, = —-48+v =3v,

Apply KCL at node 3 to get

V, =V
26 3+§v2:O = 9v,—v;=0 = 9y, =v,

Combining these equations gives

3(—48+v,)=9v,=v

oc

= v, =72V

@ ® ®
NN

30 + 6Q
L) 24v v <>1.33v
(‘f‘) a 4\ a VOC

+ O

Figure (c) Calculating the open circuit voltage, v,., using node equations.

As a check, notice that
R, I, =(-3)(-24)=72=V,

th *sc

(checked using LNAP 8/16/02)

Section 5-7: Maximum Power Transfer

P5.7-1
1Q
a) For maximum power transfer, set R equal AVAVAY, O
to the Thevenin resistance:
100 Q
R, =R =100+1=101Q 00 <7

R,

O

b) To calculate the maximum power, first replace the circuit connected to Ry be its Thevenin
equivalent circuit:

5-33



10 101 Q +
1A (%) §1OOQ 101 Q§ 100V (%) 1010 v,
The voltage across Ry is v, = &(100) =50V
s - LT 101+101
2 2
Then po =2 30 ougsw
R, 101
P5.7-2
Reduce the circuit using source transformations:
40 mA 1500 SR 1000 (1)20mA

60 mA ’D 60 Q R

Then (a) maximum power will be dissipated in resistor R when: R = R, = 60 Q and (b) the value

of that maximum power is

ma

P =i(R) = (0.03)2(60) =54 mW
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P5.7-3

R. R
v, =V L
AVAVAY, L § R +R,

2 2
Vv +> } ) . VL Vs RL
S C— R, LpL=E—

R, (R+R.)

= + 0

. v S By inspection, pp is max when you reduce Rs to get the

Source Load smallest denominator.
network .. SetRs=10
P5.7-4

Find R; by finding is. and vq.:

f 10
—> A
< ©
16V(*) 0.9 A 30 isc
N\ ®
20

The current in the 3 Q resistor is zero because of the short circuit. Consequently, is. = 10 iy.
Apply KCL at the top-left node to get

i +09=10i = ixz%:O.IA
SO
ie=10i,=1A
Next
i 10
> P
< 0
+
16V () 0.9 A 3Q Vg,

—\V\ o

2Q

Apply KCL at the top-left node to get
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i +09=10i = ix:%:O.IA

Apply Ohm’s law to the 3 Q resistor to get
v, =3(104,)=30(0.1)=3V

For maximum power transfer to Ry :

The maximum power delivered to Ry is given by

2 2
pmaxzvo;= 3 :EW
4R, 4(3) 4

P5.7-5
8 Q

AAAY
20 Q +
oC
120 Q » 50 Q —
O
b
170 30
The reqUired value of R is VOU = |:170 + 30 (20):| 10 _|:170 + 30 (20):| 50
(20+120) (10+50) _ 170(20)(10)—-30(20)(50) ~ 4000
R=R, =8+ =500 - 200 B B
(20+120)+(10+50)
The maximum power is given by
v, 20
pmax === = 2 W
4R, 4(50)
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PSpice Problems

SP5-1
|
100 +0Vdr.|: a=0.3333
V] —— 100 100 13
1Wde @\
0Adc
EIE '?'0
V2
oVl I 666.7m
100 1Vdc
b=0.3333
V] —— 100 100 13
ovde 1 @
0Adc
EIE '?'0
V2
OV || |
100 N
0Vde ¢ =33.33 V/A
V1l —— 100 100 13
ovde 1 @\
1Adc
E!E '?'O
(a) v, =0.3333v, +0.3333 v, +33.33 1,
,_18
. . 3
(b) 7=0.3333(10)+0.3333(8)+33.334, = 13=T03=@=30mA
3
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SP5-2
Before the source transformation:

V2
|| | 1.000
+ | l ]
8\Vdc
100 @ 13
" 30mAde
0V
VOLTAGE SOURCE CURRENTS
NAME CURRENT
V Vi -3.000E-02
V V2 -4.000E-02
After the source transformation:
V2
|| | 1.000
+ | ! 1
8Vdc

14 @ 100 100 100 @ 13

100mAdc | [ 30mAdc

oV =0

VOLTAGE SOURCE CURRENTS
NAME CURRENT

vV V2 -4.000E-02
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SPS-3

— A
8
- :
S G
6.000 .+ 0.75 X
6Vde—— 4
-
-0
—
8
[ -~
S G
6.000 .+ 0.750
. ] V4
oVde— 4 —QVdc
——
-0
—
8
[ )
S G
oY - .+ 0.75 PXIy;
oVde—— 4 @
) | 1Adc

Voe=—12V

VOLTAGE SOURCE CURRENTS

NAME  CURRENT

V V3  -7.500E-01

V V4  7.500E-01
ie=0.75 A
Ri=-2.66 Q)
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SPS-4

A
3 5
¥ | H -
10.00 < | 2
. V5 & g
10V de— 1G
-

Voc=8.571V

VOLTAGE SOURCE CURRENTS
NAME  CURRENT
V.V5  -2.075E+00
V V6  1.132E+00
X HIL.VH Hl 9.434E-01

ise=1.132 A

R=7.571Q
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Verification Problems

VP5-1

Use the data in the first two lines of the table to determine vy
N/ \,—O and Ry
R ¢ +
<+> Voc v R § l} 0.0972 = Voe
= B R, +0 v,.=399V
A v = R,=410Q
O 0.0438 = —=—
R, +500
Now check the third line of the table. When R= 5000 Q:
=Y 399 _g37a
R, +R 410+5000

which disagree with the data in the table.
The data is not consistent.

VP5-2
Use the data in the table to determine v, and i.:

N/ \—O v,, =12V (line 1 of the table)
Ry + i =3mA (line 3 of the table)
+ ) i .
C—) Yoc ' R§$ 0 R =2 =4kQ
- lSC
Next, check line 2 of the table. When R = 10 kQ:
=t o 12 _g57mA
R,+R 10(10°)+5(10%)

which agrees with the data in the table.

To cause i = 1 mA requires  0.001=i= Yoe 12 = R=8000Q

R,+R 10(10°)+R
I agree with my lab partner’s claim that R = 8000 causes i = 1 mA.
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60 60

+ O

oc

op DR §lf R4R ™6 (1g) 49 60440
1

Q

The measurement supports the prelab calculation.

Design Problems

DP5-1
The equation of representing the straight line in Figure DP 5-1bis v=—R,i+v, . Thatis, the

slope of the line is equal to -1 times the Thevenin resistance and the "v - intercept" is equal to the

open circuit voltage. Therefore: R, = —L =625Q and vy, =5 V.
0.008-0
Try R, =R, =1kQ. (R || R, must be smaller than R, = 625 Q.) Then
R
= 2 Vv=l"s =v, =10V
R +R, 2 ‘
and
RIRZ

625=R, +

=R, +500 = R, =125Q
1 + 2
Now vs, R;, R, and R3 have all been specified so the design is complete.

DP5-2
The equation of representing the straight line in Figure DP 5-2bis v=—R,i+v, . That s, the

slope of the line is equal to -1 times the Thevenin resistance and the "v - intercept" is equal to the

open circuit voltage. Therefore: R, = —L =500Q and v,,=-3 V.
-0.006-0
From the circuit we calculate
Ry(R,+R,) RR,
,=——Fand v, =————1_
R, +R,+R, R, +R,+R,
SO
R +R R.R
500 Q = (R z)and—3V= R
R, +R,+R, R, +R,+R,
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Try R, =1kQ and R, +R, =1kQ. Then R, =500 Q2 and

1000R, R,
3=- i =——Li =6=R,i
2000 2

This equation can be satisfied by taking R; = 600 Q and i = 10 mA. Finally, R, =1 kQ - 400 Q =
400 Q. Now is, Ry, R and Rs have all been specified so the design is complete.

DPS-3
The slope of the graph is positive so the Thevenin resistance is negative. This would require

R R
R, + 2 ! ; <0, which is not possible since R, R, and R; will all be non-negative.
1 + 2

Is it not possible to specify values of vs, Ry, R, and R3 that cause the current i and the
voltage v in Figure DP 5-3a to satisfy the relationship described by the graph in Figure DP 5-35.

DP5-4

The equation of representing the straight line in Figure DP 5-4bis v=—R,i+v, . Thatis, the

slope of the line is equal to the Thevenin impedance and the "v - intercept" is equal to the open
-5-0

circuit voltage. Therefore: R, = —————=-625Q and v, =5 V.
0-0.008

The open circuit voltage, v,, the short circuit current, i, and the Thevenin resistance, R,
of this circuit are given by
R,(d+1)
VOC = —VS
R, +(d+1)R,
(d+1)
lSC = —VS
Rl

and

1{)f — RIRZ

R +(d+1)R,

Let Ry =R, =1 kQ. Then

_e250=R, =000 ;1000 ,_ 36
d+2 625
and
d+1 —
P () L y=20%2 5 3077V
d+2 S =3.6+1

Now v, R, R, and d have all been specified so the design is complete.
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Chapter 6: The Operational Amplifier

Exercises
Ex. 6.4-1
R,
ALY
h S hYe 0= 0
Rl RZ
+ +
Ideal v, Yo 1R
_ Vs Rl
o
Ex. 6.4-2
Ry a)
AW R,
0A v, = Vg
Vy @ — - R1+R2
Va
— + Yo  Ya™% 40—
R, R4 oA ¥ Ideal R, R,
Vg Rz Yo
o
R R R
Yoo+ o Lo - 1+
Va R, Vs R +R, 3
R R o R
b) When R, >>R, then 2 = 22— jgnd B o= 4td
+R R
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Ex. 6.5-1

OAL
)
’ Vo V=V,
 E—— + +0=0
0A Vo Rz R1
Rq yo__ R
§R2 v, v. R+R,
vS
T °
Ex. 6.6-1
Vin O——
in j R, Vor=1T+
Yu Vo Y020 = vo= [1+-L |y out (
R, R, i

when R, =100 kQ and R, =25kQ then

3
Vou _ [, 100 103 _ s
v 25-10

{b) Noninverting amplifier
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Ex. 6.7-1

10 kQ
10 kQ

Vo C_“) R,
10 kQ

10x10° R, 10x10° R,
v, =| — 3 T (vt 1+ 3 1+ T [V
10x10 R, +10x10 10x10 10x10

R, R,
= — —3 V2+2 1+ 3 Vl
R, +10x10 10x10

We require v, =(4)v, — (%) V,, SO

R
4=2|1+——| = R, =10x10°=10kQ
10x10

and

R
Lo % R 410x10°=5R, = R,=25kQ
5 R,+10x10
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Ex. 6.7-2
Asin Ex 6.7-1

_ R, R,
V== ———— |V, +2| 1+ T [V
R, +10x10 10x10

We require v, =(6)v, — (%) v,, SO

R
6=21+———| = R, =20x10’=20kQ
10x10

and
4 RZ 3
—=——— = 4R, +40x10°=5R, = R,=40kQ
5 R,+10x10

Ex. 6.8-1

Analysis of the circuit in Section 6.7 showed that output offset voltage = 6 v +(50x10°) i,

For a #A741 op amp,

v, < 1mV and |ib]| < 80nA so
output offset Voltage‘ =6v, + (50x10° )ibl‘ <6 (10‘3)+(50.103 )(80x107?) = 10 mV
Ex. 6.8-2
K, K,
“ O H>J
in Ve +
ﬁbz d“” F?L \E}
L
Vo = —— in +[1+%] vos +R21b1
1 1

When R, =10 kQ, R = 2 kQ,

VOS

< SmVand |1'b1| < 500 nA then
output offset voltage < 6(5><10‘3) + (10><103) (500.10-9)3 35x10% = 35 mV
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Ex. 6.8-3

Analysis of this circuit in Section 6.7 showed that output offset voltage = 6 v+ (50 x1 03) iy,
For a typical OPAIOIAM, v, = 0.1mV andi, = 0.012 nA so

A

loutput offset voltage| < 6[0.1x107 |+(50x10°)[0.012x10” ]
< 0.6x107 + 0.6x10° = 0.6x107 =0.6 mV

Ex. 6.8-4

Ra v R,

V.
Ay —r W
Vv E; +
< -+
L Vi TR -l
e, __j‘___

Writing node equations

V.=V, "—_Vo+ v ~
R, R, R +R,
R.
Wl AR R -
.+ 3
i s N v,V 0
R, R,
After some algebra
A =V—0: RO (Rl +Rs)+AR,Rf

v

v, (R, +R,)(R+R)+R,(R,+R,+R +R)-ARR,

For the given values, 4, =-2.00006 V/V.
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Problems

Section 6-4: The Ideal Operational Amplifier

P6.4-1
20 kQ
AVAVAY,
— 0V +
0A |9 h
oAP:
20 kQ §() \V4
+ 50 kilg
(: 4V
P6.4-2

20 kQ

4V
4V

4V

(checked using LNAP 8/16/02)

Apply KVL to loop 1:

~12+30004,+0+2000i = 0
i = 2~ 24mA
5000

The currents into the inputs of an ideal op
amp are Zero so
i, =i = 24mA

i, = —i, = —24mA
i, (1000) + 0=-2.4 V

A% =

a

Apply Ohm’s law to the 4 kQ resistor
v, =V, —I (4000)
=-2.4-(2.4x107)(4000)=-12V

(checked using LNAP 8/16/02)
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P6.4-3

4kQ  vg 8KQ
NVN——NN—
OIA\L Jf“
12V jz) * "
2V D 20 kQ 0
TlT _
P6.4-4
10 kQ
AYAVAY
° >
+ +
0.1T mA Cl) v C) £y

The voltages at the input nodes of an ideal op amp
are equalso v, =-2 V.

Apply KCL at node a:

n,=(2), 12-(=2)
8000 4000

=0 =v,=-30V

Apply Ohm’s law to the 8 kQ resistor

j =2 _35mA
8000

(checked using LNAP 8/16/02)

The voltages at the input nodes of an ideal
op amp are equal so v=5V.

Apply KCL at the inverting input node of
the op amp:

Va (Y] 0 1x107-0=0 = v =4V
10000 a

20 kQ § Apply Ohm’s law to the 20 kC2 resistor

P6.4-5

T

The voltages at the input nodes of
an ideal op amp are equal so
v, =0 V. Apply KCL at node a:

(v,—0) (12-0
3000 4000

=v, = -15V
Apply KCL at the output node of

the op amp:

\% \%
. 0 0
lo+

+
6000 3000

j—2404:0

12v(®) 2ma(])

—0=i =7.5mA

l’l = —e = lmA
20000 5

(checked using LNAP 8/16/02)

4 kQ

NN—9

(check_ed using LNAP 8/16/02)
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P6.4-6
The currents into the inputs of an ideal op amp 6 kQ

are zero and the voltages at the input nodes of —ANAN—

\
an ideal op amp are equal so v, =2.5 V. O
Apply Ohm’s law to the 4 kQ resistor: / +
=Y 2 _g65mA 8 ko \l,"h
4000 4000 (
+
_)25YV
Apply KCL at node a: VWV Ya Yo
i =i =0.625 mA 6 ke
Apply KVL: 4 kQ \Lf'a
v, =8000i, +4000 i, —

O

= (12x103)(0.625x10-3) =75V

(checked using LNAP 8/16/02)

P6.4-7
R4
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P6.4-8

The node voltages have been
labeled using:

1. The currents into the
inputs of an ideal op amp are
zero and the voltages at the
input nodes of an ideal op

0A
—>
+ 11.8V
8 kQ
i
7.8V

amp are equal. +
» KCL \1/0.5 mA Vo § 4 ke
3. Ohm’s law 58V o
Then 8 kQ
v, =11.8-1.8=10V
and 1.8V
i =29 _osma
4000
B (checked using LNAP 8/16/02)
P6.4-9
KCL at node a:
—(-18 4 kQ
V“4(§00 )+8560+0:0 = v, =-12V 1kQ AAA,
AAAY b +
The node voltages at the input nodes of - 8 kO § v
ideal op amps are equal so v, =v,. <+ 18V 8 kQ 0

Voltage division:

8000
Vv =———————V, =
4000+8000

(check using LNAP 8/16/02)
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Section 6-5: Nodal Analysis of Circuits Containing Ideal Operational Amplifiers

P6.5-1
a 20 kQ h
& +

d

9 kQ
2\/(2;) s

1T kQ

KCL at node b: vb_2+ Vs +Vb+5 =0 vb=—lV

20000 40000 40000 4

. . 1
The node voltages at the input nodes of an ideal op amp are equal sov, =v, = 3 V.

KCL at node e: Ye Yl _g o vd=10ve=—£V
1000 9000 4

(checked using LNAP 8/16/02)
P6.5-2
Apply KCL at node a:

_va—12+ v, +va—0 b =4V

= = v,
6000 6000 6000 — ANN——AN\—o
6 kQ

Apply KCL at the inverting input of the
op amp:

—@f“}n+@‘“] 0 Ct1zv

6000 6000 )
= v, =-v, =4V

Apply KCL at the output of the op amp:

. 0—v %
i — S l+——=0
° (6000] 6000

— i =——%_ _133mA
°" 3000

(checked using LNAP 8/16/02)
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P6.5-3

R, v, R,
Apply KCL at the inverting input of
the op amp:
R3
% T )=
AN— 2 1
oV v(} =V = —&V
VS Rl ‘
Apply KCL at node a:
VeVo | Vo | Ve -0 ~ 0= v, =R, i+i+i v, = R,R,+R,R,+R,R, v,
R, R, R, R, R, R, R,R,
_ RRARR,+RR, y
R1R3 ’
Plug in values = yields Vo 304900430 _ -200 V/V
v, 4.8
P6.5-4
Ohm’s law:
=i V1
RZ
KVL: -
b= (R R+ R)i= S ()
2

Vo
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P6.5-5

6-12



P6.5-6

KCL at node b:

KCL at node a:

So

10 kQ
AVAVAY
40kQ | 20kQ | 25kQ
AVAVAY, NN—0— AN
12V §4OI~<Q -
+

=(-12)

+ =
20x10°  25x10°

+
40x10°  10x10° 20x10°

Vo v, +0

10x10°

5 15
V,=——V, =——.
4 13

)
v, = ==V,
4

+
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P6.5-7

Apply KCL at the inverting input
node of the op amp

(vu—Oj_l_O (v,+6)-0) _ 0 10 kQ
10000 30000 | 10 kQ
—y =15V
va+ 6
Apply KCL to the super node 30 kQ

corresponding the voltage source:

v,—0 Y +6-0

10000 30000
Vo=V (Va +6)_Vb
30000 10000

= 3y, +v,+6+v, -V,
+3[(v,+6)-v,] = 0

= v, =2v+6=3V

Apply KCL at node b:

Y " Ve Vo _(va_vb j_ (Va+6)_vb _—
10000 30000 \ 30000 10000

= 3y, +(v,, -V, )—(va -V, )—3[(va+6)—vb:| =0

= v, =8v,—4y -18=12V

Apply KCL at the output node of the op amp:

PRSI R
® 30000 30000

=0 =i =—07mA
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P6.5-8

Apply KVL to the bottom mesh: 10kQ v, 20kQ
*
—i,(10000) —,(20000)+5 = 0 WV
{ — OA
= i,=—mA
6
The node voltages at the input nodes of an OA /l\

ideal op amp are equal. Consequently

v = 100004, =2 v
6 10 kQ § .
Apply KCL at node a: Lo

Vo VeV

a

=0 = vy,=3y,=5V
10000 20000 -4

P6.5-9
f 10 kQ 20kQ ¢
" VWN——"WN—0
20 kQ
20kQ o |
+
40 kQ§ 40 ks‘z§
v, +12 v,
KCL at node b: + =0 = y=-4V

40000 20000
The node voltages at the input nodes of an ideal op amp are equal, so v, =v, =—4 V.

The node voltages at the input nodes of an ideal op amp are equal, so v, =v_ +0x10* =—4 V.

ViV Ve 2
KCL at node g: - 20 TS +4O 103:0 = vgzgvf
X X
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The node voltages at the input nodes of an ideal op amp are equal, so v, =v, = Evf .

2
vV, =~V
vd—vf v, =V, _ vd—vf d 3 S

KCL atnoded: 0= T+ 5 T+ 3
20x10° 20x10° 20x10 20x10

Finally, v, =v, :gvf :—% V.

P6.5-10

By voltage division (or by applying KCL at
node a)

Applying KCL at node b:

A P % v, —V
b s 4 b 0

R R,+AR S
R,+AR

(Vb _Vs)+vb =V g

R =Ry + AR

R]

The node voltages at the input nodes of an
ideal op amp are equal so v, =v,_.

o o_ |[ RHAR ) R, R+AR| AR
° R, JR+R, R Y

14—\
=
O

ol o
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Section 6-6: Design Using Operational Amplifier

P6.6-1
Use the current-to-voltage converter, entry (g) in Figure 6.6-1.
R=20 k™)
ik —
[
+ +
lin GD SO0k < v = Rxi = 20,000%i,
o] [Lal N

hd

P6.6-2
Use the voltage —controlled current source, entry (i) in Figure 6.6-1.

1000

10007

. _ 1 —f e
¢ IOU‘t_ 5—00 Viﬁ —D.DﬂEﬁvin

P6.6-3
Use the noninverting summing amplifier, entry (e) in Figure 6.6-1.
1000_
Tiﬁ“‘2k51
L VAV AV,
1000_
okl
1000
v C_D Vo ; [1-¢0.5+0.2)]
=330011
O O




P6.6-4
Use the difference amplifier, entry (f) in Figure 6.6-1.

S0k 1

+

Vo= 55lt(\.=1 —v 2)

z

P6.6-5
Use the inverting amplifier and the summing amplifier, entries (a) and (d) in Figure 6.6-1.

S0k (M 20 ki) 20k (2

10k

i

VT 5*\!1 oy

2
P6.6-6
Use the negative resistance converter, entry (/) in Figure 6.6-1.
o e CAVAVE
10 ki)
~10 kN | — -
+
e VAVAY e
10 ki1 10 ki1

6-18



P6.6-7
Use the noninverting amplifier, entry (b) in Figure 6.6-1. Notice that the ideal op amp forces the
current i;, to be zero.

20 k!l

P6.6-8
Summing Amplifier: =—(6v,+2
i Amplter: v, =~(6v+20)|
Inverting Amplifier: v, =-V,
P6.6-9
8 kQ 24 kQ
MV I MV
4kQ B
(0 AMA—: .

TOkQ & V1 =(3)8) =9V

AV
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P6.6-10

10 kG
2 mA

T

§ Vg = (4)(8) = 32 V

Using superposition, v, =v, +v, +v, =-9-16+32=7V

R 6 12 24 6|12 6/124
R, | 1212]24 | 6||12]24 | 6[[1212 | 12|24 12/[12
Vol Vs 0.8 0.286 0.125 2 1.25
Ri 12)12] 12124 | 61212 | 6][12])24 | 12]|12]24
R 6/124 6)|12 24 12 6
Vol Vs 0.8 0.5 8 3.5 1.25




Section 6-7: Operational Amplifier Circuits and Linear Algebraic Equations

P6.7-1

20kQ  60kQ

20 kQ } oy
O Z
> AVAVa

y 20 kQ
60 kQ 2
4
v, o\/\/
20 kQ 20 kQ 20 kQ
60 kQ B
V.
y 5
20 kO 3vy
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P6.7-2

20kQ2  20kQ

20 kQ

20 kQ

60 kQ2

20 kQ

-3v

6-22



Section 6-8: Characteristics of the Practical Operational Amplifier

P6.8-1

lok look
W @

E’b = L2 nA

AN
\",m'; 0 1\.-.‘.)

\"’03: 'Gtoﬁmv

[ =l2ne
bz

=

v

v()l/lt - os

The node equation at node a is: T o= Yos T iy
100x10 10x10

Solving for vy:

out

100x10°
= |
10x10

]vos+(100x103)ib1 = 11y, +(100x10") i,
= 11(0.03><10_3 )+(100><103 )(1.2><10-9) =045 mV

P6.8-2

O,
/

Vos

Vi =0

or

Yo ™Vos

os

The node equation at node a is: Yo i, =
10000 90000

Solving for v,:

( 90x10°
v, =| 1+

10x10° jvos +(90X103) i, =10V +(90><103) i,

=10(5x107)+(90x107)(.05x10™) = 50.0045x10"* = 50 mV
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P6.8-3

P6.8-4

b)

Ka.

‘.r‘jr\"l

~ ]
..h—l-'!\i\,j_l
=

ViV . Y1 ViV 0
Rl Rin Rz — ﬁ _ Rm (RO —ARZ)
Vo t+A4v, VYoV _ 0 Vin (R+R,)(R,+R,)+R R, (1+4)
R, R,
3
T
R, 5.1x10

(2x10°)(75+(200,000)(50x10°))
= —9.9957
(5x10°+2x10°)(75+50x10°)+(5x10°)(2x10°)(1+200,000)

2x10°(75—(200,000)(49x10°)) 96037
(5.1x10°+2x10°)(75+49x10° ) +(5.1x10°)(2x10°)(1+200,000)
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P6.8-5

Apply KCL at node b:
R3
v, = v, —V
b Rz +R3 ( cm p)
Apply KCL at node a:
VYo Ve -(v,,+Vv,) _ 0
R, R
T The voltages at the input nodes of
an ideal op amp are equal so
Yo v, =V,.
VO = _&(ch +vn)+ R4+Rl va
i R, 1
R
O v, = ——(v, +v,)+
0 Rl ( cm n)
(R4 +R1)R3 (ch _Vp)
R (R, +R;)
R R R,+R)R %H R R
when —% = —3then( s+ R)R, = L xI3 = =4
R, R, R (R,+Ry) &4_1 R, R,
2
SO
T A WU SR N

Rl Rl cm
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PSpice Problems

SP6-1:
(a) v.=av, +b v.tev,

The following three PSpice simulations show
1V=v,=awhenv,=1V,»=0Vandv,=0V
4V=v,=bwhenv,=0V,»=1Vandv,=0V
SV=v,=cwhenv,=0V,»w=0Vandv,=1V

Therefore v,=v,+4v, -5V,

(b) When vy=2 V: v.=4v, —=5v +2

1V=v,=awhenv,=1V,»,=0Vandv,=0V:
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4V =v,=bwhenv,=0V,»x=1Vandv,=0V:

20K 0
i 0
out:>
v1+—_!_—q SR 1 250
ovde — = |F * |
— = oy
-0 20k
20k 5 000UV »
) 100k 60k
-5 000V,
ull I out:> 0
_ V3 ——
T 1Vdc l’ + OVdc T 20k 20k
m TD
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SP6-2

25 kQ 80 kQ

+

()
N\
<
ko | o8 '+'$

a) Using superposition and recognizing the inverting
and noninverting amplifiers:

b) Using the DC Sweep feature of PSpice produces the
plot show below. Two points have been labeled in
anticipation of c).

¢) Notice that the equation predicts

(-3.2)(-5)-84=176
and

(-3.2)(0)-8.4=-8.4
Both agree with labeled points on the plot.

28U

Ay -

S =D 0000, 7 6000

(0. 000 -5 4000)

N : o

~20U
-1

au -5y
o U(UH:0UT)

ay 1 180
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SP6-3

10k

ad | ‘

Ei"u'dc

30K

30k§§

V2
1|

U"u'dc

é

-

1Uk§§

VOLTAGE SOURCE CURRENTS
NAME CURRENT

V V1l -3.000E-04
V V2 -7.000E-04

vy, =—1.5—-12x10°=-1.5V
Vi =4.5—(—1.5)=6 \%
o =12-0=12V
=-7x10" =-0.7 mA

B
% 30K
=0
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SP6-4
V4 is a short circuit used to measure i,.

The input of the VCCS is the voltage of the
left-hand voltage source. (The nominal value
of the input is 20 mV.) The output of the
VCCS is i,

A plot of the output of the VCCS versus the
input is shown below.

The gain of the VCVS is

_50x10°—(-50x10"°)
gain = =—x1
100x10° —(~100x107) 2

e A

(The op amp saturates for the inputs larger than
0.1 V, limiting the operating range of this
VCCS.)

w M
— 2k 10k
- 0 -
ou
RS +
—AMY ANA—
2k 10k
50k
+—_— +_ 4
_120mydc _ 0vdc
-0

88un

LBuA

[113]

-4Bun
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Verification Problems

VP6-1
Apply KCL at the output node of the op
BkQ v 4 kQ amp
AN\N—e— ANV
s Vo vO _(_5) —
OA i f = - -
0 10000 4000
_— %
5\ <+> + Try the given values: i, =1 mA and
+ v=7V
sv(l) 0k
Y 7—(-5
—1x107 #3.7x107° = 7 + ( )
— 10000 4000
)
— KCL is not satisfied. These cannot be the
correct values of i, and v,.
VP6-2

oV 4kQ v, 10 kQ

12 kQ

v, =(4x10")(2x107)=8 V

3
v, = —%va =-12(8)=-96V
10x10

Sov, =-9.6 V instead of 9.6 V.
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VP6-3
First, redraw the circuit as:

2 kQ 6 kQ 2 kQ 4 kQ)
NN — N\ \N—o—ANN\—20
\

Dsv g v

° . o
Then using superposition, and recognizing of the inverting and noninverting amplifiers:

" =[—gj(—g](_3)+(1+%](z)=_18+6 _ v

The given answer is correct.

VP6-4
First notice that v, =v, =v, is required by the ideal op amp. (There is zero current into the input

lead of an ideal op amp so there is zero current in the 10 k2 connected between nodes e and f,
hence zero volts across this resistor. Also, the node voltages at the input nodes of an ideal op
amp are equal.)

The given voltages satisfy all the node equations at nodes b, ¢ and d:

0-(=5, 0 02 _

node b: 0
10000 40000 4000
0-2 2-5
node c: —_— =t
4000 6000
node d: 2-5 5 5-11

= +
6000 5000 4000

Therefore, the analysis is correct.
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VP6-5
The given voltages satisfy the node equations at nodes b and e:
—25-2 =25 —25-(-5)

node b: + + =0
20000 40000 40000

—2.5—(-0.25) L =025
9000 1000

node e:

Therefore, the analysis is not correct.

_25‘(+025)-+025-+0

Notice that =
9000 1000

So it appears that v, =+0.25 V instead of v, =-0.25 V.

Also, the circuit is an noninverting summer with R, = 10 kQ and R, =1 kQ, K; =1/2, K;
=1/4 and K4 =9. The given node voltages satisfy the equation

1 1
-2.5= V, = K4 (Klva +K2Vc) = 10(2(2)4'4(—5))

None-the-less, the analysis is not correct.

6-33



Design Problems

DP6-1
From Figure 6.6-1g, this circuit

+ J/ byt

Vo Skn.

=
. . . . . 1% . Lout Rf
is described by v, = R i,, . Since i , =—>—, we require —=—= ,or Rp=1250 Q

00 4 i, 5000
. o (1250)i, 5. . . 5

Notice that i, =i, + 5000 = 1 i,,. To avoid current saturation requires — i, <i_, Or

i, < g i, . For example, if isy = 2 mA, then i;, < 1.6 mA is required to avoid current saturation

DP6-2

v z—évi+3:—évi+ 1+i 12 5—§vi+ 1+E 12 5
° 4 4 4 )\ 35 4 4)\12+23

40 kQ 30 kQ
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DP6-3

(a) 12vi+6:24(lv[+i(5)j — K,=24,K, =L and K, =—. Take R,= 18 kQ and
271720 2 20

Ry, =1kQ to get

Vi 0 AN P +
18 kQ _ Vo
23 kQ
180 kQ
N
C)E)v §20k9 1 kQ
L g
(b)
10 kQ 10 kQ 10 kQ 120 kQ
Vi —AMN—T VW AN AN 0 Vg
J;[> 100 kQ
(c)
10 kQ 10 kQ 100 kQ 120 kQ
NN—T" N AAAY, AATAY, 0 Vo
= = Vl =
(d)
10 kQ 120 kQ
Vi o—AAN o Vo
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e
—
—
N

Q

2

e
o

2

§>u
™o

§:u
™o

O Vh
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DP6-5

We require a gain of % =200. Using an inverting amplifier:

x10
R1 F|‘2
10 kQ
VS 2_>—‘D—O vo
R, .
Here we have 200 =|———————/. For example, let R; = 0 and R, = 1 MQ. Next, using the
10x10° + R,
noninverting amplifier:
FI'.I F|‘2

g’\/\/

N\
>

10 kQ

R
Here we have 200 =1 +RT2' For example, let R; =1 kQ and R, = 199 kQ.

1

The gain of the inverting amplifier circuit does not depend on the resistance of the microphone.
Consequently, the gain does not change when the microphone resistance changes.
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Chapter 7 Energy Storage Elements

Exercises
Ex. 7.3-1
J 2 2<t<4 2t—4 2<t<4
ic(t)=ld—vs(t)= -1 4<r<8 and i (t)=1v (t)=4 8-t 4<r<8
t
0 otherwise 0 otherwise

2t-2 2<it<4
s0 i(t)=io(t)+ix(t)=4 7—t 4<1<8

0 otherwise

Ex. 7.3-2
| T 1 ¢t
(1) ZELOIS(r)dr+v(t0):T."Ols(r)dr—m
3
v(t) = 3J.0t4dr—12 =12¢t-12 for O<t<4 In particular, v(4) =36 V.
v(t) = 3J:(—2)a’r+36 =60-6¢t for 4<t<10 In particular, v(10) =0 V.

v(t)=3jlt00dr+0:0 for 10<t

Ex. 7.4-1

1
W = = 5(z><1o*‘)(100)2 =1

=
—_~
(o)
T
~—~—
I

v(07) = 100V
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Ex. 7.4-2

b)

Ex. 7.4-3

b)

Ex. 7.5-1

2(t) = 2(0)+ | vidt

First, 27(0) = 0 since v(0) = 0

Next, v(t) = v(o)+éjo’idt =10*[ 2 dt = 2x10

L 0(t) = [(2x104)¢ (2)dr = 2x10%7
W(ls) = 2x10*J=20kJ

W(100s) = 2x10*(100)" = 2x10° J = 200 MJ

We have v(0") = v(07) = 3V

c

v.(t) = (ljjoti(t) dt +v,.(0)= 5];3 ¢ dt +3=3(e"-1)+3 =3¢" V, 0<<l

V() =vp (8)+v, (1) =5i(t)+v,(t)=15€"+3e" =18e" V, 0<r<I

W)
W(r)

6.6517

(=025 ————=

W()=Lv? (1)=1x02(3¢") =09 T =
(1) vlt) =3 (3) ‘ { 2.68 kJ

=085

6 mF 12 mk 6 mF
|{ I{
© Ay l Ay 0 |¢ l
I—» omF =< 4mkF r 9amF == 3mF
© ’[ o T
Ceq Ceq
6 mk
—— —
|—P = 12 mkF I_' == 4mF
—— — |
Ceq Ceq
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dv, dv i i .G
1 2 = =2 j =1

11
—_— v, =V, —D> —=
o - _ b dt dt ¢, G, G
+ ,I,H + llz -
1 Cq Vo= Co KCL: i=i+i, = Q_i_l i, = i, = Cz i
_ — C2 C1+C2
o
Ex. 7.5-3
2 mF /3 mF 2mk
i
—f T i —
T1 mF == 1/amF TmkE == Yemk
i ’[
o—1 I o—if
Ceq 2 mF 1/amF Ceq 2 mk
(a) (b)
2 mF
—f— —
== 19/c mF T~ 1%/19 mF
—f— o—
Ceq 2 mk Ceq
© )
1 1 10
(a) to (b) : =—mF, (b)to(c): I+—=——mF,
1 1 1 9 9
44—
111
3 3 3
1 1 1 1 10
cgtod): —=-+-+-—- = C, =—
©©O@: o= 5 = G
9



p 2 2<t<4 2t—4 2<t<4
vL(t)zlzis(t)z -1 4<t<8 and  vp(t)=1i(t)=18-r 4<t<8
0 otherwise 0 otherwise

2t-2 2<t<4
so v(t)=v, (t)+ve(t)=4 7—t 4<t<8
0 otherwise

Ex. 7.6-2

i(t) :%L:VS (r)dz'+i(t0) :%jotvs (T)dT—lZ

i(t)= 3I54dz'—12 =12¢t-12 for O0<t<4 In particular, i(4) =36 A.

i(t) = 3.[:(—2)dr+36 =60-6¢t for 4<t<10 Inparticular, i(10)=0 A.

i(r)=3j]’00dr+0=o for 10<¢

Ex. 7.7-1
1) d

T (4] al4ie’) = (e

P=vi= [ (1-t)e™ ] (4te_t) =4t(1-t)e™ W

Qﬂ:lLi2 = l(lj(4tet)2 =2¢e ]

2 2\ 4
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Ex. 7.7-2

0 <0 0 <0
' ' 2t O<z<l
ve)= LU LA g )= D ()
dt 2 dt —2(1-2) 1<t<2 -1 1«<2
0 t>2 0 2
<0
2t O<z<l
P(0) = (i) =15 1ae
0 t>2

(1) = w(1,)+ [, pl0)ds

i(ty = 0 for t<0 = p(t) =0 for t<0 = 2(t,)=0
0<t<l: 20(t) = [2tdt = ¢

I<t<2: 80(t) = W()+[ 2(t-2)dt = £ — 41 + 4

t>2: W(t)=2(2)=0

4?2 mH 7 mH

Ex. 7.8-1
3 mH 3mH
oYV oYY Y
472 mH 3 mH
r 5 mH 4 mH I_’ 5 mH
——Y VY
Leq Leq
3mH
6 mH 14 mH
r 5mH r
Leq Leq
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Ex. 7.8-2

2 mH 2 mH
O Y ¥ YA o,
I—' 20 mH 4 mH 12 mH I_’ 20 mH 3 mH
o}
Ly © Leg

I_’ 20 mH 5mH r 4 mH

L ° L.

9

Ex. 7.8-3

i :Llj;vdt +i,(1,), i2=L1I: vdt+i,(t,)  but i,(7,)=0 and i,(z,)=0
e 2 0

1

i=il+i2=ijtvdt+jtvdt= L jtvdt=ijtvdt
L' 2 L L) L,

_ ijt v dt 1

i _ Ll Ly _ Ll _ L2

l LJ‘I th i_}_i L1+L2
P ° Ll Lz

7-6



Problems

Section 7-3: Capacitors

P7.3-1
1 e,
v(t) = v(O)+E_[0tl(r)dr and q = Cv
In our case, the current is constant so I;z (7)dz.
" Cv(t) = Cv(0)+it
_ 150x107°—(15x107°)(5
| q=Cv(0) _150x10"" - )5)
i 25x10
P7.3-2
. d 1d N . . .
l(t):CEv(t)z gElzcos(zmo )=§(12)(—2)sm(2t +30")=3cos(2¢ +120°) A
P7.3-3

(3x10-3)cos(500z+45°)=cjt 12cos(5001-45") = C(12)(-500)sin(500:-45")

= C(6000)cos(500¢-+45)

-3
50 c= 0 ool ur
6x10° 2 2
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P7.3-4
1

=—j dz'+ —2><10‘12-“ ()dz' 107

0<t<2x107

i()=0 = v(1)=

T lzj 0dz-10" =-10"

2x107 <t <3x107 i (t)=4x10" A

2117!;13(4%0)611 107 ==5x107 +(2x10°) ¢

In particular, v(3x10 )=—5><10'3+(2><106)(3><10-")=10‘3
3x107 <t <5x107 i (1)=-2x10" A

= v(t)

211TLM(‘2X10 )dr+107 =4x107 ~(10°)¢

In particular, v(5><10 )=4><10_3 —(106)(5><10_9):—10_3 v

= v(t)

5X1079<l . . 1 3 -3
zs(t)—O = v(t) 710" SHSOdr 107" =-10"V
P7.3-5
(b) 0 0<r<l
0 Cd 0 4 1<t<?2
1 = —V =
dt -4 2<t<3
0 3<t
(@) _ J‘ d J'
=— z'+v z(r)dr

For0<t<1,i(f)=0 A so v(t)=j;0dT+O=OV
For1<t<2,i(f)y=(4t—-4) Aso

v(t)zjl’(4r—4)dr+0=(2rz—41) i=2z2 —41+2V

v(2)=2(22)—4(2)+2=2 V. For2<t<3,i(f)= (-4t + 12) A so

v(t)= [ (-4r+12)dr+2=(-20" +127) i+2=(—2t2+12t—14) \%

v(3)=-2(3")+12(3)-14=4V

For3<ti(f)=0A so v(t)z.[(der+4:4V
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P7.3-6
(a) 0 0<t<2

i(t)=Cdiv(t): 0.1 2<t<6
t
0 6<t

(b) 1o '
v(?) =EJ.01(T) dr+v(0)= 2IOZ(T) dr
For0<¢<2,i()=0Aso v(t)=2[ 0dr+0=0V
For2<t<6,i(t)=0.2¢t-0.4V so
v(r)= 2jl’(0.27—0.4) dr+0=(027"-0.87) ;=0.2t2 —0.8/+0.8V

v(6)=0.2(6")-0.8(6)+0.8=3.2 V. For 6 <t,i()=0.8 A so

v(1)=2[ 08dr+32=1.6:-64V

P7.3-7
v(t)=v(0)+ijti(r)dr:25+2.5><104It(6x10_3)e_6’ dr
cJo 0
= 25 + lSOI;e_6T dr
= 25+150[— le“} = 50 - 25¢°" V
6 0
P7.3-8
. \ 1 _ _ >y
lR :m :470(1—26 Zt)XIO 3 :25(1_28 2 ) ,UA
ilfc(r) 40 i = sz: = (10x10_6)(—2)(—10e2’) =200e™ pA

200 kQ
i = iy+i, =200e”"+25 - 50

= 25 +150e™ uA

A
w
+—)
o
=3
A
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Section 7-4: Energy Storage in a Capacitor

P7.4-1
Given

0 <2

i(1)=40.2(t-2) 2<t<6

0.8 t>6

The capacitor voltage is given by
v(t)—L i dr+v 2J- d7+v
0.5
For t<2
=2['0dz+0=0
0

In particular, v(2)=0. For 2<t<6
2] r-2)dr+0= (0.2r2—0.81)‘; =(0.2t2—0.81+0.8) V=0.2(t2—4t+4) \Y%
In particular, v(6)=3.2 V. For 6<¢

=2{ 08dr+32=1.67],+32=(1.61-64) V=16(t-4) V

Now the power and energy are calculated as

0 <2
p(1)=v(1)i(r)=10.04(-2)" 2<1<6
1.28(1—4)  6<t
and
0 <2
W(t)=[ p(r)dr=1 001(r-2)" 2<1<6
0.8(t—-4) -0.64 6<t
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Capacitor Current, Voltage and Power

25

20

15

10

time, s

Energy Stored in the Capacitor, J
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These plots were produced using three MATLAB scripts:

capvol.m function v = CapVol(t)
if t<2
v=0;
elseif t<6
v =0.2%t*t - .8*%t +.8;
else
v=1.6%t-6.4,
end

capcur.m function 1 = CapCur(t)
if t<2
1=0;
elseif t<6
1=2%t - 4;
else
1=.8;
end

c7s4pl.m t=0:1:8;
for k=1:1:length(t)
i(k)=CapCur(k-1);
v(k)=CapVol(k-1);
p(k)=i(k)*v(K);
w(k)=0.5*v(k)*v(k);
end

plot(t,i,t,v,t,p)

text(5,3.6,'v(t), V")

text(6,1.2,"i(t), A")

text(6.9,3.4,'p(t), W)

title('Capacitor Current, Voltage and Power")
xlabel('time, s')

% plot(t,w)
% title('Energy Stored in the Capacitor, J')
% xlabel('time, s')
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P7.4-2

i(0)=024
i, =C‘Z:(10x10‘6)(—5)(—4ooo)e-4°°°f = 02" A = { K(0) =024

i.(10ms) =8.5x107" 4

M(t)zinz(t) and v(0)=5-5"= 0 = 2/(0) =0

v(10x107)=5-5¢" =5-21.2x10" =5 = 2/(10) =125x10" ]

P7.4-3
E{m»\]
Tao
-|! 1 T ? -t
-4 Jl._.____f
P{'MH.]A
L oo
P / i =
- Tos
. dv .
i(t) = C dtC so read off slope of v_(¢) to get i(¢)
p(t) = v.(¢)i(t) so multiply v.(¢) & i(¢) curves to get p()
P7.4-4

| 1 ¢ /4
v, (t)=vc(0)+EI01 dr =vc(0)+5j-050 cos(10t+6jdr

{vc(O) - 5sinﬂ} + 2 sin (IOHﬂj
2 6] 2 6
Now since v,(¢) = 0 = v,(0) —; sin%:O = v(1) :g sin(lOHﬂ) \Y%

2x1079)(2.5)’
R 7/0% =;Cv2 =( - 2)( ) = 6.25 ul

First non-negative ¢ for max energy occurs when: 10z + - % >t = ;—0 = 0.1047 s




P7.4-5
Max. charge on capacitor=Cv = (10x10’6) (6) = 60 uC

_Ag _ 60x10”°

At - -
i 10x10

= 6 sec to charge

stored energy = %/ = ;Cv2 = ;(10X10_6) (6)2 =180 uJ

Section 7-5: Series and Parallel capacitors

P7.5-1
2uF || 4uF = 6uF
6uF-3uF

6F in series with 3uF = ——"— = 2uF
o6uF+3uF

i(f) = 2 uF jt (6c0s1007) = (2x10°) (6) (100) (—sin100¢) A= —1.2 sin100¢ mA

P7.5-2
4 uF in series with 4 uF = dpuExa pr - 2 uF
4 uF+4 uF
2 uF ||2,uF=4,uF

4 uF in series with 4 yF =2 uF

i(t)=(2x10°)jt(5+3 e )= (2x107°) (0+3(-250) e ) A= =1.5 ™" mA

P7.5-3
cc _¢C
c+C 2

C in series with C =

c 5
C||C||§:5C

C in series with ; C =
3 5 d ) 5
(25x107)cos 250t = ;C E(14sm250t)= 7 C |(14)(250) cos 250¢

50 25x107° = 2500 C = C =10x10"° =10 pF
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Section 7-6: Inductors

P7.6-1
Find max. voltage across coil: v(¢) =L %= 200 [100(400)cos 4007] V

. _ 6 . 8X106 Vv _ 6V
. V... = 8x10° V  thus have a field of 5 /m =4x10 /m

which exceeds dielectric strength in air of 3x10° V/m

.. We get a discharge as the air is ionized.

P7.6-2
L, o olH

" g § 0
+ N =

v= LEZ+R i=(1) (4e’' —4te")+10(4te')= 0.4e'+ 39.6te’ V

P7.6-3
(a) 0 0<r<l

4 1<t<?2
-4 2<t<3
0 3<t

W(t) = L%i(r) =

®) i(6) =~ ['v(c) de+i(0)= [ v(r) dr
For0</<1,u)=0Vso i(r)=[0dr+0=0A
For 1 <1<2, Wt)= (41— 4) V so
i(1)=[ (47-4)dz+0=(27’ —47)‘I=212 —41+2 A

i(2)=4(2")-4(2)+2=2A
For2<¢<3,w(f)=-4t+12 V so

i(6)= [ (-4r+12) dr+2=(-22" +127) ;+2=(—2t2+12t—14) A

i(3)=-2(3)+12(3)-14=4 A

For3<6,w()=0Vsoi(t)=[ 0dr+4=4A

7-15



P7.6-4

v(t) = (250% 10 ) (12010 *)sin(500£—30") = (0.25)(0.12)(500)cos(500¢—30)

=15 cos(500¢—30")
P7.6-5

iL(t) = :

5107
for O<t<1,us v, (1) =4 mV

[[v(@) dr = 2x10°

i(t) = ~ j4><10 dr— 2x107°= A0~ t—2x107°=0.8-2x10"° A
5x10" 5x107°

4x1073 G 6 6,
i, (ps) _( ST - (1x107 )] = 24107 = X107 A=—12 A

for lus <t<3us v/(t) =-1mV

‘ 6 1x10~°
t 1x107° )d7—2x10°=— t—1x10" 10°=(-0.2¢-10°) A
IL()SIOI(X Jdr= 0= )X (- )

. 1x107°
i (3us) = £_5><10

+3x10~ ] —1x10° = -1.6 pA

for3us<t v (t)=0 soi (t) remains —1.6 pA
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P7.6-6

P7.6-8

() = (2x10%)i, (1) + (4><103):;; i (¢) (in general)

1x10°
1x10°¢

v(t) = (2x10°)(1x10°) ¢ + 4x107(1x10°) = (2x10°¢ + 4) V

for 0<t<1 us i(t) = (1)( ]t: 10°t = jtis(t)z 1x10°

for lus <t<3us i(t)=1mA = :th i(t)=0

v(t) = (2x10)(1x107) + (4x107 x0 =2V

-3 -3
for 3us<t <S5us is(t)=4><10_3—£1><10 jt = d 110

@iy =0 g
Ix10° 2O "0

v(t) = (2x10°)(4x107-10°1)+4x107(~10° ) =4 — (2x10°) ¢
when 5us <t<7us i (t) = -1x10~ and jtis (t)=0

v(t) = (2x10°)(107) =2V

1x107
1x10°°

v(t) =(2x10°)(10°1-8x107)+(4x107)(10°) =—12+(2x10° )

when 7us<t<8us i(t)= ( jt — 8107 = jtis(t) = 1x10°

when 8us <t,theni () = 0 = %is(t) =0
v(t)=0

(a) p 0 0<t<2
v(t)=LEi(t): 0.1 2<t<6
0 6<t

®) i(t)=%I;v(r)df+i(0)=2_[0t"(7)d7

For0<¢<2,w(#)=0V so i(z)=2jo’0dr+0=0A
For2<t<6,v(t)=0.2¢t-0.4V so
i(r)=2[(027-0.4) dz +0=(027" - 0.8¢) ;=0.2t2 ~0.8/+0.8 A

i(6)=0.2(6")-0.8(6)+0.8=3.2 A
For 6 <1, v(t)=0.8 V so



i(1)=2[ 08dr+32=(1.61-64) A

Section 7-7: Energy Storage in an Inductor

P7.7-1

0 t<0
v(¢)=100x10"" jti(t): 04 0<t<l
0 t>1

0 <0

p(6)=v()i(t)=11.6¢ 0<i<I

0 t>1
0 t<0
w(t):_[otp(f)dr: 0.8 0O<t<l
0.8 t>1
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P7.7-2
p)=v(t)i(t) = [5 2(4 sin 2t)} (4sin 2¢)

= 5 (8cos2t) (4sin2¢)
= 80 [2cos 2t sin 2¢]
= 80 [sin(2¢+2¢) + sin(2¢—2t)]= 80 sin4t W

W(t) = jo p(t)dr = 80_[; sindr dr =— %40 [cos4z []=20 (1—cos4t)

P7.7-3
1

25x10°°

B 6
~(25x107)(100)

p()=v(t) i(t) = (6 cos100 ¢)(2.4 sin100¢)

=7.2[ 2(cos100¢)(sin100¢) ]

=7.2 [sin200 ¢ +sin 0] = 7.2 sin 200 ¢

W(1) = jo p(7) dr = 7.2j0t sin 2007 dz

i(t)= '[0[6 cos 1007 dr +0

[sin 1007 |;]=2.4sin100¢

7.2 ,
=—%[cos 2007, |
= 0.036[1—c082007] J= 36 [1—c0s2007 ] mJ

Section 7-8: Series and Parallel Inductors

P7.8-1
6x3
6H|3H =—"-=2H and 2H+2H=4H
6+3
} 1 ¢« 6 ) ; . .
i(t)=— [, 6c0s1007 dr = [sin1007]; | =0.0155in100¢ A =155in100¢ mA
4 70 x100
P7.8-2

(8x107 )x(8x107)

= 4mH
8x107°+8x10°

4mH+4mH=8mH , 8mH||8mH=
and 4mH+4mH=8mH

v(t) = (8x107) :;t (5+3e") = (8x107°) (0+3(=250) e ") =—6 " V
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P7.8-3

L||L:£=£ and L+L+ 2 =2
L+L 2 2 2
250082507 = | > L i((14><10-3)sinzsot)= > 1 ](14x10)(250) cos 2501
27 ) at 2
so L= 25 = 286 H

5

2 (14x107)(250)

Section 7-9: Initial Conditions of Switched Circuits

P7.9-1

gkﬂ i,LfE'-ch'J

,_.....';r
J\J"__*"“; L
12y (4 V(o) =12V 7 4k
Then
i,(0)=i,(07)=0 and v.(0")=v.(07)=12V

Next

gka  Glo0)=1mA
—>

+
1 Vetoo) =4 v 4 [

—
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P7.9-2

Then

Next

P7.9-3

Then

Next

bl 6 (0] = I mA
—_‘5.

W - -
12 v V (0)=bv bk 2k
| -

i,(07)=i,(07)=1mA and v.(0")=v.(07)=6V

e LI0) = LS mA
m'(___ -
+
2V Vioo)= 3v bka||3ka = Zkn

[2v lo ko2,

T o) = £ mA
W —
+
&> V, (00)=9/ lo k<2
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P7.9-4
att=0" 32V

Q}J.F - Ve f

.||_

KVL: —v,(0)+32-15=0 = v,(0)=v,(0")=17 V

att=0"

3 mA

Apply KCL to supernode shown above:
i, (07)+ 1579 15 h003-0 = i,(0")=6mA

4000 5000
Then
i (07 -3
dvc — c( ):6X10_6 —3000 X
dt |_y C 2x10 S
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Section 7-10: Operational amplifier Circuits and Linear Differential Equations

P7.10-1
125 kQ
200 kQ 1 MQ 1uF
x(t) -
1uF
500 kQ £|>
= 20kQ
20 kQ
P7.10-2
20 kQ 20kQ 200 kQ 1 MQ

0 —

500 kQ
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P7.10-3

125 kQ
200 kQ 1 MQ 1 MQ 1uF
ANNA— AN NN oy
500kQ | 1uF

x(t)
250kQ L
r 20kQ 20 kQ
P7.10-4
62.5 kQ
100 kQ 1 MQ 1uF 1 MQ 1uF
— AN A v
20 kQ 20 kQ 250kQ | 1uF
x (1)
125kQ L —

20 kQ 20 kQ
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Verification Problems

VP7-1
We need to check the values of the inductor current at the ends of the intervals.
atr=10.025 2 —215 + 0.065=0.025 (Yes!)
ati=3 —> +0.065 7 >—0.115
25 50
—0.055 =-0.055 (Yes!)
ati=9  ——0.115 7 0.065
50
0.065 =0.065 (Yes!)
The given equations for the inductor current describe a current that is continuous, as
must be the case since the given inductor voltage is bounded.
VP7-2
We need to check the values of the inductor current at the ends of the intervals.
atr=1 — - +00252 -1 1003 (Yes)
200 100
4 9 4

at 1 =4 + 003 2 003 (No!)
100

100

The equation for the inductor current indicates that this current changes
instantaneously at # = 4s. This equation cannot be correct.

Design Problems

DP7-1
d s . . : . i(1)

a) —v(t) =—6 ¢ 1s proportional to i(f) so the element is a capacitor. C = VRN 0.5F.
“ )

t
b) ii (t)=-6¢"" is proportional to v(¥) so the element is an inductor. L = ;(—) =0.5H.
dt Ei(t)

. . . . . v
c) v(¢) is proportional to i(¢) so the element is a resistor. R=—+=2 Q.

i(t)
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DP7-2
1.131cos(2¢+45°) = 1.131[005(45°)c0s(2t)— sin(45°)sin(2t)]
=0.8cos 27 —0.8sin 2¢
The first term is proportional to the voltage. Associate it with the
resistor. The noticing that
jjwv(r)dr = L4 cos 2tdr =2sin 2t

iv(r):i4cos 2t=-8sin 2¢
dt dt

associate the second term with a capacitor to get the minus sign.
Then
R 4cos2t  4cos2t

= =50 and
i(t) 0.8 cos 2t
C- ~ i,(t) _ -0.8 §1n 2t _01F
@ 4eos2r T8sin2i
dt

1.131cos (21 —45°) =1.131] cos (—45°) cos (21 ) — sin (—45°)sin (2¢ ) |
=0.8cos 2¢+0.8sin 2¢
The first term is proportional to the voltage. Associate it with the
resistor. Then noticing that
J._:Ov(z')dz' = J._:c4 cos 2tdr =2sin 2t

iv(t)=i4cos 2¢t=-8sin 2t
dt dt

associate the second term with an inductor to get the plus sign. Then

R=4cosZt_ 4 cos 2t

= =50 and
i(1) 0.8 cos 2t
" 4cos2tdr :
sz.w _ 2s1r.12t _osH
i,(t) 0.8sin 2¢

4 cos 2t V

4 cos 2t V

<—
i(t)

7-26



DP7-3
a) +  v(t) —
<
4 cos 2t A
R L

_/\/\/—fYW\_

+ v1(r) - + vz(r) —

11.31cos(2t+45°)=11.3 1[005(45") cos(2¢)—sin(45°) sin(2t)]
=8cos 2¢—8sin 2¢
The first term is proportional to the voltage. Associate it with the resistor. The noticing that

[ i(z)dr=]" 4cos2tdr=2sin2s

ii(t)=i4cos 2¢t=-8sin 2¢
dt dt

associate the second term with an inductor to get the minus sign. Then

_ @ :8c052t:29andL: v, (1) :—85%n2t:1H
4cos2t 4cos2t @ 4 cos 2t —8sin 2t
dt
b) + v(t) —
N

4 cos 2t A

R C

_/\/\/ | |

|

+ v1(r) - + vz(r) —

11.31cos(2t+45°) =11 .31[005(—450) cos(2t)—sin (—45°)sin(2t)]
=8 cos 2t +8sin 2¢
The first term is proportional to the voltage. Associate it with the resistor. The noticing that

j_twi(r)dr =jt 4cos2tdr =2sin 2t

ii(t)=i4cos 2¢t=-8sin 2¢
dt dt

associate the second term with a capacitor to get the minus sign. Then

t 4cos2tdr ;
v, () _8(:0s2t:2Q andC:J.“” _ 2sin 2t

4cos2t 4cos?2t v, (1) 8sin 2¢
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DP7-4
at =0~ "4 B

at =0"

DP7-5

.1 1 . . .
We require EL i} = 5 C v. where i, and v_are the steady state inductor current and capacitor

voltage. At steady state, i, = % . Then

v\ L
L(Rfj = C'VC2 = C:F

so R=100Q.

i, (07)=0

o NV
By voltage division: v, (0 ) = TB
We require v, (0*) =3 Vso

V=12V

Now we will check %
t=0"

i, (0)=i,(07)=0

ve (07)=v.(07)=3V

First;

and

Apply KCL at node a:
V,—ve (07
il(o+)+ic(o+):%()
0+ic(0+):$:>ic(0+)=3A
Finally
dve| ()3 v
dt |, C 0125 " s

as required.

-2
= R:\/E: 10 = 410" = 10° Q

10°°
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Chapter 8 — The Complete Response of RL and RC Circuit

Exercises

Ex. 8.3-1
Before the switch closes:
30 b
AAAY AA'A"
6 Q l
+
+
O3y v(0)-3V
After the switch closes:
380 HQ 30 b Q
AAAY AAAY AAAY AA'A"
60 l 6Q .
+

MDsv vy Osvy

T ol

Therefore R, =0—225:8 Q so 7=8(0.05)=04s.

| i -0.25 A

Finally, v(t)=v, +(v(0)—v, ) e /T =2+ V for t>0

Ex. 8.3-2
Before the switch closes:
3Q XY
AAYAY AA'A
6 Q C

li(0)=1/3 A

After the switch closes:
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2
2
2
2

C) 3V V=2 V C) 3V i i, =114 A

Therefore R, = 2 =8Q so 7 :é =0.75s
0.25 8
Finally, i () =i +(i(0)—i )e /" —%+é LBEA for 150
Ex. 8.3-3
At steady-state, immediately before ¢ = 0:
16 Q 40 Q
VWY MW
i(0) = 10 2.0 _o1a
10+40 ) \ 16+40|10
12V 10 @ l i(0)
After ¢ = 0, the Norton equivalent of the circuit connected to the inductor is found to be
40 Q
MWy
12v(* 100 20H <|iy —= 03A 40 Q 20H <] it
C) i MNorton l
Fquivalent
sol, = 03A, R =40Q, 7 = L_20_1 s
‘ R 40 2

Finally: () = (0.1-0.3)e™ + 0.3= 03-02¢> A
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Ex. 8.3-4
At steady-state, immediately before 1 = 0

100 Q 200 Q
AWy AMV—
+
12\/@) v(0)=12 V
9
After t =0, we have:
200 Q
M so V=12V, R =200Q, ¢ =R C = (200)(20-10°)= 4 ms

+
. . _ _ —t/4 —
1oy C) 204 =& v(y Finally:  v(t) = (12-12)e*+12 = 12V

Ex. 8.3-5
Immediately before ¢ =0, i(0)=0.
10 Q 40 Q
MW NW—O
+
18\/@) 10 Q2 v(Y) 25H 4 ]i0)-0

After t = 0, replace the circuit connected to the inductor by its Norton equivalent to calculate the
inductor current:

Isc: OzAa Rt: 45@, T :L—zs—é

020D w0 25 H 3 it) R, 45 9

Soi(t) = 02(1-e'¥)A
Now that we have the inductor current, we can calculate v(7):

10Q 40 Q ) d .
AN AN v(t) = 40 l(t)+2551(t)

+ 1 181
18V C) 10wy 25H )i 8= ") +501.8)e
8+ V fort>0
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Ex. 8.3-6
At steady-state, immediately before t = 0

400 Q 400 Q
—\\—0 A

+

(’_“ 100 V 600 Q < v(i) i(O)l T 0.5 A(D

@]
)

s0 i(0)=0.5 A.

After t > 0: Replace the circuit connected to the inductor by its Norton equivalent to get

I, =93.75mA, R, =640 Q,

93.75 mA (] 640 Q 0.1H Qi) _L_ 1 _ 1
() ' "7 R 640 6400 °

t

i (t)=406.25e" +93.75 mA

Finally:
400 @ 400 Q
NVN—o0 AN o)
+
(t 100 V so0Q v i) o1H § osA (D

V() =400 i(£)+ 0.1 jt i(£) = 400 (.40625¢ " +.09375)+ 0.1 (~6400) (0.40625¢ )

= 37.5-97.5¢" vV

Ex. 8.4-1
2 kQ 7=(2x10")(1x10°) =2x10" s
VWV
+ v(1)=5+(1.5-5)e™™" V
C 5V 1k ==ve ) v,(0.001)=5-3.5¢"" =2.88 V
- So v (¢) will be equal to v, at f =1 ms if vp = 2.88 V.
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Ex. 8.4-2

— 200 Comparator
Y AN D
L
+ +

sv(®) 300 vald)

ZL(O) =1 mA, ISU =10 mA ~500
—t
= i, (t)=10-9¢ ¢ mA

R =500 Q, 7= 5L (1)

500

ve(t)=300i, () =3-27¢ ¢ V

We require that v, (¢)=1.5 V att = 10 ms = 0.01 s. That is

7@(0.01) 5
15=3-27¢ * L=———=85H
0.588
Ex. 8.6-1
0 <t <y
v(t) = v(o)+Ae " where v(0) = (1 A1 Q)=1V
" v(t) = 1+4e "V = 1+ 4"
(T 1A 10 v)==0.1F
- Now v(0)=v(0")=0 =1+4 = 4A=-1
sov(t) =l-e" vV
t-5
t > _ _ O -10(1-.5)
t,=05s, v(t)=v(t)e =v(0.5) e
v Now 1(0.5) 1—e %% =0.993 V
§1 Q VIR O0F
) L w(t) =0.993 10009 v

—_— > (o)
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Ex. 8 6-2

t < 0 no sources .. v(07)=v(0")=0

0<t<

200 kQ
MVv

10V Ci) 0.1 uF == v{®)

t>t, t,=.1s

200 k§2§ v() == 0.1 uk

Ex. 8.6-3
Fort<0 i=0.

For0<¢<0.2s

02H< "
CT 5A 20 v(2)

Fort>02s

v(t) =v(o)+ de” """ = v(w0)+ de

where for ¢ = o (steady-state)
.".capacitor becomes an open = () =10V

v(t) = 10+ 4e™
Now v(0) = 0 = 1044 = 4 = —10
S w(t) = 10(1=e ) V

v(t) =v(.1) e
where v(.1) = 10(1-e>*") = 9.93 V
Sov(t) = 9.93e70 D v

KCL: -5+v/2+i=0 i
di A 10i = 50
also:v =02 — dt
dt
S i(t) = 5+ Ae™™
i(0)=0=5+4=>4=-5

sowehavei (f) =5 (I-e'") A

1(02)=432A - i(f) = 43270 A

_t
AXIOS(IOJ)
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Ex. 8.7-1
v, (t)=10sin20r V

KVL: —105in201+10(.01d;£t)J+v(t) =0

10Q

d:,Et)HO v(¢) = 100sin 207

+ —
Vsl C—) T0mF == v{0)  Natural response: v, ()= de”” where =R C . v (t)=Ade”
Forced response:  try v, ()= B, cos20¢ + B,sin 20 ¢

Plugging v, (¢) into the differential equation and
equating like terms yields: B, = -4 & B, = 2
Complete response: v(¢) = v,(¢) + v,(?)
v(t) = Ae'" —4cos20¢ + 2 sin 20¢
Nowv(0") =v(0")= 0 = A-4 .. A=4
sov(t) = 4e” —4cos 20t + 2sin 20tV

Ex. 8.7-2
i(t) =10e™ fort>0
() + KCL at top node: —10e™ + i(t) + v(t)/lO =0
i i) 4011 v(r)g 10Q : :
; l - Now v(7) = O.Id;g) = dlagtt)HOO i(1) =1000 ™

Natural response: i (1) = Ae™’" where 7 = L/R, .. i,(t)= Ae '
Forced response: try i, (f) = Be™ & plug into the differential equation
—5Be™+ 100 Be=1000¢™> = B =10.53
Complete response: i(f) = Ae”" ™ + 10.53¢™
Now i(07) =i (0°) =0 =4 +10.53 = 4 = -10.53
si(t) =1053 (e =) A

Ex. 8.7-3
When the switch is closed, the inductor current is 7, =v, /R =v, . When the switch opens, the

inductor current is forced to change instantaneously. The energy stored in the inductor

instantaneously dissipates in the spark. To prevent the spark, add a resistor (say 1 kQ) across the
switch terminals.

8-7



Problems

Section 8.3: The Response of a First Order Circuit to a Constant Input

P8.3-1

—A\A

6 Q 6
+
_|_
(;)12V 6Q t?)
6 Q (i)

N\

T

)12\:’ 6 Q oc

Finally,

Here is the circuit before ¢ = 0, when the switch is
open and the circuit is at steady state. The open
switch is modeled as an open circuit.

A capacitor in a steady-state dc circuit acts like an
open circuit, so an open circuit replaces the
capacitor. The voltage across that open circuit is the
initial capacitor voltage, v (0).

By voltage division
v(0)

B 6
6+6+6

(12):4 \%

Next, consider the circuit after the switch closes. The
closed switch is modeled as a short circuit.

We need to find the Thevenin equivalent of the part
of the circuit connected to the capacitor. Here’s the
circuit used to calculate the open circuit voltage, V.

6
V. =——(12)=6 V
o 6+6( )

Here is the circuit that is used to determine R;.
A short circuit has replaced the closed switch.
Independent sources are set to zero when
calculating Ry, so the voltage source has been
replaced by a short circuit.

' 6+6
Then

r=R, C=3(025)=0.75 s

Je!'"=6-2¢"P" V fort>0
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Finally,

i(t)=1,+

sC

Here is the circuit before ¢ = 0, when the switch is
closed and the circuit is at steady state. The closed
switch is modeled as a short circuit.

An inductor in a steady-state dc circuit acts like an
short circuit, so a short circuit replaces the
inductor. The current in that short circuit is the
initial inductor current, i(0).

Next, consider the circuit after the switch opens.
The open switch is modeled as an open circuit.

We need to find the Norton equivalent of the part
of the circuit connected to the inductor. Here’s the

circuit used to calculate the short circuit current,
.[SC-

]sc =£=1 A
6+6

Here is the circuit that is used to determine R;.
An open circuit has replaced the open switch.
Independent sources are set to zero when
calculating R, so the voltage source has been
replaced by an short circuit.

t_(6— +6) +6_
[hen

=t 8o
R, 4

(i(0)-1.)e """ =1+e>" A fort>0



P8.3-3
Before the switch closes:

2i,
ia
——
After the switch closes:
b Q 3Q 6 Q 30
A'A"A M l ATAYAY NV
+
+ +
C_ 12y Y C_ 12y
2, R 2i,
ia T i3
—— ——
Therefore R, = _—g =3Q so 7=3(0.05)=0.15s.
Finally, v(t)=v, +(v(0)—v,_)e /T =—6+18¢ 7" V for t>0
P8.3-4
Before the switch closes:
b £ 3Q
M l AATAY
o)
C 12V ,l,i(0)=4/3 A
. 2l; o
ia
—

After the switch closes:

Jrisoz'z A



6Q 30
AAYAY M
C 12V
2i,

,l,iscz—2 A

6 Q 380
MWy VMV l
+
+
C_ 12y Vo= 6V
2i, -
ia
—_—
-6 6
ThereforeRt=—2=3Q SO r=§=2s.

Finally, i(f)=i_+(i(0)—i_ )e - =2+ ?

P8.3-5

e™ A fort>0

Before the switch opens, v, (£)=5V =v,(0)=5 V. After the switch opens the part of the

circuit connected to the capacitor can be replaced by it's Thevenin equivalent circuit to get:

20 kQ
— NN\
> 20 kQ
g 20 kQ + Thevenin
Fquivalent
Ct) 5y 4 ubk A= vo(f) —

T

Therefore 7 = (20><103)(4><10-6) =0.08s.

t

Next, v (1) =v, +(v(0)—v,.))e * =10-5¢"> V for t>0

oc

Finally, v, () =v.(t)=10-5¢ " V for t>0

20 kQ

10v ()

M\

4uF 3=




P8.3-6
Before the switch opens, v, (t)=5V =, (0)=5 V. After the switch opens the part of the

circuit connected to the capacitor can be replaced by it's Norton equivalent circuit to get:

20 kQ

Norton

Equivalent
— (D 05mA S20kQ v, 0

T —

Therefore 7= % =0.25ms.
20x10

t

Next, i, (f) =i, +(i, (0)—i_ )e  =0.5-0.25¢*" mA for >0

Finally, v, (1) = S%iL (1)=5¢™" VvV fort>0

P8.3-7
Att =0 (steady-state) i (0)=6 A
—

Since the input to this circuit is constant, the
inductor will act like a short circuit when the A 40
circuit is at steady-state:
fort>0

i@

—

N i,(1)=i,(0)e " =67 A

4Q § 0.2 H <y
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P8.3-8

Before the switch opens, the circuit will be at steady state. Because the only input to this circuit
is the constant voltage of the voltage source, all of the element currents and voltages, including
the capacitor voltage, will have constant values. Opening the switch disturbs the circuit.
Eventually the disturbance dies out and the circuit is again at steady state. All the element
currents and voltages will again have constant values, but probably different constant values than
they had before the switch opened.

Here is the circuit before ¢t = 0, when
the switch is closed and the circuit is at
steady state. The closed switch is modeled as
a short circuit. The combination of resistor

Q
o

100 + and a short circuit connected is equivalent to
—|-> a short circuit. Consequently, a short circuit
(— VS 100 VO(O) replaces the switch and the resistor R. A

—_ capacitor in a steady-state dc circuit acts like
? an open circuit, so an open circuit replaces
the capacitor. The voltage across that open
circuit is the capacitor voltage, vo(?).

Because the circuit is at steady state, the value of the capacitor voltage will be constant.
This constant is the value of the capacitor voltage just before the switch opens. In the absence of
unbounded currents, the voltage of a capacitor must be continuous. The value of the capacitor
voltage immediately after the switch opens is equal to the value immediately before the switch
opens. This value is called the initial condition of the capacitor and has been labeled as v,(0).
There is no current in the horizontal resistor due to the open circuit. Consequently, v,(0) is equal
to the voltage across the vertical resistor, which is equal to the voltage source voltage. Therefore

The value of v,(0) can also be obtained by setting # = 0 in the equation for v,(¢). Doing so gives

Vo(0)=2+8€0 =10V
Consequently,
V.=10V
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Next, consider the circuit after the switch
opens. Eventually (certainly as t —) the
circuit will again be at steady state. Here is

_/\/\/ the circuit at = oo, when the switch is open
/\/\/_(5 and the circuit is at steady state. The open

R 10 Q + switch is modeled as an open circuit. A
m capacitor in a steady-state dc circuit acts like
(_) 10V 10 Q VO(‘”) an open circuit, so an open circuit replaces
. the capacitor. The voltage across that open
(P circuit is the steady-state capacitor voltage,

Vo(o©). There is no current in the horizontal
resistor and v,(0) is equal to the voltage
across the vertical resistor. Using voltage
division,
v, () = 10
R+10

(10)
The value of v,(o0) can also be obtained by setting # = o in the equation for v,(¢). Doing so gives

v, (0)=2+8e" =2V
Consequently,
. 10
R+10

(10) = 2R+20=100 = R=40Q

Finally, the exponential part of v,(¢) is known to be of the form e tfz where 7 =R, C and

R; 1s the Thevenin resistance of the part of the circuit connected to the capacitor.

O Here is the circuit that is used to determine R.
An open circuit has replaced the open switch.

Independent sources are set to zero when
calculating Ry, so the voltage source has been
_/\/\/ M replaced by a short circuit.
40 Q 10 Q
40)(10
o 10, (40)(10)

+—-=18 Q
10Q el t 40+10

R SO
¢ 't r=R,C=18C

From the equation for v(7)

05t=-L = r=2s
T

Consequently,

2=18C = C=0.111=111mF
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P8.3-9:

Before the switch closes, the circuit will be at steady state. Because the only input to this circuit
is the constant voltage of the voltage source, all of the element currents and voltages, including
the inductor current, will have constant values. Closing the switch disturbs the circuit by shorting
out the resistor R;. Eventually the disturbance dies out and the circuit is again at steady state. All
the element currents and voltages will again have constant values, but probably different constant
values than they had before the switch closed.

The inductor current is equal to the current in the 3 Q resistor. Consequently,

v (1) 6-3 e_0'35t

3 3

-0.35¢
e

i(?) =2- A whent>0

In the absence of unbounded voltages, the current in any inductor is continuous. Consequently,
the value of the inductor current immediately before ¢ = 0 is equal to the value immediately after
t=0.

Here is the circuit before # = 0, when the
—O switch is open and the circuit is at steady
state. The open switch is modeled as an open
circuit. An inductor in a steady-state dc
circuit acts like a short circuit, so a short
circuit replaces the inductor. The current in
that short circuit is the steady state inductor
current, i(0). Apply KVL to the loop to get

(* ©)
T . R, i(0)+R,i(0)+3i(0)-24=0
24
O O = i(0)=———
e ~ O (0) R +R,+3

The value of i(0) can also be obtained by setting ¢ = 0 in the equation for i(f). Do so gives

i(0)=2-¢"=1A

Consequently,
24
l=— = R/ +R,=21
R +R,+3
—0 O Next, consider the circuit after the switch
closes. Here is the circuit at # = oo, when the
+ switch is closed and the circuit is at steady
(—I— 24V 30 V() state. T.he glosed sw1tch 18 rpodeled as a
= _ 0 short circuit. The combination of resistor
i(e) — and a short circuit connected is equivalent to
< a short circuit. Consequently, a short circuit

replaces the switch and the resistor R;.
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An inductor in a steady-state dc circuit acts like a short circuit, so a short circuit replaces the
inductor. The current in that short circuit is the steady state inductor current, i(«). Apply KVL to
the loop to get

24
R,+3

The value of i(c0) can also be obtained by setting ¢ = oo in the equation for i(¢). Doing so gives

R,i(0)+3i(0)-24=0 = i(x)=

Consequently

Then
R =12 Q

. . . - L
Finally, the exponential part of i(¢) is known to be of the form e 1 where 7 = a and
t

R is the Thevenin resistance of the part of the circuit that is connected to the inductor.

O Here is shows the circuit that is used to determine R;.
A short circuit has replaced combination of resistor
R h
2 R, and the closed switch. Independent sources are set
to zero when calculating R;, so the voltage source
3Q S
has been replaced by an short circuit.

R =R,+3=9+3=12 Q

t ;L _L
Rt

From the equation for i(¢)
035t=-L = r=2857s
Consequently,

2.857=% = L=3428 H
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P8.3-10
First, use source transformations to obtain the equivalent circuit

30 90
A MW
vl -
(i 42 v 30 1, H L

t=0
for #<0: for ¢>0:
105 Q 9Q
M
+ oyl -
21V liL(0)=2A §BQ /5 H

Soi, (0)= 2A, I, = 0, R =3+9=12Q, 7=

and i, (1) =2 >0
Finally v (t) =9i,(t) =18¢™ >0
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Section 8-4: Sequential Switching

P8.4-1
Replace the part of the circuit connected to the capacitor by its Thevenin equivalent circuit to
get:

8 Q 4 Q
VW VW

10V C 0.05F Z= v(®) 5V (ﬁ) 0.05F == v({©)

t<Q0and?>1.5s 0<t<15s

Before the switch closes at t = 0 the circuit is at steady state so v(0) = 10 V. For 0 <¢ < 1.5s, v, =
SVand R, =4 Qso 1 =4x%x0.05=0.2 s. Therefore

V(f):VOC+(V(0)—voc)e_t/r —545¢ 'V for 0< t<15s

Att=15s, v(1.5)=5+5¢"""")=5V . For 1.55<¢, vee=10Vand R,=8 Q so
7=8x%0.05=0.4 s. Therefore

vt =v, +(v(1.5)-v,) I g5 ,725(19)

V for 1.5s< ¢

Finally
545>V for 0< t<1.5s
v (t) - -2.5(1-1.5)
10-5e v for 1.5s< ¢
P8.4-2
Replace the part of the circuit connected to the inductor by its Norton equivalent circuit to get:
2A(D 60 12H4 i 2A 6Q 12H 3 | i
t<Qandt>15s 0<r<15s

Before the switch closes at = 0 the circuit is at steady state so i(0) =3 A. For 0 <¢<1.5s, i;o =2

Aand R;=6 Q so 12%22 s. Therefore

i(t)=i_+(i(0)—i)e " =2+ A for 0< t<15s
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Atr=15s, i(1.5)=2+e¢"*"=247A. For 1.5s<¢, i,= 3 Aand R,=8 Q so r=%=1.5s.

Therefore
i()=i +G(1.5) i )e TV 23053070 v o 155< ¢
Finally
© 2+e A for 0< t<1.5s
1 =
3-0.53 6_0'667(t_1-5) A for 1.5s< ¢
P8.4-3
Att=0":
6 O 12 Q 2 Q
AA"A" A4 NN KVL : —52+18i+(12/8) i=0
) = i(07)=104/39 A
. (6 .
D52 o i )-2A= o)
6Q
For0<t<0.051s i,(t)=1i,0) ¢/" where T=L/R
6 0 12 Q 2 € t
MA—— VWV MWV R =6[12+2=6Q
—
o @ i()=2e" A
(Dsev 1H | i® 6+12
T L) =i, ()| ——|=6e" A
o) . (1) =i, ( )( ‘ j
L
Fort>0.051s
6 Q 12 0 2 Q
NMA— '\ﬁ/\: <! M i, () = i,(0.051) ¢ (R/B-005D
S 0 i,(0.051) = 27" =1.473 A
) . t) = 1.473 —14(t-0.051) A
()s2v 1H 3o (1) ¢
S ‘o i(t)=i,(t) = 1.473 ¢ 40000 A
o
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P8.4-4

At t=0": Assume that the circuit has reached steady state so that the voltage across the 100 uF

capacitor is 3 V. The charge stored by the capacitor is

q(07)=(100x10")(3)=300x10" C

0 <t < 10ms: With R negligibly small, the circuit reaches steady state almost immediately (i.e. at
t=0"). The voltage across the parallel capacitors is determined by considering charge

conservation:

WL L T

10 ms <t <1s: Combine 100 pF & 400 pF in parallel to obtain

+
SQQPF——E W %EL: [ k1o

P8.4-5

For ¢ <0:

Find the Thevenin equivalent of the
circuit connected to the inductor (after
¢t >0). First, the open circuit voltage:

. 40
' 20420
v, =20i,-5i, =15V

q(0")=(100 4F) v(0*)+(400 uF) v(0")

9(07)  300x10°

v(0")=
( ) 100x107° +400x10°  500x10°°

v(0+) =06V

v(t)

v (0+ ) e (t-01)/RC

— 0 6e—(r—.01)/(103) (5x107%)

W) = 0.6 e 2=0D v

40V t)

20 Q
—0 @—/\/\/\,—.<>—

gzog ¢f(0):0A

51(f)l

5i

500x107°
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Next, the short circuit current:

20i,=5i, = i,=0
i +0=20 i oA
A 20 A
Then
R =YD 750
i 2

Replace the circuit connected to the
inductor by its Norton equivalent
circuit. First
L 15x10° 1
500

R 7.5

Next
i(1)=2-2e7"" A >0

After t = 0, the steady state inductor

current is 2 A. 99% of 2 is 1.98.

1.98=2-2¢""" = =92 ms

P8.4-6

5V (f) v*(t)

7.5Q

v(0)=5 V, v(0)=0 and 7=10"x10°=0.1s

v(t)=5¢""" V fort>0

25=5e""" ¢t =0.0693 s
V(tl) 2.5
i(¢,)= = =25 uA
(1) 100x10°  100x10° =
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Section 8-5: Stability of First Order Circuits

P8.5-1

This circuit will be stable if the Thévenin equivalent resistance of the circuit connected to the
inductor is positive. The Thévenin equivalent resistance of the circuit connected to the inductor
is calculated as

Ri(t) ( 100 v 400—-R) 100
1’88/6,2 “i00:a00 " { = Rt =t 00, 4)00
\/ : = 400 i(t)-R i(¢) ‘r *
400 @ S} 10
The circuit is stable when R <400 Q.
P8.5-2
The Thevenin equivalent resistance of the circuit connected to the inductor is calculated as
Av(r) Ohm’s law: v(7)=1000, (1)
0 N - KVL: Av(t)+v, (t)-v(t)-4000, (¢)=0
4 kQ VT(I) T iT(E)
1 kQ - ~vp (1) =(1-4)1000 i, (£)+4000 i, (t)
¢ MA—o ;
+ v - R,=‘TT( )=(5—A)><1000
i (1)
The circuit is stable when 4 <5 V/V.
P8.5-3
The Theévenin equivalent resistance of the circuit connected to the inductor is calculated as
U Ohm’s law: i()=— w0
w: i(t)=
Vv O 6000
6 kQ + . ’ . v, ( t)
KO Bi() v1(t) i) KCL: l(z‘)+Bl(t)+lT(t)= 3000
, : v (1)), ve(t)
O i () ==(B+1)| ——= 2
ir(0)=—~(B+ )[ 6000]+ 3000
_(B+3)v (1)
© 6000
_ v (t) _ 6000
" i(t) B+3

The circuit is stable when B > -3 A/A.
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P8.5-4
The Thevenin equivalent resistance of the circuit connected to the inductor is calculated as

. Av() Wy = (L000)(4000) o c00s (1)
vy O\ 1000+ 4000 " !
N - v () = v(t) = Av(t) = (1= A) v(1)
4KkQ 2 v(1) vyld) (T T 2O _g00(1- 4
_ B ' lT( )
o The circuit is stable when 4 <1 V/V.
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Section 8-6: The Unit Step Response

P8.6-1

The value of the input is one constant, 8 V, before time ¢# = 0 and a different constant, -7 V, after
time ¢ = 0. The response of the first order circuit to the change in the value of the input will be

v,(t)=A+Be " fort>0

where the values of the three constants 4, B and a are to be determined.
The values of 4 and B are determined from the steady state responses of this circuit
before and after the input changes value.

6Q +

8V A+ B

O

The steady-state circuit for t <O0.

6Q +
7V A
0

The steady-state circuit for t > 0.

Capacitors act like open circuits when the input is constant
and the circuit is at steady state. Consequently, the
capacitor is replaced by an open circuit.

The value of the capacitor voltage at time t =0,
will be equal to the steady state capacitor voltage before
the input changes. At time ¢ = 0 the output voltage is

v,(0)=4+Be " =4+B

Consequently, the capacitor voltage is labeled as 4 + B.
Analysis of the circuit gives

A+B=8V

Capacitors act like open circuits when the input is constant
and the circuit is at steady state. Consequently, the
capacitor is replaced by an open circuit.

The value of the capacitor voltage at time t = oo, will be
equal to the steady state capacitor voltage after the input
changes. At time ¢ = o the output voltage is

v (oo):A+B e = 4

o

Consequently, the capacitor voltage is labeled as A.
Analysis of the circuit gives

A=-7TV

Therefore
B=15V
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The value of the constant a is determined from the time constant, T, which is in turn
calculated from the values of the capacitance C and of the Thevenin resistance, Ry, of the circuit
connected to the capacitor.

C

t

a

A A Here is the circuit used to calculate R;.

6 Q R=6Q
Therefore
<— Ht 1 1
a= =25 -
(6)(66.7x107) s
O

(The time constant is 7 = (6)(66.7 X 10‘3) =04s.)
Putting it all together:

(t) 8V fort <0
v =
? —7+15¢ " V fort>0

P8.6-2
The value of the input is one constant, 3 V, before time ¢ = 0 and a different constant, 6 V, after
time ¢ = 0. The response of the first order circuit to the change in the value of the input will be

v,(t)=A+Be " fort>0

where the values of the three constants 4, B and a are to be determined.
The values of 4 and B are determined from the steady state responses of this circuit
before and after the input changes value.

'e) Capacitors act like open circuits when the input is
P P P
) + constant and the circuit is at steady state. Consequently,

the capacitor is replaced by an open circuit.

3¢
i)
(— V. 64 A+B The value of the capacitor voltage at time t = 0,
will be equal to the steady state capacitor voltage

before the input changes. At time ¢ = 0 the output
voltage is

The steady-state circuit for t < 0. —a(0)
v,(0)=A+Be "V =4+B

Consequently, the capacitor voltage is labeled as 4 + B.
Analysis of the circuit gives
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— A\ o
30 +
(f)ev 6Q A
O

The steady-state circuit for t > 0.

A4+B=-2_(3)=2vV
3+6

Capacitors act like open circuits when the input is
constant and the circuit is at steady state. Consequently,
the capacitor is replaced by an open circuit.

The value of the capacitor voltage at time t = oo, will be

equal to the steady state capacitor voltage after the
input changes. At time ¢ = o the output voltage is

A

v, (0)=A+Be ™

Consequently, the capacitor voltage is labeled as 4.
Analysis of the circuit gives

6
=——(6)=4 V
3+6( )
Therefore

B=-2V

The value of the constant a is determined from the time constant, t, which is in turn
calculated from the values of the capacitance C and of the Thevenin resistance, Ry, of the circuit

connected to the capacitor.

—\\

3Q

0

<—R

Putting it all together:

C

t

l:z‘:R
a

Here is the circuit used to calculate R;.

Therefore

(The time constant is7 =(2)(0.5)=1s.)

4-2¢ "V fort>0

vg(t)z{ 2V fort<0
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P8.6-3

The value of the input is one constant, —7 V, before time ¢ = 0 and a different constant, 6 V, after
time ¢ = 0. The response of the first order circuit to the change in the value of the input will be

v, (t) =

A+Be " fort>0

where the values of the three constants 4, B and a are to be determined.
The values of 4 and B are determined from the steady state responses of this circuit

before and after the input changes value.

—\\ o

50
(f)-?V 4Q A+B\l/

O—
The steady-state circuit for t <O0.

—\\ o

5 Q
(f)sv 4Q A\l/

O—

The steady-state circuit for t > 0.

Inductors act like short circuits when the input is
constant and the circuit is at steady state.
Consequently, the inductor is replaced by a short
circuit.

The value of the inductor current at time ¢ = 0,

will be equal to the steady state inductor current before
the input changes. At time ¢ = 0 the output current is

i,(0)=A+Be " =4+B

Consequently, the inductor current is labeled as 4 + B.
Analysis of the circuit gives

A+B:_?7:—1.4A

Inductors act like short circuits when the input is
constant and the circuit is at steady state.
Consequently, the inductor is replaced by a short
circuit.

The value of the inductor current at time ¢ = oo, will be

equal to the steady state inductor current after the
input changes. At time # = oo the output current is

i,(0)=A+Be " =4

Consequently, the inductor current is labeled as 4.
Analysis of the circuit gives

A:E:LZ A
5

Therefore
B=-26V
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The value of the constant a is determined from the time constant, T, which is in turn

calculated from the values of the inductance L and of the Thevenin resistance, R;, of the circuit
connected to the inductor.

1 L
—_— =T =—
a R,
—/\/\/ 'e) Here is the circuit used to calculate R;.
5Q
(5)(4)
R, = =222 Q
4Q <—R ’ 5+4
Therefore
a= 222 1.85 -
O 1.2 S
. ) 1.2
(The time constant is7 =——=0.54 s.)
2.22
Putting it all together:
) -14 A fort<0
L (t) = 1851
1.2-2.6e " A fort>0
P8.6-4
vit)= du(@)-u(t—-1D)—u(t-2)+u(t—4)—u(t—06)
P8.6-5
500 kQ Assume that the circuit is at steady
"M state at t = 1. Then
0 t<1 -
v (1)=14 l<i<?2 v, (0) C) 2 Wk == () v(t)=4-4¢"" V forl< ¢<2
0 t>2

so v(2)=4-4e" =253V
r=RC=(5x10")(2x10°)=1's and

v(t)=2.53¢"? V for 1>2

0 t <1
v(t)=44—4e " 1<t<2
2.53¢ % t>2
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P8.6-6
The capacitor voltage is v(0) = 10 V immediately before the switch opens at = 0.

For 0 <t < 0.5 s the switch is open:

‘o v(0)=10 V, v()=0 V, Tzsx%: s

1
2

so v(t)=10e?" V
330V 30 e F =

/1
<

=
-t

In particular, v(0.5)=10¢"Y =3.679 V

For t > 0.5 s the switch is closed:
v(0)=3.679 V, v(®)=10 V,R =6]3=2 Q,

6 0
z':2><l:l S
+
30V 30 Vs F == v{1) S0
- v(t)=10+(3.679-10)e ") v
=10-6.321¢°"") v
P8.6-7

Assume that the circuit is at steady state before ¢ = 0. Then the initial inductor current is
i(0)=0A.

For0<z<1ms: The steady state inductor current will be
eyl 30 40)=24 A
i(0)=1imi(¢)= =

() =1im i (?) 30+20( )

10 () 300 20020

The time constant will be
_50><10‘3 10 1

==
30420 1000

S

The inductor current is () =24 (1 - eilooo’) A
In particular, i(0.001) =24 (1 —e’l) =152 A

Fort>1ms

Now the initial current is i(0.001) = 15.2 A and
the steady state current is 0 A. As before, the time
constant is 1 ms. The inductor current is

l(t) ~152 e—lOOO(t—OAOOI) A
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The output voltage is

v(t)zoi(t){

P8.6-8

303 871000 (#-0.001

For t <0, the circuit is:

480(1—6’1000’) V t<1ms

) V ¢t>1ms

3 kQ

After t = 0, replace the part of the circuit connected to the capacitor by its Thevenin equivalent

circuit to get:

4 kQ

15V C)

aAA

50uF 3

c

=—15+9¢”" V

y (t) —_15+ (—6 _ (_1 5)) o"/(4000<0.00003)
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Section 8-7 The Response of an RL or RC Circuit to a Nonconstant Source

P8.7-1
Assume that the circuit is at steady state before ¢ = 0:

s Vv
129§ ¢ ZO) 38.5V i)

§

A

KVL : 12i +3(3i,)+385=0 = i =-183
Then v,(07) =—12i, = 22 V= v (0")

After t=0:
8e 5t

— AN —
129§ ¢ ”36F 385v(F

197 (=S
KVL : 121x(t) 8e " + v, (t) 0

W,

KCL : —ix(t)-2ix(t) + (1/36) —¢~—= () =0 = ix(z)zldvc(t)
108 dt
IZ{LdV“—(t)}—Se_St + v (t) =0
108 dt c
dv (1)

_ —5¢ _ —9¢
+ 9vc (t)="T72e = v, (t)= Ae
Try v, " () = Be™! & substitute into the differential equation = B = 18

" vc(t) = Ae™® 4187t

v (0)=22=4+18 = 4 = 4

4e_9t

v (0) = + 187y
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P8.7-2
Assume that the circuit is at steady state before ¢ = 0:

4Q
VWV )
’ ) SO — (O 12
12V<i> o v(0) L 28 i,(07)=7,(07) = Z =3A
i1,(0 )l - .
After t=0:
- X
KCL: v(t) 12+,'L (t)_|_v(t) — e AAA
' 25 H *
(=29 2] v 5 W Zze (D eeun
- iL(r)l, -

. 3 diy (t) |
I (t)+z|:(2/5) 7:|—3+6€

di, (t
(1) 0 (1)=10420¢
dt 3
s ()= Ae_(lm)t, tryi (£)=B+ Ce™, substitute into the differential equation,
and then equating like terms = B=3, C=15 = i 1 (1)=3+15 e_zt
cdy (=i, (O)+i, (t) = Ae 1V +3+15e7, i (0)=3=A4+3+15=>4=-15

si () = 157" + 3 4+ 15¢7

i, g0 1 gy

Finally, v(¢) =(2/ 5) i

P8.7-3
Assume that the circuit is at steady state before ¢ = 0:

24 0
MA—o——y
=v(07) - )
6 Q Q 5 mA
Current division: i, (07) =-5 (6j =—1 mA
6+24
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After 1= 0: i (1)

24 Q 1y
Y Y N
J 8 mH
KVL: —25sin4000 ¢ +24iL(t)+.008M=0 + v m
dt (i)vﬂﬂ=25snu4000t)v
di (1) . 25 .
—=—2+3000i, (#)=—"5in4000t
dt .008

i,(t) = Ae™™™, try i (f) = Bcos 4000z + Csin 4000z, substitute into the differential equation
and equate like terms = B =-1/2, C=3/8 = i (t)=-0.5c0s40007+0.375 sin 40007

i,(t)=1i,(t)+i,(t) =Ae™" —0.5c0s4000¢+0.375 sin 40001
i,(0) =i, (07) =—10" =4-0.5 =4 =05

S0 (1) = 0.5 —0.5c084000¢+0.375 sin 4000 mA

but v(z) = 24i, (1) =12 ¢ — 12c0s4000¢ + 9sin 4000t V

P8.7-4
Assume that the circuit is at steady state before # = 0:
10 kQ
[ NWV—

[ ]

Replace the circuit connected to the capacitor by its Thevenin equivalent (after /=0) to get:

15 kQ
NV

+

vs()=10 cos(2t)  velt) == Vg mF

KVL: ~10cos2z+15 [%Od‘};ft)j+vc(t):0 = dv;ft)uvc(z): 20cos 2t

v (t)=Ade™, Try v, (t) = Bcos 2t + Csin 2¢ & substitute into the differential equation to get
B=C=5 = v, (1)=5c0os2t+5sin2t. . v, (1) =v,(1)+v,(1)= Ae™ + 5cos2t + 5sin2t

Nowv,(0)=0=4+5=A4=-5 = v, ()=-5¢""+ 5c0s2t + 5sin2t V
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P8.7-5
Assume that the circuit is at steady state before # = 0. There are no sources in the circuit so i(0) =

0 A. After r =0, we have:

. . di(t
10 0.5 1 l—(tl KVL:—1051n100t+l(t)+5agt)vtv(t) =0
AN - ‘ W(1)
Ohm's law : l(t) = 7
(‘_‘)vs(t):m Sin(100) () =8 8
- dv;tt)ﬂsv(z) — 160sin100¢

v (t)=Ade™™ try v, (#) = Bcos100z + Csin100z, substitute into the differential equation
and equate like terms = B=-1.55 & C=0.279= v, (¢)=—-1.55c0s100z + 0.279sin100¢
S =v, () +v, ()= Ae™™* —1.55c0s100¢ +0.279 sin100¢

v(0)=8i(0)=0 = v(0)=0=4-155=4=1.55

so v(t) = 1.55¢7"¥ —1.55c0s100¢ + 0.279 sin100¢ V

P8.7-6
Assume that the circuit is at steady state C="aspuF
before 1= 0. ):
Vo (t):_vc (t) + Vc(t) -
ve(0" )=v.(0)=-10 V ! AN ®
R =1kQ
After t =0, we have 15 kQ
(1 AMN——
i(t)= () 8e )33 ma I3
15000 15000 P *
- O Vol
The circuit is represented by the differential 0
dv.(t t _
equation: i(1)= Cvc—()+vc—(). Then o
dt R T

dv, (t)
dt

(0.533x107) e =(0.25x10") +(107)v, (1) = dv;ft)+4000vc(r)=4oooe5’

Thenv, (1) = Ae™™ . Tryv,(¢)=Be™. Substitute into the differential equation to get

d -5t
7(3 ) +4000 (Be™ )=4000 ¢
dt

5 4000

= =-1.00125= -1
~3995

8-34



ve()=v (1) +v, (1) =e" + 4e™™
VC(O):—IOZI-‘FA = A4A=-11 = vC(t) — le—ZI_ll e—4000[ vV
Finally
v,(t) = = v.(t) = 11 1675V t> 0

P8.7-7
From the graph i, (1) = %t mA . Use KVL to get

(1)5(¢)+0.4C”;§’)=v1(t) = CIZEZ)+2.5iL(t)=2.5vl(t)

Then
dif | 1] _
dt[4tJ+2.5[4t}—2.5 v(6) = =0.1+025V
P8.7-8
Assume that the circuit is at steady state before
£=0. 50 4Q 2 Q
. _ 2
v(0)=v(0)=-—--30=10V +
4+2 y{07) 30V
After t =0 we have
- dv(t dv(t
ioli) Iy kyr: 3 4% )+v(t)+4 1dv(1) 5
50 4 Q 20 2 dt 2
dv(t
+ 2i(t)+4 i(t)—lﬁ +30 =¢
VZFTH) 30V ety 2 dt

The circuit is represented by the differential equation

dv(t) 6 6 2 .,
9 -2 10+2
a iev )= 105

~(6/19)1

Take v, (t) = Ae CTry v, (t) = B+Ce™ , substitute into the differential equation to get
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—3Ce™ + 2(B +Ce™) = 60 4
19 19 19
Equate coefficients to get
B=10, C:_i — vf(t)zie_3’+Ae‘(6“9)f
51 ‘ 51
Then
v(t)=v,(t)+v,(1)= 10_5416—% + 4o (61191
Finally
+ 4 4
Vc(O)ZIOV, = 10=10-—+4 = A=—
51 51
v (f) = 10+i(e—(6/19)t_e—3t) v
51
P8.7-9
We are given v(0) = 0. From part b of the 50
figure: .
5t 0<t<2s +
v, (1) = 10 t>2s Ve i, 20 v() == 1F
ixi

Find the Thevenin equivalent of the part of the
circuit that is connected to the capacitor:

The open circuit voltage:

by -l =0

Replace the part of the circuit connected to the
capacitor by its Thevenin equivalent:

20
MW

TF == v(1)

v(t) (i)

The short circuit current:

2Q
Vs i, N
i

(ix=0 because of the short across the right 2 QO
resistor)

KVL:
dv(t)

Il
e

+ v(t) -V, (t)
a(t) v(r)_v.(1)

dt 2 2

v, (l) =Ae ™!
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For0<¢<2s, v, (t) =5¢.Try v, (t) = B+ Ct. Substituting into the differential equation and
equating coefficients gives B =—10 and C =5. Therefore v(t) =5t—10+A4e"*. Using v(0) = 0,
we determine that 4 =10. Consequently, v(¢)=5¢t+10(e™"* -1).

Att=2s, v(Z): 10e™ = 3.68.

Next, for 1>2s, v, (t) =10 V. Try v, (t) = B. Substituting into the differential equation and
equating coefficients gives B = 10. Therefore v(7)=10+ 4 e ) Using v(2)= 3.68, we
determine that 4 = —6.32. Consequently, v(7)=10-6.32 e 2

P8.7-10
YWy
Ry + KVL: —kt+R, [Cdv;(t)}ﬂzc(t):o
v(t)=Kt (t) C ==V l1) !
i - dv (1) 1 k
-~ = + ve(t)=—=+1
dt RC RC

v, (1)= v, (t)+ v, (¢), where v, (1) =A4e™"". Tryv, (1) =B,+B, t

. 1 k
& plug into D.E. = B1+R[BO+BJ] = 2! thus B,=—kRC , B, =k.

S s

Now we have v, (t)= de”"'*“ +k(t—R,C). Use v,(0)=0to get 0= A—kRC = A= kRC.

- v,(t) = k=R C(1—¢™"' %)]. Plugging in k=100 , R,=625 kQ & C=2000 pF get
v.(£) =1000[¢-1.25x107(1-e"")]

e

V() and v¢(?) track well on a millisecond time scale.
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Spice Problems

SP 8-1
R1 2kOhm
My
V1 =-1
V2 =4 @w — 1
TD =0 - 1uF
TR =1ns
TF = 1ns -
PW = 4ms ?U
PER = 20ms
#- 00 (4 0119m 3 4427)
m
: = (24 01lm, 3. 3144)
_,—o—'—'_'_'_'_'_'_ _'_'_'_'_'___,_,—
28U+
(5.9957m, 656 347m) (26 003m,600 619m)
AU
L—_—— lu}
(9 0164m, -B39 234m)
=-2.8U T T T
s 18ms 2 8ms 3 8ms L 8ms
o U{C1:2) = U{U1:-+)
Time
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SP 8-2

R1 2
AYATAY 1
Vs W g
TD =0 C 8H
TR =1us
TF = 1us B |
PW =5 ~ °
PER =10
4_@u
N # n]
ﬂu_ [m]
-4 _au
o U{U1z+)
2.8
(5.0000,1.0710) (15 000,954 392m)
(25 000,944 852m)
Bh
(10.000,-407 671m) (20,000, =441 030m)
SEL>>
-2 .8A T T T T
s Ls 18s 15s 28s 25s 38s
o I{L1}
Time
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SP 8-3

TCLOSE =0
1 2
¥ X
R1 10k
V1o,
— g R3 C1
12%de T —
60k 2uF
R2
My ——
30K -0
&.8U —
———

(50.000m, 7 7728)

(100 000m, 7 9350)

7.6+

F.2U0+ T T
s L Ams 188ns 1% 8ms 288ms

o U{C1:2)
Time

w()=A+Be " fort>0

72=v0)=A+Be’ = 72=A4+B

= B=-08V
80=v(0)=A+Be™™ = A=80V

—0'05:ln(8_7'7728j=—1.25878

T 0.8

0.05
z‘:

1.25878

7.7728 = v(0.05) =8 — 0.8 ¢ 00/

=39.72 ms

Therefore
v(£)=8-0.8¢0072 v fort>0
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SP 8-4

TCLOSE =10
3-31 )j 2
1
. L1
@ g R SmH
4mAdc 1k

}_.

L. OmA

(15 0000, 3. 7907m)
(100000, 3 4308m)

2 . BmA

(5.00000, 2. 4514m)

an :

ds Cus 18us 1Sus 28us
o I{L1})
Time
it)=A+Be"'" fort>0
0=i(0)=A+Be’ = 0=A+B
4x10° =i(0)=A+Be ™ = A=4x10" A

(551070
2.4514x107 =v(5x107) = (4x107 ) ~(4x107) e [sa07¢)

_5x10° _ln((4-24514)x103

4%107°

J =-0.94894
T

L5 10°°
0.94894

=5.269 us
Therefore

—6
i(t)=4-4 e—t/5.269><10 mA fors>0

25us

} = B=-4x10" A
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Verification Problems

VP 8-1

First look at the circuit. The initial capacitor voltage is v.(0) = 8 V. The steady-state capacitor
voltage is v, =4 V.

We expect an exponential transition from 8 volts to 4 volts. That’s consistent with the plot.

Next, let’s check the shape of the exponential transition. The Thevenin resistance of the part of

M _4 kQ so the time constant is

the circuit connected to the capacitor is R, =
2000+4000 3

T=R C= (gx 103j (0.5>< 10*6) :§ ms . Thus the capacitor voltage is

v ()=4e""7 +4 v

where ¢ has units of ms. To check the point labeled on the plot, let z; = 1.33 ms. Then

. @j
v.(t)=4e [-67 +4 = 4541 ~ 45398 V
So the plot is correct.

VP 8-2

The initial and steady-state inductor currents shown on the plot agree with the values obtained
from the circuit.

Next, let’s check the shape of the exponential transition. The Thevenin resistance of the part of

M _4 kQ so the time constant is

the circuit connected to the inductor is R, =
2000+4000 3

T= L = > = 1—5 ms . Thus inductor current is
R, ﬂ x10°

i, ()-2¢"7 +5 mA
where ¢ has units of ms. To check the point labeled on the plot, let £, = 3.75 ms. Then

. ﬂ]
i(t)==2e (375 +5= 4.264 mA #4.7294 mA

so the plot does not correspond to this circuit.
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VP 8-3

Notice that the steady-state inductor current does not depend on the inductance, L. The initial
and steady-state inductor currents shown on the plot agree with the values obtained from the
circuit.

Aftert=0

L
5mA(D 13330 L3 |ig0 Sol, =5 mA and 7=

-13334/ L

The inductor current is given by i, (1) = —2e +5 mA , where ¢ has units of seconds and L

has units of Henries. Let ¢ = 3.75 ms, then

4836 — l'L (tl) — _2 e—(l333).(0.00375)/L + 5 — _2€_S/L + 5
SO

and

is the required inductance.

VP 8-4
First consider the circuit. When t < 0 and the circuit is at steady-state:

Fort>0

So

= R, (A+B), R =

V.
o R +R, R +R, R +R,
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Next, consider the plot. The initial capacitor voltage is (v, (0)=) —2 and the steady-state capacitor
voltage is (Vo =) 4 V, so

vo(t) = —6e7/"+4
At ¢, =1.333 ms

3.1874 = v.(t,) = —6 g 0001333/7 4 4
SO

;= —0.001333  _ 0.67 ms

B (—4+3.1874j
Inj — 27

-6

Combining the information obtained from the circuit with the information obtained from the plot
gives

& A=-2, &, (A4+B)=4,
R +R, R +R,

M =0.67 ms

1+ 2
There are many ways that A, B, R,, R,, and C can be chosen to satisfy these equations. Here is
one convenient way. Pick R, = 3000 and R, = 6000. Then

—=-2 = A=-3

2(A+B)
B

4= B-3=6= B=9

2000-C=§ ms = ;,uF=C

Design Problems

DP 8-1
R 3

Steady-state response when the switch is open: 6= R+R,+R, 12 = R +R,=R,.

3

R
Steady-state response when the switch is open: 10 = 12 = R, = ?3 .

1+3

3

R
10ms=51=(R, ||R3)C=?C

Let C=1 pF. Then R3 =60k, R =30kQ and R, =30 kQ.
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DP 8-2
12
R, +R,

steady state response when the switch is open: 0.004 = ;2 = R, =3kQ.

1

0.001=

steady state response when the switch is open : = Rl +R » 12 kQ.

Therefore, R, =9 kQ.

I0ms=5t=15 L = L = L=240H
R +R, 2400

DP 8-3
R, =50 kQ when the switch is open and R, =49 kQ = 50 kQ when the switch is closed so use
R,=50KkQ.

10°°

a) At=SRC = C=——— _=4pF
@®) ' 5(50><103)

(b) Ar=5(50x10")(2x10°)=0.5 s

DP 8-4
R, =50 kQ when the switch is open and R, = 49 kQ = 50 k2 when the switch is closed so use
At

=(1-k)5 = 1n(1—k)=—— = At=—z‘ln(1—k)
T

k5 = At=—zln(1-k)

When the switch is open: Se_At /

When the switch is open: 5-5 oM [

B 107
~ —In(1-95)(50x10°)
(b) At =—In(1-.95)(50x10°)(2x10°)=0.3 s

(@ C =6.67 pF

DP 8-5
40 O 40 Q
—\\N—9 ANN—0
li(O)
20 R,
(0) = y
0v() & § i 40R
) 1 R 40+ 1 R1+40

2 40+R,

L Q)
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For 40 0

t>0: MW _ -2
li 0= i0e % where r =& = 10
R, 40+R,
§ R, 10mH
At t<200us weneed i(f)>60 mA and i(7)<180 mA
First let's find a value of R, to cause i(0) < 180 mA.
Try R,= 40Q . Then i(0) = é A =166.7 mA so i(t)= 0.1667 ¢ /+.
Next, we find a value of R, to cause (0.0002) > 60 mA.
107
Try R, =10€), then 7 = =02ms= S.
—_— 50 5000
i(0.0002) = 166.7x107° "% = 166.7x10"e'= 61.3 mA
DP 8-6
The current waveform will look like this: We only need to consider the rise time:
A 4.-r. X |4 —% A _%
VR et 1) = —(l-e’")= —(-
R+l 0@ = oo (-e)= - (-e )
where
. +is) L 02 1
26 S0 s FT RT3 58

NAGE ;1(1 —e 1y

Now find 4 so thati;R,,, > 10 W during 0.25 < t < 0.75 s

fuse
2

- we want [i2(0.25)IR,,, =10 W = é(l—e‘”('zS))z(l):lO — 4=9.715V
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Chapter 9 - Complete Response of Circuits with Two Energy
Storage Elements

Exercises

Ex. 9.3-1 Apply KVL to right mesh:

2 d’;’) v()+1(i(1)ig(1)) =0

The capacitor current and voltage are related by

o Lav(t)y vd( _di(r) .. ) 1di(1) 1di(t) d’(t)
=2 _EE(_zdt_l(Z)ﬂ“(t)j_E di 2 di  dr

d’i(t) . 1di(1) L i(r) = 1di (1)

di’ 2 dt 2
Ex. 9.3-2 The inductor voltage is related to the inductor
current by

~ /2 F

{—}

Ny
e}

-—
T
]

Apply KCL at the top node:

. d
Using the operator s =— we have

dt
v(t)=si(t) o 0 1
L=+ L) T ii(1)=v(0)+ ==+ (1)
Therefore
2si (1) =2sv(t)+2v(t)+s’v(r) = dZV(’)+2 dv(t)+2v(t):2 di (1)

dt? dt dt
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Ex. 9.3-3

20
MV

1Q
MWV
Q) 60 T

Combining these equations gives:

3s%i, (t) +4si, (t) + 21, (t) =5, (t)

Ex. 9.4-1
v(1)
° ~
6 Q
i(2) CT 4 Q§ t(z)l ==/ F
1TH
. 4
— Ground

The characteristic equation is: s> +7s+10=0.
The natural frequencies are: s =-2 and s=-5.

Ex. 9.4-2
v(t)
10V /2 H
10 Q 7y

Using the operator s :% , apply KVL to the

left mesh:

i(1) + s (i (1)-i(1)) = v, (¢)

Apply KVL to the right mesh:

2, (t)+2§i2 (6)+5 (ix(1)-i,(£)) =0

. 1. 2 . .
i (1) =2 1 (1)+ 5 1)+ (1)
2. . 2

3a’ lzgl‘) N 4d12(t) +2i2(t)= d vsz(t)
dt dt dt

Using the operator s :% , apply KCL at the

top node:

Apply KVL to the right-most mesh:
v(t)=(si(r)+6i(r))=0
Combining these equations gives:

s i(t)+7si(t)+10i(t)=4i,(7)

Assume zero initial conditions . Write mesh

. . d
equations using the operator s = ; :
t

—s[i,(t)=i,(¢)]+7+10i,(£)-10=0
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Now 0.005s v(t) =i, (t) = v(t) =200 L (t) so the second mesh equation becomes:
s

200M

: —7—%s[il(t)—i2(t)]=0

Writing the mesh equation in matrix form:

Obtain the characteristic equation by calculating a determinant:

10+ !
2

——=s

=57 +20s+400=0 = s5,=—10%;17.3
11 200 :
-——S5 —S+—

2 S

Ex. 9.5-1

After t =0, we have a parallel RLC circuit with

1 1 7 2 1 1
= = =—ad o, =—=——""—-=06
2RC  2(6)(1/42) 2 LC (7)(1/42)

2
8.8, = —a kL d - = Ty (7j -6 = -1, -6

2 V2

dv (1
v () = de” + 4e™. Weneed v (0) and (1)

to evaluate 4, & 4, .

t=0
At t=0" we have:
s dv(t 10
(04)=0 V io(0")=-10A = d(t) =—-=420 V/s
t=0" —_—
42
i(04)=10 Al L R lOA C::j,ic(0+) Then
v.(01) =0 =4 +4,
A=-84, A = 84
1 Dol 0= —a 64, [ ?
= dt |,
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Finally
S (1) = —84e'+ 847 V

Ex. 9.5-2 . SZ+;CS+L1C=0 — 2 +405+100=0
[ = Vit
1 Q§ 0.4 H ll(l) “/40 - V( ) Therefore

5.5, =—2.68 ,-37.3

v, () =4, e+ 4,77 w0) = 0 = 4+ 4,

KCL at £ = 0" yields "4 j01 )+ -0 _ g
1 40 dt
dv;? ) — _40v(07) —40i(0°) = —40(0)—40(1) = —2.74,— 3734,

Therefore: 4, =—1.16, 4,=1.16 = v(t)=v, (t)=—-1.16e % +1.16¢7>"

Ex. 9.6-1

Lo b 50 wp=t o 1500
2RC  2(10)(107) LC ™ (0.4)107)

For parallel RLC circuits: o =

The roots of the characteristic equations are:.". s, =-50 * {(50)*=2500 = -50,-50

The natural response is v, (1) = 4, ¢ > 0r A, te” o

At t=0" we have:

L0y =) g
10Q2
i(0+)=0 A l 04H 10Q I mF =< v(0+)=8V M :@ =800V /s
- dt =0" c
—
i(04)
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So v,(01)=8=4, = v ()=8"+ 4,1 "
d”gt)) = 800 = —400 + 4, = A, = —400

v () =8¢ - 4001 " V

Ex. 9.7-1 + a= 1 = 1 — =80
o;=——=———-—=1
LC (01107

s = —ata’-w; = —8000 + ,/(8000)°-10° = —8000+ ;j 6000

cv, (1) = e[ 4,c0s6000¢ + A sin 6000¢ ]

_nt
atr=0 0,08+ 4+i (0" = 0
. 62.5
i0)=008 A} 4L 6250 C ==v(0+)=10 V = ,(0)=-24 A
. SO 1O L 4107 s
— dt C
i(04)
v (0°)=10=4, and ‘h;ft()):—zAme = 60004, —80004, = A, =-26.7

2 (1) = e 3% [10c0s 60007 — 26.7sin6000¢] V

Ex. 9.8-1
2
d vgt)+5 dv(1)
dt dt
s> +55+6=0. The roots are s,,s, =—2,—3.
2
(a) d vgt)+5 dv(1)
dt dt
6B=8 . v, (1)=8/6V.

The differential equation is +6 v(t) =V, (t) so the characteristic equation is

+6v(t)=8. Try v,(t)=B. Substituting into the differential equation gives
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dzv(t) dv(t) oy 4, o ) )
(b) % +5 = +6v(t)=3e*. Try v, (t) =B e ' . Substituting into the differential
equation gives (—-4)°B+5(-4)B+6B=3 = B= % sov(t)= % e

d*v(t) _dv(t

(0 ) s @)
dt dt

Substituting into the differential equation gives

+6v(r)=2e". Try v,(t)=Bte because -2 is a natural frequency.

(4t—4)B+5B(1-21)+6Bt=2 = B=2. .. v (t)=2te".

Ex. 9.8-2

d’i(t)  di(r) ' : S : :
. 9 ot 20i(¢)=36+12¢. Try i, (t)= A+ Bt. Substituting into the differential

equation gives 0+9B+20(A+ Bt) = 36+12t = B=0.6and 4=1.53.

L i (1)=1534+0.61 A

Ex. 9.9-1
I_L(fg L R4
_KYW\_/W\,
+
@RXED R, S €= vl

When the circuit reaches steady state after # = 0, the capacitor acts like an open circuit and the
inductor acts like a short circuit. Under these conditions

Next, represent the circuit by a 2nd order differential equation:

KCL at the top node of R, gives: vc_(t)+ Civc (1)=i,(¢)
R, di
KVL around the outside loop gives: v, (1) = L%iL (1)+ R, i, (1)+v-(2)

Use the substitution method to get
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d’ L R
= LCWVC (t)Jr[R—WLR1 C]EVC (t)+[l+R—lij (¢)

2

(a)C=1F,L=025H,R, =R,=1.309Q
Use the steady state response as the forced response:
R, 1

==V
2

vf:vC(oo):R +R
1 2

The characteristic equation is

I+
R R

s2+( ! +—l]s+ — 2 |=5"+65+8=(s+2)(s+4)=0
C C

so the natural response is
v =4 e’ +4,eMV
The complete response is

v, (1) :%+ A e +4,eMV

i, (¢) —VC—(t)Jr d ve(t)=-1.236 4, —3.236 4, * +0.3819

T 1309 dr
Att=0"
0=v,(0")=4,+4,+05
0=i,(0")=-1.236 4, ~3.236 4, +0.3819
Solving these equations gives 4; = —1 and 4, = 0.5, so

v ()= 1 e’ + le““ Y
2 2
B C=1F,L=1H,Ri=3Q,R,=1Q
Use the steady state response as the forced response:

R
vy =ve () =——

= 1=
R, +R,

Ly
4

The characteristic equation is



r) |k
s2+( ! +TIJS+ LCZ =s*+4s+4=(s+2)" =0

2

so the natural response is
v, =(4,+4,t)e™ vV
The complete response is

v (t):i+(A1 +4, t) e’V

I (t)=vc(t)+divc (t)=i+((A2_Al)_A2 1)8_2’

t
Att=0"
Ozvc(0+):A1+i

O:iL(0+):%+A2—A1

Solving these equations gives 4; = —0.25 and 4, = —0.5, so

vc(t):l—(l+ltje2’ Y
4 \4 2

(c)C=0.125F,L=05H,Ri=1Q,R,=40Q
Use the steady state response as the forced response:
RZ

= 1:
R, +R,

v

4
Vf :VC (OO) g

The characteristic equation is

I+
R R
JE O LN PO Ll=s5"+45+20=(s+2— j4)(s+2+ j4)=0
R,C L

so the natural response is
v, =e (A1 cosdt+ A4, sin4t) \Y

The complete response is
v, (£)=0.8+ ¢ (4, cos4t+4,sindt) V

A A
i, (¢) == te e ()= 0.2+72€_2t cos4t—71e_2’ sin4¢
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Att=0"
0=v,(0")=0.8+4,

A
0=1'L(0+)=0.2+72

Solving these equations gives 4; = -0.8 and 4, =-0.4, so

v, (1)=0.8—e'(0.8cos4s+0.4sin4r) V

Ex 9.9-2

When the circuit reaches steady state after t = 0, the capacitor acts like an open circuit and the
inductor acts like a short circuit. Under these conditions

vel)= g )= R, v () = R <R,
Next, represent the circuit by a 2nd order differential equation:
KVL around the right-hand mesh gives: ve (1) = L%iL (1)+ R, i, (1)
KCL at the top node of the capacitor gives: v()=ve(t) C ivc (1)=i,(¢)

Use the substitution method to get

v (1)=R, c%(L%iL (1)+Ryi, (t)jJ{L%iL (1)+Ryi, (t)jJrRl i (1)

d’ d .
=R LC— i, (£)+(L+R, R, C)EZL (£)+(R, +R,)i, ()

Using i, (¢)= vOR—(t) gives

2

R 2 R +R
vs(t)zR—;LC%vo(t)+(Riz+RlCJ%vo(t)Jr[ v 2]%@)
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(a)C=1F,L=025H,R =R,=1309Q
Use the steady state response as the forced response:

The characteristic equation is

I+—
R R
s2+£L+—zjs+ S l=st+6s+8=(s+2)(s+4)=0
RC L L

so the natural response is

The complete response is
1
v, ()= 5+ A e +4,e"V

y y
i (0)= :?3((;; N 2.6118 3006 sV

ve ()=1.309, (¢) +%%Q (7) =%+ 0.6180 4, +0.2361 4, ™"
Att=0"
0=i (0+)= L, 4 + 4,
t 2.618 1.309 1.309
0=v.(0") :%+0.6180A1 +0.2361 4,
Solving these equations gives A; = —1 and 4, = 0.5, so
_ 1 -2t —4¢
vo(t)—g—e +—e "V

O C=1F,L=1H,Ri=1Q,R,=3Q
Use the steady-state response as the forced response:
R, 3

- - =2V
v =vo() R +R, 4

The characteristic equation is

&) Y&
s2+[ ! +—2]s+ L—Cl :s2+4s+4=(s+2)220
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so the natural response is
v, =(4,+4,t)e™ vV
The complete response is

v, (1) =%+(A1 + 4, t) Y%

Att=0"

Solving these equations gives 4; = -0.75 and 4, = -1.5, so

v, (t)zi—(é—i-itjez’ Y

4 \4 2

(c)C=0.125F,L=05H,R =4 Q,R,=1Q
Use the steady state response as the forced response:
R
v =v, (o) = 1=

= Vv
R, +R,

1
5
The characteristic equation is

=

2

142
. R R
5%+ +— |5+ Ll=s+4s+20=(s5+2— j4)(s+2+ j4)=0
C L LC ( / )( / )

so the natural response is
v, =e (Al cosdt+ A, sin4t) \%

n

The complete response is

v, (t)=0.2+¢7 (4, cos4t+ A,sin4t) V

i, (t)= v"l(t) =02+e™ (Al cos4t+ 4, sin4t) \%
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ve (1) =i, (t)+5EiL (1)=0.2+24,e> cos4t—2 A4, e sin4t

Att=0"
0=i,(0")=0.2+4,

0=v.(0")=02+24,
Solving these equations gives 4; = -0.8 and 4, =-0.4, so

v, (1)=02-¢7"(0.2cos4¢+0.1sin4t) V

Ex. 9.10-1
At ¢ = 0+ no initial stored energy = v,(07)=v,(0")=i(0")=0

A ¥ioH B

0+) 576

+
10 v == iz Foovol F (1‘ 10 A
- Tlh 0+ Tl i5(0+)

KVL : 0430 oo = 410
10 dt dt
KCLatA: 24+ (040 =0 = M@ _
1 dt
KCLatB: —0+4,(0)-10=0 = i,0)=> 015 o ®™O)_y, vy
6 dt dt
FOI‘t>0: v ldV '
A shoH g KCL at A : Tl+67tl+l =0
+ Jj(” + | KCLatB: —i+>%% _1g
19§ vi)m= iz B vl 2= 56 B DwoA 6 dt
) T B T KVL: —v1+iﬂ+v220
10 dt

Eliminating 7 yields
1 dv, 5dv,
W ——t =2
12 dt 6 dt

3(5d°v,
Wt—|—-—F|+tv, =0
10\ 6 dt

10 =0

Next



1d*v, N dvl:a’zv2 1d’v,

4 ar dt  di* 4 df
Now, eliminating v,

2 3
v2+ld ‘2}2+L dv2+ld ‘3}2 +§dv2:10
4 dt 12\ dt 4 dt 6 dt

Finally, the circuit is represented by the differential equation:

3 2
d 22 124 22
dt dt

+aq 4V
dt

+48y, =480

The characteristic equation is s* +12s° +44s+48 = 0. It’s roots are s, , ; =—2,—4,—6 . The

natural response is

_ -2t 4t —6t
v, = Ade " +A4,e" + 4e

Try v, = B as the forced response. Substitute into the differential equation and equate

coefficients to get B =10. Then
V(O)=v,O+v ()= Ae™ + Ae™ + 4™ +10

+ 2 +
We have seen that v,(07) =0 and %zlz V/s. Also d ‘2(20 )=
t t
Then
v,(07) = 0 = 4 +4,+4,+10

DO 5 o —au 64
dt
2 +
%: 0 = 44 +164, +364,
t

Solving these equations yields 4, =-15, 4, =6, 4, =—1so

v, (1) :(—ISe_Zt +6e M —e +10) \Y%

Ex. 9.11-1

1 1
s’+—s+——=0 1Inourcase L = 0.1, C = 0.1 so we have s2+%s+100 =0

RC LC

40v,(0") = v,(0")] =0.
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a)
R=04Q = s5°+255+100=0

8§, =-5,-20

b)
R=1Q = s>+10s+100 = 0

s, = =553

Jw
- R0 -5
L e
x--14 573
-
R P

9-14



Problems

Section 9-3: Differential Equations for Circuits with Two Energy Storage Elements

P9.3-1
Ri=2Q 1@ v(1)

v, (t)=R {VR—Z) + Cd‘?T(tt)} + R% d‘;(tt) +LC dzdl;gt) +v(1)

v, (1) = {%H}(r){&m%}%@ﬂw]%

In this circuit R, =2Q, R,=100Q, L=1mH, C =10 uF so
2
v () = 1.029(1)+.00003 ) 4 g0 420)
dt dt

2
dt dt

P9.3-2
L 4
Using the operator s = 4 we have
dt
R, )
0 () § R, W) == C KCL: i, (1) :%MQ (0)+Csv (1)
- 1
. KVL: v(t)= Ry, (t)+Lsi, (1)
b
*

(7
Solving by usingCramer's rule for i, (1): i, (¢)= R Is 5 ()
24+ 4+ R,Cs+LCs* +1
1 1

{H%}L(IH[%JrRZC}SiL(t)+[LC]s2iL(t) 0

1 1
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In this circuit R, =100€Q), R, =10Q, L =1mH, C =10 uFso

1.1, (¢)+.00011si, (1) +10"5%, (1) =

1.1x10%, (¢)+11000

P9.3-3

After the switch closes, a source
transformation gives:

A",
R4

o R ()

i,(1)
di, (1) .\ d’i, (t) 0% (1)
dt ar’ ’
KCL:
i, (1)+C dv, (1) e (1)+v,.(2) 0
dt R,
KVL:

Ri (1)+R, (z)+LdiL—(t)—

dt

L ? v (1) =R (1) + Ry, (1) + L d"; ft) (1)
sl Differentiating
. w2
C i (I) . . 2.
T dv(1)_p i) di(e) | () dv()
di dt di di dt
Then
. 2.

iL(t)+C£R1 di (1) L (1), d%i (1) dv, (t)}r v, (1)

di dt di

t R, di, (t)+l dv,(t)

L dt

L dt
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Section 9-4: Solution of the Second Order Differential Equation - The Natural Response

P9.4-1

From Problem P 9.3-2 the characteristic equation is:
~11000:+/(11000)>—4(1.1x10)
2

1.1x10°+11000s+s> =0 = s, 5, = = 5500+ 8930

P9.4-2

KVL: 40(i, (t)—i, (t))=(100><103)diLT§t)+vc (1)

The current in the inductor is equal to the current in

= vl i
the capacitor so

1 dv, (1)

iL(t):[gxlo_SJT

vc(z)=40is(t)—(430x1o-3jdvc(t)_(looxlo—sjdzvc(t)

dt 3 dr*
d*v.(1)
dr*
s +4005+30000 = 0 = (s+100)(s+300)=0 = s, =—100, s, =-300

+400 dvfﬁ(t) +30000v,(r) = 40i,(¢)

P9.4-3
vit)-v, () . o\ av(t
S 3 | xR0 oo
T0puF== v gyL. v(t)= ZiL(t)+(1><103)diLT§t)
@ (D) 1mH3 i .
O=2iL(t)+(l><10_3)CﬁLT§t)—vs(t)+iL(t)+(10><10‘6)(2) di;ft)+(10x1o-6)(10—3)d2i;t(t)

d%, (1)

2. i
LN 4 (1) | 102000 e lt) (t)+3><108iL(f) = 107 v, (1)
dt dt dt A

v, () =3, (z)+o.omozdl?Tf’)+1o-8

s> +102000s +3x10° = 0 = 5 =3031, s, =—-98969
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Section 9.5: Natural Response of the Unforced Parallel RLC Circuit

P9.5-1

dv(0) _

The initial conditions arev(O) =6V, % —3000 V/s. Using the operator s = %, the node

equation is Csv(7)+ Ul + M) (1) =0 or (LCSZ-FLS-I- ljv(t) =v, (1)
R sL R

The characteristic equation is: s° + Lol o = 945005+ 40,000=0
RC LC

The natural frequencies are: s,, = —250++/250° 40,000 =-100,-400
The natural response is of the form v(¢)= A"

to evaluate the constants 4 and B.

V(O)z 6= A+ B

dv(0) = A=-2 and B=8
=-3000 =-1004-400B

dt

Therefore, the natural response is

v(t) =2 1000 o400 t>0

P9.5-2
The initial conditions are v(O) =2V, i (0) =0.

The characteristic equation is: s° + Ls +L =0 = s +4s5+3=0
RC LC

The natural frequencies are: s,,s, =-1, =3
The natural response is of the form v(¢)= Ae™ + Be™ . We will use the initial conditions to

evaluate the constants 4 and B.

dv(t)

Differentiating the natural response gives = —Ae”' —3Be™ . Att=0 this becomes

_dv(O): — A-3B. Applying KCL gives C—dv(t)+M+i(t):0 or dv(t): _v(t)_i(t).
dt dt R dt RC C
At t = 0 this becomes dv(O): - V(O) — Z(O) . Consequently
dt RC C
—-14-3B = —Lo)—m=—i—0 = -8

RC C  1/4

+ Be %% We will use the initial conditions
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Also, v(0)=2 = A+ B. Therefore 4 =—1 and B = 3. The natural response is

v(t)=—e"+3e V

P9.5-3
KVL: 7 +5% (1) _3du(d)_,
21 dt dt

kvr: -3l 5 dh () +2i,(£)=0
dt dt

Using the operator s =di , the KVL equations are
t

(1+55)i,+ (=35)i,=0 , 3s
1+55)i - (3
(C3s)i+ (3s+2)i= of — (F3)i=(s)33

The characteristic equation is (1+55)(3s+2)—9s’ = 65> +135+2=0 = s, = —é,—z

(1)
(2)

=0 = [(1+55)(3s+2)-(3s)" |i; =0

The currents are i, (1) = Ae_% + Be™ and i,(t)= Ce_% + De™ , where the constants 4, B, C

and D must be evaluated using the initial conditions. Using the given initial values of the
currents gives

i;(0)=11= A+B and ,(0)=11=C+ D
Let =0 in the KCL equations (1) and (2) to get

di, (0) =—£=—£—2B and s, (0) =—g=—£—D
dt 2 6 dt 6 6

So4=3,B=8,C=-1and D = 12. Finally,

i(t)=3e""+8 " A and i,(t)=—e""+12e7 A
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Section 9.6: Natural Response of the Critically Damped Unforced Parallel RLC Circuit

P9.6-1

After t=0 , di_ (1)

Using KVL: 100, (¢)+0.025 :j—t+vc (t)=0
Y
25 mH
+ The capacitor current and voltage are related by:
100 Q ve(O) 7= 10pF
iC(I) - d ¢
. ~— i.(t)=10" (1)

dt

2
avelt) sz(t) +400020) L 4100y, (1)=0
dt dt

The characteristic equation is: s> +4000s +4x10° =0

The natural frequencies are: s;, = —2000, —2000
The natural response is of the form: v, (¢)= 4,e”*™ + 4, t e
Before ¢ = 0 the circuit is at steady state (The capacitor current is continuous at t =0
in this circuit because it is equal to the
ic(0+)=0 A inductor current.)
—_—
! . v, (07)=3 = 4
30 mA 0+)=3V

100 Q m VE( +) v, (0+)

' —==0 =-20004, + 4, = 4, =6000

dt

v, (1) =(3+6000r) ™ V fort>0

P9.6-2
Aftert=0
icl?) Using KCL:
— , 1 dv,(t)
n [Lv() w0+
THe 192 1/aF == v.() d’v,(t) dv(t
i - = dt()+4 dz()+4v"(t)=0

The characteristic equation is: s +4s+4 =0
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The natural frequencies are: s, , = -2,-2

The natural response is of the form: v, (¢)= A,e™ + 4, te™

Before ¢ = 0 the circuit is at steady state

10 Q icl0)=0 A
VWY 1 i (07)==i,(0)=—2 A
+
20 V(t) iL(O—)ZZA l T8 vC(O_):O\/ dv(0+)_l.c(0+)_ .
' a4
dv, (0" )
P9.6-3
Assume that the circuit is at steady state before # = 0. The initial conditions are
v (07)=10"V & i,(07)=0A
Aftert=0 .
N i) KVL: -y (t)+.01dli7(t)+106iL (1)=0 (1)
— t
10 mH . KCL:
2. .
0010 o ilt)  (1)=0
dt dt

The characteristic equation is: (0.01C)s” + (106C)s +1=0

—1oﬁcJ_r\/(1o6c)2 —~4(0.01C)
2(0.01C)

The natural frequencies are: s, , =

For critically-damped response: 10?C*—.04C=0 = C=0.04 pF so s, =—-5x10",-5x10".
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The natural response is of the form: i, (t) = 4, o0 4, £ o500
d' * + . +

Now from (1) = =£(07) =100 [v,(0°)-10%, (0)] = 10°4¢

So iL(O)ZOIAl and diLTEO)IIO6 =d, - iL(t)z 10 107570 A

Now v()=10%, (1) =10"¢ ™" V

P9.6-4

The characteristic equation can be shown to be: s* + és + LL =5 +5005+62.5x10° =0

The natural frequencies are: s, =-250, —250

The natural response is of the form: v(¢)= Ae™" + Bt ™"

v(O):6: A and dVT(t()):—3000:—250A+B = B=-1500

~v(1) =6 =15001 " V

P9.6-5
After =0, using KVL yields: lﬂt‘)

M) s ri(e)s25agi(e)ae =6 (1) 1R
v(t)

Take the derivative with respect to ¢:

2. .
d l(j)+R—dl(t)+4i(t) =0
dt dt

The characteristic equation is s + Rs +4 = 0
Let R=4 for critical damping = (s+2)2 =0

So the natural response is i(t) =Ate*+Be™

di(0)
dt

i(0) =0 =B =0 and =4-R(i(0))=4-R(0)= 4= 4

Li(t) =4te”A
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Section 9-7: Natural Response of an Underdamped Unforced Parallel RLC Circuit

P9.7-1
Aftert=0 KCL:
V“’—(t)+iL(t)+5><10‘6dv”—(t): 0 (1)
" 250 dt
250 O i) Sosn  v@FROX10°F
- KVL:
v,(£)= 0.8 dl;gt) (2)
d*v (1) dv (1) 5 )
¢ +800—C 2 +2.5x10 v (1) =0 = 57 +8005+250,000=0, s,,=-400+ /300
dt

The natural response is of the form v, (1) = e 400 [Al cos 3007+ 4 ,sin 3001]

Before t = 0 the circuit is at steady state:

iL(O*):iL(O):%A

i) v, (07)=v,(07)=250(~%y) +6=3 V
§ 250 Q v:(O-) From equation (1) :
250 Q o +
T & (0 ):_ 2x10%, (0*)-800v, (0")= 0
dt
6V
v, (07)=3= 4,
dvc(0+)

= 0 =—4004,+3004, = 4, = 4
dt

v, ()= [3c0s300¢ +45in300¢] V
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P9.7-2

Before =0 3Q

3 v(0")=v(07)=0 V
6V 10 i) | v(g_) i(0)=i(07)=2 A

9

After 1 =0

KCL :
'ng /2 H vty == /2 F v(t) ldv(t) )
fiw - o =42 [ v(r)dr+i(0)=0

Using the operator s :% we have

v(t)+@sv(t)+(3jv(t)+i(o):o (s s +8)v(1) =0

N

The characteristic equation and natural frequencies are: s* +4s+8=0 = s=-2% 2

The natural response is of the form: v(¢)=¢™ [Bl cos2t + B,sin Zt}

v(0)=0=B, and $:4[—i(0)—v(0)]:—4[2]:—8:232 or B, =—4

$0
v(t)=—4e™ sin 2t V
P9.7-3
After =0
lLdv,(t) v.(t) .
KCL : 4df)+£)+lL(¢):o (1)
e KVL : vﬂ(t):4dcl;t(t)+8iL 0 (2)
d*i, (1) di (¢

Characteristic Equation: ;;2( )+4 l;f )+5iL (1)=0= s’ +4s+ 5 =0 = s, =2+

Natural Response: i, () = efzt[A1 cos t+A4, sin t}
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Before t =0

— v (0) (4l v (o)
L = _7(4”8” 1 (07) =, (07) =8 V
by zL(o+)=iL(o-)=—§=—4A
v.(0-) §ZQ §89
di, (07) v, (0
T 4Q 7 A ’La(h ):V‘( )—2&(0*):%—2(—4)=10%
&
i, (07)=—4 = 4,
diLCEtW):lo = —24,+4, > 4,=2

i (t)= e [-4cost+ 2sint | A

P9.7-4
The plot shows an underdamped response, i.e. v(t)=e “'[k coswt + k,sinwt |+k;.

Examining the plot shows v(0)=0 = k,;=0, v(0)= 0 = k =0.
Therefore, v(¢) = k,e” “'sinewt .
Again examining the plot we see that the maximum voltage is approximately 260 mV the time is

approximately 5 ms and that the minimum voltage is approximately —200 mV the time is
approximately 7.5 ms. The time between adjacent maximums is approximately 5 ms so

0= 2”73 =1257 rad/s. Then
5%x10
026 = ke ") sin (1257 (.005)) (1)
202 = ke ) sin(1257 (0075))  (2)

To find a we divide (1) by (2) to get

in(6.29 rad
_13 = o (0:0029) M o QO0025a _y g5 =267
sm(9.43 rad)

From (1) we get k, =544 . Then

v(t) = 544¢7sin1257¢ V
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P9.7-5

After t=0 The characteristic equation is:
s2 +LS+L=O or s2 +2s+5=0
+ RC LC
50 ; 2 H V1o Fa= v(t)
li(,:) ~ The natural frequencies are: s, =—1% ;2

The natural response is of the form:

v(it)=e"' [Bl cos2t + B, sin 2t]

v(0")=2=B,. FromKCL, i (0" )= _v(;r) ~i(0) =—§—%=—% LA
S
M) crof L)=-man = =2
dt 2 2

Finally, v(t)= 2e¢ cos2s —%e_’ sin2t V. t>0

AVE)

2 2t

AW
MR

-1 -Ei'."t
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Section 9-8: Forced Response of an RLC Circuit

P9.8-1
After t=0
er KCL : i, ( )=M+1L(1)+Cdv(t)
. R dt
s KVL:v(t) = dl;ft)
_ R= L= 1L C=
IS(I) C)T) §1OO/65.Q 10 M VEF) "~1 mE ; (t)_édl'L (t)+l' (t)+LC dziL (t)
iiL(t) TR ar ) ar
L
di() 1 dig(t) 1.1
& "re a Tzt et

(a) Try a forced response of the form i, (t) = 4. Substituting into the differential equations gives

0+0+4 ! = ! = A4 =1.Therefore i, (t)=1A.

(:01)(1x107)  (.01)(1x107)

(b) Try a forced response of the form i, (t) = A t+ B. Substituting into the differential equations

gives 0+ 4 =0.5¢. Therefore 4=0.5 and

65
- A 5 ) [
100) (o0on) 4 ) Gon000m
B=-325x10". Finallyi, (1)=5¢-3.25x10" A.

(¢) Try a forced response of the form i, (t) = A e It doesn’t work so try a forced response of

the form i, (¢)=B ¢ e™" . Substituting into the differential equation gives

|(-250)" Be™ 50087 |+650( (~250) Bre™ + Be™ | +10° Bre™ =267

Equating coefficients gives
(250)° B+650(-250) B+10°B=0 = [(250)" +650(-250)+10° |B=0 = [0]B=0
and

~500B+650B=2 = B=0.0133

Finally i (r)= 0.01337e™" A,
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P9.8-2

Aftert=0
R=7Q L-01H dv(r) Rv(r) 1 0 v, (1)
— AM— N T T1c' )"
N dt L d LC LC
n - ==
O comaursl () 202 | 120000(1) = 12000v, (1)

\% = A%
dt dt '

(a) Try a forced response of the form v, (t) = A. Substituting into the differential equations gives
0+0+120004 =24000 = A=2. Therefore v,(¢)=2 V.

(b) Try a forced response of the form v, (t) = A+ Bt . Substituting into the differential equations

-704

gives 704 +120004 ¢t +120008 = 2400 ¢ . Therefore A=0.2 and B = 15000 =-1.167x107".

Finally v, (¢)=(-1.167x107)¢+02 V.

(c) Try a forced response of the form v, (¢) = 4 ™" Substituting into the differential equations

gives 900 Ae™” —2100 Ae™* +12000 Ae™>” = 12000¢" . Therefore 4= % =1.11. Finally

v, (t) = 1.11e*" V.
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Section 9-9: Complete Response of an RLC Circuit

6‘25H
+
11 mA /D Ve T 1HF av (Tt

L o

P9.9-1

First, find the steady state response for t < 0, when the switch is open. Both inputs are constant
so the capacitor will act like an open circuit at steady state, and the inductor will act like a short

circuit. After a source transformation at the left of the circuit:

3kQ 0
—>
NNt o i (0)=2"2 2233 maA
3000
n + and
C_ 11V Vc(o) 4V VC(O)=4 v
b

After the switch closes

Apply KCL at node a:

Ve d
—+C—v.+i =0
R da ¢ "

Apply KVL to the right mesh:

L%iL+VS—vC=O = VC=L%1'L+VS

After some algebra:

d? 1 d 1 14 d? d
—_— — i, +—, == < = —1i +(500)—i, +(1.6x10°)i, =-320
> RCdt" LC" RLC Y ( )dtL ( )L

The characteristic equation is

s +500s+1.6x10°=0 = s, =-250% ;312 rad/s
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After the switch closes the steady-state inductor current is i;(c©) = -2 mA so

i, (£)=-0.002+¢ 2" (4, cos312¢ + 4, sin312¢)

vc(t):6.25%iL(t)+4
=6.25¢ 20! [—250(/11 c0s312¢— 4, sin312¢)-312(4, sin312¢ - 4, cos31zz)]+4

=6.25¢ 0! [(312/12 2504, )cos 3121 +(2504, +312A1)sin312z] +4

Let # = 0 and use the initial conditions:

i, (07)=0.00233=-0.002+4, = 0.00433= 4,

250 1 = 230,4,00433) = 0.00347

v (07)=4=6.25(3124,-2504,)+4 = 4=354= 50

Then
i, (1)=-0.002+¢ %" (0.00433cos 3127+ 0.00345sin 312¢)

=—0.002+0.00555¢ 2" cos (3121-36.68°) A

ve(1)=4+13.9¢ > sin(312¢) V

i(1)= ‘;i)(()to) =2+6.95¢ " sin(312¢) mA

(checked using LNAP on 7/22/03)

P9.9-2
First, find the steady state response for t < 0. The input is constant so the capacitor will act like
an open circuit at steady state, and the inductor will act like a short circuit.

— VvV i(0)=—L =02 A
1Q i 4Q 1+4
C_D -1V v(0) \LI(O) and .
= v(0)=——(-1)=-08 V
? 1+4
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Fort>0

%J,f(r)

Apply KCL at node a: a
AN AN
Ve dyrizo Ay 4 As
R, dt T+ 1
(_) VS v(t) C
Apply KVL to the right mesh: -
®
R2i+Lii—v:0 = v=R2i+LiiL
dt dt
After some algebra:
d> . L+RR,C4d R +R,. v d> . _d . _.
— i+ —i+ i=—> = —Si+t5—i+5i=1
dt RLC dt RLC RLC dt dt
d’ d

The forced response will be a constant, ir= B so 1= EB + SEB +5B = B=02A.

To find the natural response, consider the characteristic equation:

0=s" +5S+5:(S+3.62)(s+1.38)
The natural response is
i =4 o362t 14, o138t

n

SO
i()=4, e 14, 102
Then
v(t)= (4 i(r)+4 %i(t)J =-10.484, e > ~1.524, ¢ ¥ +0.8
At t=0+

—0.2=i(0+)=4,+4,+0.2
-0.8 :v(0+ =-10.484, -1.524, +0.8

so A;=0.246 and 4, = —0.646. Finally

i(1)=0.2+0246 %' ~0.646 " A
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P9.9-3
First, find the steady state response for t < 0. The input is constant so the capacitors will act like
an open circuits at steady state.

1000
99 qg)=s v
"1 (0) =100 510001

v2(0)=0 A%

!
+
+
<_>10 Vv v4(0) v2_(0) and
1

Fort>0,
Node equations:

V1—10+(lx10—6jiv A Bk T 1kQ

1000 \ 6 dt ' 1000 l
p @)mv v r)TweuF v,(t) 2= 1/16 uF
=

:>2vl+(l><103)—1)1—102122 =
6 dt

‘ﬁ__‘@:(ixloéjiv
1000 \16 dt

After some algebra:

%vl +(2.8x104)%v1 +(9.6x107) v, =9.6x10°

The forced response will be a constant, vi= B so

2
“’—2B+(2.8><10“)iB+(9.6><1o7)3=9.6><108 = B=10V.
dt dt

To find the natural response, consider the characteristic equation:

s +(2.8x10%) s +(9.6x10")=0 = s, =—4x10’,-2.4x10’

The natural response is
3 4
v =A1 e—4><10 t+A2 e—2.4><10 t

n

)
—4x10° ¢ _2.4x10%;
vl(t):Ale +A4, e +10

Atr=0
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—4x10%(0) ~2.4x10%(0)

5=1,(0)=4, e +4,e +10=A4,+ 4, +10 (1)
Next
(1 3j d d .
2v,+|=x10" | —v,-10=v, = —v, =-12000v,+6000v,+6x10
6 di di
Att=0
%vl (0)=-12000v, (0)+6000 v, (0)+6x10* =—-12000(5)+6000 (0)+6x10* =0
SO
4 (1)=4 (—4><103)e‘4“°3’ +4 (—2.4><104)e_2'4><104t
dt 1 1 2
Atr=0+
3 4
O:%VI(O):AI(—4 10°) e 17O 4 4, (24x10°) e 10O = g, (=4x10°)+ 4, (~2.4x10)

so A;=—6 and 4,= 1. Finally

4 3
v (£)=10+e > 6™V fore>0

P9.9-4
For¢>0 KCL at top node:
1Q 1Q
MW MW di (t dv(t
- [O.SZLT()—S costJ+iL (t)+é‘;,—(): 0 (1)
5costV t) 0.5 H 112 F == v(1) ! !
i.(2) -
KVL for right mesh:

O.Sdiilft):%d‘;(;)+v(t) 2)

Taking the derivative of these equations gives:

d’i,(¢t) di(t) 1 d*v(r) _

d L )1 __

4/ of (1) = 0.5 ot S =S sin 3)
d’i, (1) 1 d*v(t) dv(r)

d ) _ 1

4/, of (2) = 0.5 R (4)
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2. .
Solving for d ;L (1) in (4) and dliTSt) in (2) & plugging into (3) gives

t2
d*v(t)
dt*

+7dv(t)

+12v (1) =-30sin¢

The characteristic equation is: s* +7s+12=10.

The natural frequencies are s,, = —3,-4.
The natural response is of the form v, (¢) = 4,e™ + 4,e™" . Try a forced response of the form
v, ()= B, cost+ B, sint. Substituting the forced response into the differential equation and

equating like terms gives B, =% and B, = —%.

v(t)=v, @) +v,(t)=Ade™ + d,e”™ +%cost —%sint

We will use the initial conditions to evaluate 4, and 4,. We are given i, (0)=0 and v(0)=1 V.

Apply KVL to the outside loop to get

1 (¢£)+i, (£) ] +1(ic (1)) +v(t)=5cost =0

Att=0+
5 0)+7,(0)-v(0 —
i (0)= c0s(0)+7, (0)=v(0) _5+0-1_,
2 2
dv(0) i.(0
VO) _ie(0)_ 2 oy v
dt /12 1/12
N 21
v(O)=1=Al+A2+ﬁ 4 =25
= 429
+ A —_ =7
M=24=—3A1—4A2—§ 2 17
dt 17
Finally,
—4¢ .
; v(t):2Se_3’—4296 2llc7ost+33smt v
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P9.9-5
Use superposition. Find the response to inputs 2u(¢) and —2u(¢-2) and then add the two responses.
First, consider the input 2u(?):

Forf<t<2s Vel - Using the operator s:% we have
I KVL:
’ s F v (£)+si, (1)+4[i (£)-2]=0 1
QACP) v (0) 49 1H c() L() I:L() ] )
) KCL:
- . 1 3.
i () lL(t)zgsvc(t) :>vc(t):§ i(t) ()

Plugging (2) into (1) yields the characteristic equation: (s* +4s+3) =0. The natural frequencies
are s,, =—1,-3. The inductor current can be expressed as

i) =i,O)+i,()=(4, e +4,¢7)+0=A, e+ 4,

Assume that the circuit is at steady state before #=0. Then v,(0")=0and i, (0")=0.
Using KVL we see that (1)%;?) = 4[2 —i (0+)} —v.(0")=8 A/s. Then
,(0)=0=4,+4,
%:8:_4_% A=4,4,=-4.
Therefore i, (t) =4e™ —4e™™ A. The response to 2u(?) is

. 0 t<0
M= 0= e r16e¥ V150

=[8-16¢" +16¢™ |u(t) V

The response to —2u(#-2) can be obtained from the response to 2u(t) by first replacing t by t-2
everywhere is appears and the multiplying by —1. Therefore, the response to —2u(#-2) is

vy () =[ -8+16e " =16 ¢ |u(t-2) V.

By superposition, v(¢) = v,(¢)+v,(¢). Therefore

v(t)=[8-16e" +16¢™ | u(t) +[-8+16e" =16 | u (t-2) V
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P9.9-6
(10 cos t)u(t) V

N =0

_|_

0125F‘_1L v(t) 2Q 5V<i>

4Q 4H N
_/\/\/_NYY\ )\

it)

First, find the steady state response for t < 0, when the switch is closed. The input is constant so
the capacitor will act like an open circuit at steady state, and the inductor will act like a short
circuit.

: 5
+ .
i(0)=——=-125 A
v(0) 20Q 5V<J_r> (0) 4
4Q b and
L Aot | v(0)=5 V
<
i(0)
After the switch opens Apply KCL at node a:
10cost V
- Y0125 L=
N 2 dt
+ ) .
0.125 F v(t) 00 Apply KVL to the right mesh:

/\/\/ YN —IOCOSZ+V+4dii+4i=O
- t
i)

After some algebra:

4Q 4 H T i
a

2
%v+5§v+6v=20<:ost
t t

The characteristic equation is
sS+55+6=0 = $,=-2,-3
Try
v, =Acost+Bsint

2

%(A cost+Bsint)+5%(A cost+Bsint)+6(Acost+Bsint)=20cos?
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(—Acost—Bsint)+5(—Asint+Bcost)+6(Acost+Bsint)=20cos¢
(—A+5B+6 A)cost+(-B—5A+6B)sint=20cos ¢

Equating the coefficients of the sine and cosine terms yields 4 =2 and B =2. Then

v, =2cost+2sint

v(t)=2cost+2sint+A e + 4,7

Next
@m.lzs%v@):i(z) - %v(t)=8i(t)—4v(t)
L y(0)=81(0)-41(0)=8[-2]-4(5)=-30 ¥

Let # = 0 and use the initial conditions:

5=v(0):20050+2 sin0+A4,e’+4,e’=2+4,+4,

Zv(t) =-2sins+2cost—2 A4 e =3 4,
t
d

—30=—v(0)=-2sin0+2cos0-2 4, e’ -3 4,e"=2-24,-3 4,
dt

SoA4; =-23 and 4, =26 and

v(t)=2cost+25int—23e’2’+26e"3’ V fort>0
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P9.9-7

—\/\/
8Q N
@, 2u(t) A 40 C 2= v(t)
2H N
Y|
a <—

i(t)

First, find the steady-state response for # < 0. The input is constant so the capacitor will act like
an open circuit at steady state, and the inductor will act like a short circuit.

8Q 5 i(0)=0 A

C\D 0A 40 v(0) and

- v(O)=0 v
g
i(0)
After t =
ter =0 . /\/\/ Apply KCL at node a: C %v:i
8 Q l +
C\l/ oA 40 c v(t) Apply KVL to the right mesh:
2+f(t)¢ Jﬁrﬂ - 8i+v+25i+4(2+i)=0
; @ 12i+v+2ii:—8
i(t) d
2
After some algebra: d—2v+(6)iv+ L),--2
dt dt 2C C

The forced response will be a constant, vi= B so

2
d—zB+(6)iB+ LI . = B=-8V
dt dt 2C C

a 2
@) When C = 1/18 F the differential equation is % v+(6) % v+(9)v =-72.

The characteristic equation is s° +6s5s+9=0 = §,=-3,-3
Then v(t)=(4,+ 4,t)e™ -8.

Using the initial conditions:
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(b)

(c)

0=v(0)=(4,+4,(0))"-8 = 4 =8
C

-
Il
—~
S
~
Il
)
<
—_
S
~
Il

[3(4,+4,(0) "+ 4, " | = 4,=34,=24

So
v(t)=(8+24t)e_3t -8 V fort>0

2

When C = 1/10 F the differential equation is % v+ (6) % v+ (S)V =—-40

The characteristic equation is s +6s+5=0 = $,=-1-5
Then v(t)=A,e" +A4,e”" 8.
Using the initial conditions:
0=v(0)=4,e"+4,¢"-8 = A +4,=8
d

O:EV(O):_AI e’ -54,¢" = -4,-54,=0

= 4,=10and4,=-2

So
v(t)zloe” —2e7"=8 V fort>0

2

When C = 1/20 F the differential equation is % v+(6) % v+(10)v=-80

The characteristic equation is s +6s+10=0 = s,=-3%j
Then v(t)=¢"" (Al cost+ A, sin t)—8 :
Using the initial conditions:
0=v(0)=¢’(4, cos0+4,sin0)-8 = 4, =8
d

O=Ev(0)=—360(A1 c0s 0+ A, sin 0)+ ¢’ (~4, sin 0+ 4, cos 0) = 4, =34, =24

So
v(t)=e"(8cost+24sint)-8 V fors>0
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P9.9-8

The circuit will be at steady state for t<0:
SO 140 8Q
il(0 =i (0)=0.5A
and @) e A
L o +
Vc(O ) = Vc(O ) =2V. VC(O—)
00)
LA
For t>0:
Apply KCL at node b to get:
40 §8 Q 1 1 d 1 1d
—=i (t)+——v(t) = i, (t)=———Vv (1
1)/ A N
2 H e F == vel) Apply KVL at the right-most mesh to get:
liL(f) B

41, (0)+2 %, (1)=8 (ijtvc(t))

(i) )4t

or
d? d
ZZ?VC(t)+6EVC(t)+2VC(t)
d? d
The forced response will be a constant, vc = B so 2:—23+65B+2B = B=1V.
dt

To find the natural response, consider the characteristic equation:

0=5"+65+2= (s+5.65)(s+0.35)
The natural response is
v = Al e—5.65t n A2 e—O.35t

SO
v (£)= 4, €305 4 4, 0350 4
Then
) 1 14d 1 —5.65¢ —-0.35¢
i (t)=—+——v.(t)=—+1.414, e +0.08754, e
(1) 4 4 dt (1) 4 : 2
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At t=0+
2=v.(0+)=4, +A4 +1

L (00)=L 41414, +0.08754
2 4 ?

s0 A;=0.123 and 4, = 0.877. Finally

-5.65¢ -0.351¢
+

Ve (t)=0.123e +0.877 e 1V
P9.9-9
Aftert=0 The inductor current and voltage are related be
\ 4
di(t)
v(t)= L 1

8/20 H
(T 5A §2Q T/SF;--_-.V(I)

Using the operator s :di , and substituting (1) into (2) yields (s* +4s + 29 ) i(1)=5.
t

The characteristic equation is s* +4s+29 = 0. The characteristic roots are s,, = -2 £ j5.

The natural response is of the form i,(¢) =e™ [Acos5¢ + Bsin5¢].
Try a forced response of the form i, (t) = A. Substituting into the differential equation gives
A =5. Therefore i, (t) =5 A.

The complete response is i(f) = 5 + ¢ [Acos5¢ + Bsin5t| where the constants 4 and B are

yet to be evaluated using the initial condition:

i(0)=0=4 +5 = A=-5
ozv(o)zLdl;tO) = dl;to)=0:—2A+5B :>B:25A=—2

Finally, i(t) = 5+ e'[-5cos5t-2sin5t] A.

P9.9-10
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Assume that the circuit is at steady before ¢ = 0.

i(07)=i(07) = ix9 —6 A
2+1
1
0 )=(07) =—x 9x 1.5 =4.5 V
159 V(O)=n(07) = O
10 50

After 1= 0: Apply KCL at the top node of the current source
to get
+ v -
| av(r) (1) _
Y 05/ ) 1
e C-05F i(0)+ 05— 2+ 20 =i (1) 1)
- Wy Apply KVL and KCL to get
i(1) 1.5Q
1Q i5(1) 0.50 _
v(t)J{O.S Cl‘}(t)+‘}(t)}0.5=56h(t)+i(t) @)
d 1.5 dt

Solving for i(¢) in (1) and plugging into (2) yields

dzv(t)+£dv(t)+ﬂv _2. 00, di (1)

a* 30 dt 5 (t)—gls() 2 ;lt where i (1)=9+3¢™ A

. d . .. 49 4 .
Using the operator s =—, the characteristic equation is s2+%s +§=O and the characteristic

roots are s,,=—.817 £ j.365. The natural response has the form
v, (1) ="' 4, c0s(0.3651) + A,5in (0.3657)]

Try a forced response of the form v (1) = B, + Bje ' Substituting into the differential equations
gives B, = 4.5 and B, =—-7.04. The complete response has the form

v(t) =€ """ [ 4,008(0.3651) + 4,5in (0.365¢) |+ 4.5-7.04¢™

Next, consider the initial conditions:

v(0)=45=4,+45-704 = 4,=7.04
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VO _ 5 0)-2i0)=2(0) = 209+3)-2(6)-2(4.5) = 6
dt : 3 3
d v(0
6:25):—0.817Al+0.365 A, +14.08 = 4, =-6.38

So the voltage is given by

v(t) = e[ 7.04c08(0.3657) + 4, sin (0.365¢) |+4.5-7.04¢™

Next the current given by
w(t) 0.5 d v(t)

) = i () —
) () 1.5 dt
Finally
i(f) =e*"7[2.37¢0(0.365¢) + 7.14sin(0.365¢)] + 6 +0.65¢™ A
P9.9-11
i(t)
—> -+
YN A\, .
0.1 H
40 +
CD 6u(t)+10 V 2v (1) 0.625 F —— v(t)

First, find the steady state response for t < 0. The input is constant so the capacitor will act like
an open circuit at steady state, and the inductor will act like a short circuit.

0 =0+ v, (07)=—4i(0"
DL & (0)=-4i(0)
e (07) =2, (07)=2(—4i(07)) = i(07) =
G_Dwv 2v,(0) vJ(rO) i(07)=2u.(0) 2(4(0 )) (07)=0 A
~ and
. i v(o-)zlov
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Fort>0

Apply KCL at node 2:

v—”+Kva+Civ:O
R

KCL at node 1 and Ohm’s Law:

v, =—Ri
SO
d I1+KR .
—v= I
dt C

Apply KVL to the outside loop:

After some algebra:

d> Rd I+KR _1+KR, d’?

Lii+Ri+v—VS:0
dt

—2V+ v+
dt L dt LC

S = 2
LC dt

The forced response will be a constant, v¢= B so

d2

4 Bi(40)L B+(144)B=2304 = B=16V
dt dt

The characteristic equation is S +40s+144=0 = s, =—4,-36.

Then

Using the initial conditions:

v(t)=4,e ™ + 4, +16.

10=v(0")=A, ¢+ 4, +16 = A, +4,==6

o:div(o+)=—4A1 364, = —44,-364,=0

t

So

v()=0.75¢7%" ~6.75¢* +16 V fort>0

= A4,

—v+4odiv+144v=2304
t

—6.75 and 4, =0.75

(checked using LNAP on 7/22/03)
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Section 9-10: State Variable Approach to Circuit Analysis

P9.10-1

Att = 0 thecircuit is source free .. 7,(0)=0 and v(0)=0.

Aftert=0 Apply KCL at the top node to get
) 1 dv(t
6 Q . i, (1)+ 5 d(t)=4 )
CT 4 A s F == v(1) ,
- Apply KVL to the right mesh to get
1H liL(f)
v(f)_(1)d’;£t)_6 W()=0 (@)

d*v(t av(t
Solving for i, (¢) in (1) and plugging into (2) = d‘;(z ) + 6 ‘;,(t ) + 5v(t)=120.
The characteristic equation is s”+6s+5=0. The natural frequencies are s, ,=—1, —5. The natural
response has the form v (1) =4, e '+ 4, e . Try v, (l) = B as the forced response.
Substituting into the differential equation gives B =24 so v, (t)= 24 V.The complete response
has the form v(¢) = 4, e+ A, e +24.

Now consider the initial conditions. From (1) dv(tO) =20-5i,(0)=20 % . Then
v(0) =0=A4,+4,+24
dv(0) = A=-254,=1

=20 =—4,-54,

Finally v () = =25¢ '+ e + 24 V.

viH

24
o
3

Z 4 b g o 7 tls)
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P9.10-2

Before ¢ = 0 there are no sources in the circuit so 7, (0) =0 and v(0) =0.

After t = 0 we have: Apply KCL at the top node to get
. 1 avl(t
i (1)=4-1, d(t G
6Q
4
(T a4 A 116 F == v(1) Apply KVL to the left mesh to get
. I - .
L 0~ 60-0 o

Substituting 7, (t) from (1) into (2) gives

2
) 6@ | 1oy(e) = 240
dt dt

The characteristic equation iss® +6 s +10 = 0. The natural frequencies ares, , =3+ j. The

natural response has the formv, (t) =e™ [Al cost + 4, sint] .Try v,(t)= B as the forced

response. Substituting into the differential equation gives B =24 so v, (t) = 24 V.The complete

response has the formv(¢) =™ [Al cost + A4, sint] +24.

d"(o) =40-10 i, (0) = 40 \7 Then

Now consider the initial conditions. From (1)
v(0)=0=4,+ 24 = 4,=-24
av(0)
dt
Finally, v (1) = e [-24cost-32sint]+24 V

=40=-34,+4,=T2+4, > A, =-32

Vi)

L4
[

3

: 2 ;;, ? t(s)
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P9.10-3
Assume that the circuit is at steady state before 1 =0so0 i, (0)=-3 A and v(0)=0 V.

After t =0 we have

B KVL: v(t)=LM

dt
i(t)+Cd{Ldi§;)}+;[Lah;§;)}+ 6=0

—BA(T 0.2 H 20mF%v(E) 0.5Q Q 3A

dt

2. . 2 ]
L), LA =0 o DD 41000 ) asoi(r) 1500
> RC dt LC LC dt dt

The characteristic equation iss” +100 s+ 250 = 0. The natural frequencies are
s, =—2.57,—97.4. The natural response has the formi, ()= 4, ¢ """ + 4, e”* . Try

z'f(t) = B as the forced response. Substituting into the differential equation gives B =—6 so

i (t)=—6 A.The complete response has the formi(r)= 4, e>*" + 4, e —6.

Now consider the initial conditions:

i(0) =A,+ A,— 6 = =3
di(0) _
dt

A, =3.081
0=-2574,-97.44, | 4,=-0.081

Finally:
i(t)=3.081e >"—08le -6 A

di(t
w() = .2162) = —1.58¢ "' +1.58¢7% vV
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P9.10-4

/\ @ + V(I) - Apply KCL to the supernode corresponding to
\/ the dependent voltage source to get
O 01 F ( ) ( )
) i dv(t) v.(f)
/\ 01H @ lx(t)—ZZx(f)—0.0IT‘l‘T—O
@ [ YN Y Ny
2ix @ ” It)’_ Apply KCL at node 1 to get
i (1
“a i(0)-2i, (1) + sz(t) -0

(Encircled numbers are node numbers.)
Apply KVL to the top-right mesh to get

di(t) 0
dt

v, (t)+ v(t)—O.l

Apply KVL to the outside loop to get i (¢)==2v,(¢)-v(?).
Eliminate i, (¢) to get

gvx(z)w(t)—o.md”T(t):o

t
i(t)-i—%vx(t)+2v(t)=0

v, (f)=—v(t)+0.o1di7(tt)

Then eliminate v, (¢) to get

-1.5 v(t)—0.01dv—(t)+0.25di—(t) =0
dt dt

a’z( )
—2.5v(t) ()+O45 v =0

Using the operator s =di we have
4

(—1.5—.01s)v( )+(2SS) 1( )
(—2.5)v(t)+(l+.45s) 1( ) 0

The characteristic equation iss”+13.33 s +333.33 = 0. The natural frequencies
ares,, s, = —6.67x; 17 . The natural response has the form v, (¢) = [A cosl7¢t + Bsinl7¢ ] e,

The forced response is v f(t) =0. The complete response has the form
v(f)=[Acos17¢ + Bsinl7¢ | e
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The given initial conditions are i (0) =0 and v(0)=10 V. Then

v(0)=10=4 and dvd(to):—lllz —6.674A +17B = B=-2.6

Finally i(7) = [3.27 sin 17¢] ¢ 0071 A.

(Checked using LNAP on 7/22/03)
P9.10-5
Assume that the circuit is at steady state before 1= 0so v(0)=10 V and i, (0) = 72?

The switch is open when 0 << 0.5 s For this series RLC circuit we have:

a:£=3 and @, =L=12
30 2L LC

el == () ~a £ .o’ ~of =5, =-3%j\3

1/2H liL(t)

The natural response has the form v, (r) = ¢ (4 cos1.73¢+ Bsin1.72¢). There is no source so

v,(¢)=0. The complete response has the form v(r) =™ (A4 cos1.73¢+ B sinl.721).

Next
0)=10= A
V(0 X A=10
. =
dv©_ (0)_103_ )0 _ 341738 B =5.77
dt C 1/6
SO

v(t)=e (10 cos1.73¢+ 5.77sin1.73¢) V
i(t)=e"(3.33cos1.73t— 5.77 sin1.737) A

In particular,

v(0.5)=¢"? (100051'273+5.77 sin1'273) =0.2231x(6.4864+4.3915)=2.43 V

and

i(0.5)=¢""? (3.33 c0s1'273—5.77 sin1'273j =0.2231x (2.1600—4.3915) =-050 A
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The switch is closed when > 0.5 s Apply KCL at the top node:

6 Q —
v(t) 3O+1L (t)+ldv(t) 0
dt
30 N | dv(t)
(+ . N = i (t)—S 6(v(t)+ 7
- 16 F ==

Sallay vft) di (1) 1 dv(t)+d2v(t)

wHE i T a6l dr | df

Apply KVL to the right mesh:

1 di, (1)
v(t) =30, (t)+= ——=—

(=31, (1+5 2

The circuit is represented by the differential equation

d*v(t dv(t
(), ()

dt dt
The characteristic equation is 0 =s* +7s+18. The natural frequencies are s,, =-3.7+ j 2.4.

+18v(1) =180
The natural response has the formv, (1) = e™*' (4 cos 2.4¢+ Bsin2.4¢). The forced response is
v (1)=10 V. The complete response has the formv(¢) = e (A4 cos2.4¢+ Bsin2.4¢)+10.

Next
v(0.5)=e7"* (4 cosl.2+ Bsinl.2)=0.0634+0.162 B

dv(d?'s) =¢ " [(-3.54+2.4B)cos1.2—(3.5B+2.44)sin1.2 |

=e 7% (-3.5c081.2-2.4sin1.2) A +e 7" (2.4c081.2—3.55in1.2) B
=-0.60914-0.4158B

Using the initial conditions yields

2.43=v(0.5) = 0.063 4+0.162 B

- A=—20.65
. . =
dv(0.5)__H0.5)_ 2 s 0 c0014-0.41585 B=23.03

dt c 16

Finally
v(r) =€ (-20.65 cos 2.4t + 23.03sin2.4¢)+10

In summary
e‘3’(10 cosl.73t+ 5.77 sin1.73t) \Y% 0<#<0.5

w() =
) {e‘3'5t(—20.65 cos2.4¢+ 23.03 sin 2.4t)+10 Vo 0.5<z
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Section 9-11: Roots in the Complex Plane

P9.11-1
Aftert=0 L di
2 kQ 3kQ L .
i +i,+ =
AV MY 1t 2000
di di
12 - 6ul) V(T 2 mH 2 mH 2x107° —L=30007, +2x10° —=
utl CD . : dt 2 dt
i]l lzl d
Using the operator s = Z yields
2000+2x107s 2000 i) (6
2x107s 3000+2x107s )\ i, ) |0
s +3.5x10°s+1.5x10” =0
= 5, =-5x10",-3x10°
P9.11-2
From P9.7-1
S2+LS+L—O = s+ 1 s+ ! =
LC (250)(5x10°)  (0.8)(5x10°)

= s> +800s+250000=0

51, =400+ j 300

P9.11-3

4 kQ

2
v (£)= 4d[1x10‘6d"(t)+v(t) j+v(z)=10-6 () 10 @) Ly
s 4 di 4000 dr dt
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Characteristic equation: s> +10°s +10° =0
Characteristic roots: s, , =—500 + j 866

P9.114
Before # =0 the voltage source voltage is 0 V so v,(0+) =v,(0-)=0 V and

i(0+)=i(0-) = 0 A. Apply KCL at node a to get

OO o OO g oy 00 420,00=36 = v0) =12V

After t = 0 the node equations are:

L)) 1 ()2, (1)
_T+2I0(Vb (r)—va (r))d‘r+T= 0

Cdv” (t) 420 (1)=v. (1) +ljg(vb (r)-v,(z))dz =0

dt 6 L

Using the operator s =di we have
t

(b3 (i -

(o { ot

Using Cramer’s rule
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(s°+5s + 6) vb(t) = (s+ 6) vs(t)z(s+ 6) (36)

The characteristic equation is s> +5s+6 =0 . The natural
frequencies are s,, =—2,—-3. The natural response has the

form v,(t) = 4, e?'+ A4, e”'. Try v, (t)= B as the forced

response. Substituting into the differential equation gives
B=36s0v,(t)= 36 V.The complete response has the form

v, (1) = A, e+ A, e +36.

Next
v,(07)=36 + 4, + 4,
dv, .
7;(0 )=—2A4,—- 34,
Apply KCL at node a to get
dv, (t t)— t
1 vy ( )+"b( ). ( )+i(t)=0
18 dt 6
Att=0+
dv,(0") v (0" )y, (0" —
Lo -aay - LOO)_nO)l0) ey 120
18 18 dt 6 6
So
0=v,(07)=36+ A4,+ 4,
1 = A4,=-72, 4,=36
E(_2A1_3A2)=2
Finally

v, (t)=36-T72¢ > +36¢™> V for ¢ > 0
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PSpice Problems

SP 9-1

Make three copies of the circuit: one for each set of parameter values. (Cut and paste, but be sure

to edit the labels of the parts so, for example, there is only one R1.)

V1=0
V2=5
TD =0
TR = 1us
TF = 1us
PW=25
PER =10

V1=0
V2=5
TD =0
TR = 1us
TF = 1us
PW=25
PER =10

V1=0
V2=5
TD =0
TR = 1us
TF = 1us
PW=25
PER =10

L1 R1 1.309
1_M
0.25 i
@w g C1=—1
_ R2 1.309
- -
-0
L2 R3 3
1_% -
@vz g C2-——1
_ R4 1
- -
-0
L3 R5 1
1_M
0.5
@va C3 —— 0.125
_ R6 = 4
=
-0
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[F-rr===1T===°3==°="

208s

Ls 18s 155

« WG2

s

2)

v W{C3:

2)

2)

o U{CT

Time

V(C1:2), V(C2:2) and V(C3:2) are the capacitor voltages, listed from top to bottom.
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SP 9-2

Make three copies of the circuit: one for each set of parameter values. (Cut and paste, but be sure
to edit the labels of the parts so, for example, there is only one R1.)

V1=0
V2=5
TD=0
TR = 1us
TF =1us
PW=25
PER =10

V1=0
V2=5
TD=0
TR = 1us
TF =1us
PW=25
PER =10

V1=0
V2=5
TD=0
TR = 1us
TF =1us
PW=25
PER =10

R1 1.309 L1
1 2
WY i 0.25
@w C1— 1
_ R2 1.309
= -
-0
R3 1 L2
1T v v 2
VALY x 1
@vz C2— 1 g
_ R4 3
= -
-0
R5 4 L3
1T v v 2
VALY x 05
@va C3 —— 0.125 g
_ R6 1
= -
-0
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4.8y

---------------------

-1.8U

---------------------

---------------------

---------------------

as LS

o U{R4:2) - U{R2:2) ~ U{R6:2)

18s

Time

155 285

V(R2:2), V(R4:2) and V(R6:2) are the output voltages, listed from top to bottom.
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SP 9-3

R2 é R3
50
1 10
1=0 11 R1 L1 V1=0 V1
2=0.2 @ § 1mH V2=5 @
TD=0 _ 50 m TD=0 _
TR =1ns TR =1ns
TF = 1ns TF = 1ns
PW = 100us 2 ¢1 PW = 200us
PER = 300us PER = 300us
I L 0uF
-0
6.8u

au ;p\ /ﬁ\

Uk

LAdus

-4_8U

As 188us
o U{C1:2)

280us J380us 4LA0us 688us

Time
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SP 9-4

3k bk
V1=0 V1 2k 3K
TD=0 -
TR =1ns C2 2UF 3uF
TF = 1ns 1 1
PW=3 ?U
PER =5
L_au — o
(100 000m, 4 8689)
(S0, 000m, 4 S038)
2.5U+
(14 976m,3 2731)
au T T T T
As L ims 188ms 15 Gms 2080ms 25 0ms
o U{C2:2)

Time
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Verification Problems

VP 9-1

This problem is similar to the verification example in this chapter. First, check the steady-state
inductor current

W) 25 550

100 100

i(f) =

This agrees with the value of 250.035 mA shown on the plot. Next, the plot shows an
underdamped response. That requires

12x107° = L<4R’C =4(100)’(2x10°)=8x10~"
This inequality is satisfied, which also agrees with the plot.

The damped resonant frequency is given by

| )2 | | ’ .
wd_\/ﬁ_(%J _\/(2x106)(12><103)[2(100)(2x106)] =950

The plot indicates a maxima at 550.6pus and a minima at 1078.7us. The period of the damped
oscillation is

T,=2(1078.7us—550.6 us)=1056.2 us
Finally, check that

The value of @, determined from the plot agrees with the value obtained from the circuit.

The plot is correct.

VP 9-2

This problem is similar to the verification example in this chapter. First, check the steady-state
inductor current.

) 15 4 soma

0="00 ~100
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This agrees with the value of 149.952 mA shown on the plot.

Next, the plot shows an underdamped response. This requires
8x107 = L <4R’C =4 (100)*(0.2x107°) = 8x10™

This inequality is not satisfied. The values in the circuit would produce a critically damped, not
underdamped, response.

This plot is not correct.

Design Problems

DP 9-1
i) L R4
lrvvvx_;vv\,
vl - w) R, S € vl

When the circuit reaches steady state after # = 0, the capacitor acts like an open circuit and the
inductor acts like a short circuit. Under these conditions

R
Ve (oo) = . |
R +R,
. . . 1
The specifications require that v, (o) = 550
R
1% R, =R,
2 R 1R,

KCL at the top node of R, gives: vc_(t)+ Civc (1)=i,(¢)
R, dt
KVL around the outside loop gives: v, (t) = L%iL (t)+ R i, (t) + V. (t)

Use the substitution method to get
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vs(t)=L%(vc—(t)+Civc(t)]+Rl [VCR—(t)#—C%VC(I)]%—VC(I)

R,  dt )

d’ L d R
=LC— v (t)Jr[R—WLR1 C]E‘}C (t)J{HR_IJVC ()

2 2

The characteristic equation is

I+—
R R
s2+( ! +—1js+ Ll=5"+65+8=(s+2)(s+4)=0

I+
! +—=06 and 2 =38
R,C
Using R, =R, =R gives
1R e o Ly
RC L LC

. : . 1
These equations do not have a unique solution. Try C=1F. Then L = 2 H and

%+4R:6 = Rz—%R+i=0 = R=1309QorR=0.191Q

Pick R =1.309 Q. Then
v, (1) =%+ A e +4,eMV

. velt) d wy -
I (t):$+zvc(t)=—l.236 A e =3.236 4, +0.3819

Att=0"
0=v,(0")=4,+4,+05

0=i,(0")=-1.236 4,~3.236 4, +0.3819
Solving these equations gives A; = -1 and 4, = 0.5, so

v ()= 1y %e““ Y
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DP 9-2

i) L R4
LYVV\_)\/\/\’
(el = ut) RyS € vl

When the circuit reaches steady state after # = 0, the capacitor acts like an open circuit and the
inductor acts like a short circuit. Under these conditions

RZ
Ve ()= 1
() R +R,
. . . 1
The specifications require that v, (o) = 750

1 R

—=—2— = 3R,=R

4 R +R,

KCL at the top node of R; gives: VC—(t)+ Civc (1)=1i,(¢)
R, i
KVL around the outside loop gives: v, (1) = L%Q (£)+Ryi, (1) +vc(2)

Use the substitution method to get

v, (1) :Ldi[vc—m+Civc (r)]m {VCR—“Mc%VC (r)]w (1)

R,  dt

d’ L d R
:LC?vc(t)+(R—+Rl C Evc(t)+{l+R_1]vC(t)

2
The characteristic equation is

1+

R R

3 Y L =5 +4s+4=(s+2)" =0
R,C L

Equating coefficients of like powers of s:
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UsingR, =R and R, =3R gives

These equations do not have a unique solution. Try C=1F. Then L=1 H and
Li3r=4 = r-2rilo0 = Rot0orr=lo
R 3 3 3

Pick R=1Q.Then R, =3Qand R, =1Q.

v, (1) :i+(A1 +4, t) Y

Att=0"
0:v6(0+)=A1+%

O:z‘L(0+):%+A2—A1

Solving these equations gives 4; = -0.25 and 4, =-0.5, so

vc(t):l—(l+ltjez’ \Y
4 \4 2

DP 9-3
i (1) L R4
=AY AAN,
(el - u) RS R vl

When the circuit reaches steady state after # = 0, the capacitor acts like an open circuit and the
inductor acts like a short circuit. Under these conditions
R2

R, +R,

1

ve ()=

The specifications require that v, (oo) = % N
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R
oD o 4R =g,
5 R+R,

Next, represent the circuit by a 2nd order differential equation:

KCL at the top node of R, gives: VCR—(t)+ Cdivc (1)=i,(¢)
2
KVL around the outside loop gives: v, (1) = L%iL (£)+ R, i, (1)+v:(2)

Use the substitution method to get

vs(t)=Ldi(Vc—(t)+C%vc(t)]+Rl {”3{ (1) +Civc(t)]+vc(t)

R2
d’ L d R
=LC— v (Z)+[R—+Rl C]EVC (t)J{HR_IJVC ()

The characteristic equation is
R) |k
s? +( 1 +—1]s+ L—CZ =5’ +4s+20=(s+2— j4)(s+2+j4)=0

R,C L

Equating coefficients of like powers of s:

1+
L5y and 2=20
R,C
Using R, =R and R, =4R gives
! +£=4 and L:16
4RC L LC

. : . 1 1
These equations do not have a unique solution. Try C = 3 F.Then L= 5 H and

%+2R:4 = R*-2R+1=0 = R=1Q

Then R, =1Qand R, =4 Q. Next

v, (£)=0.8+ ¢ (4 cos4t+4,sindt) V
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A A
i, (¢) :%T(t)—i-%%vc ()= O.2+72e*2’ cos4t—?le*2’ sin4¢

Att=0"
0=v,(0")=0.8+4,

A
OziL(O*)=O.2+72

Solving these equations gives 4; = —0.8 and 4, = -0.4, so

v, (1)=0.8—e""(0.8cos47+0.4sin4r) V

DP 9-4
i L R4
lrvvv\_/vv\,
vl - ul) RS € veld

When the circuit reaches steady state after # = 0, the capacitor acts like an open circuit and the
inductor acts like a short circuit. Under these conditions

V. ()= 1
() R +R,
The specifications require that v, ( ) = % SO
R
1% o p=g
2 R, +R,

Next, represent the circuit by a 2nd order differential equation:

KCL at the top node of R, gives: VC—(t)+ Civc (1)=i,(¢)
R, i
KVL around the outside loop gives: v, (1) = L%iL (£)+ R, i, (1)+v-(2)

Use the substitution method to get
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-
R R
sz-{ ! +—1]s+ LCZ =5’ +4s+20=(s+2— j4)(s+2+j4)=0

Using R, =R, =R gives

L+£:4 and L:10
L LC

o | . .
Substituting L = ToC into the first equation gives

0.4+.,/0.4° —4(0.1
(Rc)z—i(Rc)+i=o = RC= (0.1

10 10 2

Since RC cannot have a complex value, the specification cannot be satisfied.

DP 9-5

When the circuit reaches steady state after # = 0, the capacitor acts like an open circuit and the
inductor acts like a short circuit. Under these conditions
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R R
Ve (0) =21, i (0) = and v, (0)= 21
R, +R, R, +R, R, +R,
The specifications require that v, (oo) = % SO
R
1% o p=g
2 R, +R,
Next, represent the circuit by a 2nd order differential equation:
KVL around the right-hand mesh gives: ve(t) = L%iL (1)+R,i, (t)
KCL at the top node of the capacitor gives: M— C%vc (t) =i, (t)
1
Use the substitution method to get
v, (1)=R Ci[Lii (1)+R,i (r)HLii (1)+R. i (t)jm i (1)
K 1 dt dt L 2°L dt L 2°L 1°L

2

d* d . .
=R\LC—i, (£)+(L+R, R, C)EZL (£)+(R, +R, )i, (1)

Using i, (¢)= VOR(t) gives

2

R d’ L d R +R
vs(t):R—:LCWvo(t)+(R—2+RlC]Evo(t)—i-[ le 2Jvo(t)

The characteristic equation is

1+
R R
s2+(%+—2js+ ~ =57 +6s+8=(s+2)(s+4)=0

Equating coefficients of like powers of s:

RZ
R e
1 +—2=6 and ——=8
R C L LC
Using R, =R, =R gives
B
RC L LC

. . . 1
These equations do not have a unique solution. Try C=1F. Then L = 2 H and
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l+4R:6 = R2—3R+l:0 = R=1309QorR=0.191Q
R 2 4
Pick R =1.309 Q. Then
v, () :%+ A e +A4,eMV

A y,
i (1) = 1V.03((g - 2.6118 i 1.3(1)9 et 1.3(2)9 e

ve (1)=13094, (t)%%l; (1)= %+ 0.6167 A, ¢ +0.2361 4, ¢

Att=0"

A A
0=i, (O*): L
2.618 1.309 1.309

0=v.(0") =%+O.6167 A, +0.2361 4,

Solving these equations gives 4; = -1 and 4, = 0.5, so

DP 9-6

R4 lL(Q L
MWV l
i -u) ) e T .0 Ry vyfo)

When the circuit reaches steady state after = 0, the capacitor acts like an open circuit and the
inductor acts like a short circuit. Under these conditions

V. (o) = 1, i ()= and v ()= 1
() R +R, () R +R, () R +R,
The specifications require that v, (oo) =—50
R
ST o 3R =g,
4 R +R,
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Next, represent the circuit by a 2nd order differential equation:

KVL around the right-hand mesh gives: Ve (t) = L%iL (t) +R, 1, (t)
KCL at the top node of the capacitor gives: M— C%vc (1)=i,(¢)
1

Use the substitution method to get

v (1) =R, c%(L%iL (1)+Ryi, (K)HL%Z-L (1)+Ryi, (t)j+R1 i (1)

2

d* . d .
=R LC— i, (£)+(L+R, R, C)EZL (£)+(R, +R,)i, ()

Using i, (¢)= v(}e(t) gives

2

vs(t):ﬁLCd—zv (t){Rim1 CJ%VO(W[R] +R2]Vo(f)

R, dt*° )

The characteristic equation is

I+
R R
S D ) PO S =5’ +4s+4=(s+2)" =0
C LC

UsingR, =R and R, =3R gives

L+3—R=4 and L=1
RC LC

These equations do not have a unique solution. Try C=1F. Then L=1 H and

l+3R=4 = Rz—fml:o - R=1QorR=lQ
R 3 3 3

Pick R=1Q. Then R, =1Qand R, =3Q.

v (t)=%+(A1 +A2t) eV

o
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Att=0+

Solving these equations gives A} = —0.75 and 4, = —1.5, so

3 (3 3

_2_ 12,2 B
vo(t) 4 (4+2tje

R4 lL(Q L
MWV l
i -u) ) e T .0 Ry vyfo)

When the circuit reaches steady state after # = 0, the capacitor acts like an open circuit and the
inductor acts like a short circuit. Under these conditions

DP 9-7

R,

v.(o0)= 1, i, ()= and v ()= 1
() R +R, () R +R, () R +R,
The specifications require that v, (o) = %SO
R
1% R, =4R,
5 R +R,
Next, represent the circuit by a 2nd order differential equation:
KVL around the right-hand mesh gives: ve (1) = L%iL (1)+R,i, (1)
V(t)—v- |t
KCL at the top node of the capacitor gives: M— Civc (t)=1,(¢)
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Use the substitution method to get

v (1) =R, C%(L%iL(Z)+R2iL(t)jJr(L%iL(t)JrRziL(t)jJrRl i (1)

d’ d .
=R\LC—i, (£)+(L+R, R, C)EZL (£)+(R, +R, )i, (1)

Using i, (¢)= v(}e(t) gives

R 2 R +R
vs(t)zR—;LC%va(t)+(R£+RlCJ%vo(t)+[ v ZJVO(t)

2
The characteristic equation is

I+

R R

JE D D) PO =s5"+45+20=s+2—j4)(s+2+j4)=0
RC L C

Equating coefficients of like powers of s:

1+ >
! +—2=4 and —L=20
R C
Using R, = Rand R, =4R gives
! +£:4 and L:16
4RC L LC

These equations do not have a unique solution. Try C = 3 F.Then L :% H and

%+2R:4 — R’-2R+2=0 = R=1Q

Then R, =4Qand R, =1Q . Next

v, (t)=02+e7 (4, cos4t+A4,sindt) V

i, (t)= vnl(t) =02+e” (All cosdt+ A, sin4t) A%

ve (£) =1, (t)+§—iL (1)=02+24,e cos4r—2 A4, e sin4t
Att=0"
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0=i,(07)=02+4,
0=v.(0")=02+24,

Solving these equations gives 4| = —0.8 and 4, = -0.4, so

v, (1)=02-¢7(0.2cos4z+0.1sin4z) V

R4 lL(Q L
MWV l
i -u) ) e T .0 Ry vyfo)

When the circuit reaches steady state after # = 0, the capacitor acts like an open circuit and the
inductor acts like a short circuit. Under these conditions

DP 9-8

R R
Ve ()= 21, |, (0)= 1 and v, ()= 2 1
R, +R, R, +R, R +R,
The specifications require that v, (oo) = % N
R
L% poog
2 R/ +R,
Next, represent the circuit by a 2nd order differential equation:
KVL around the right-hand mesh gives: ve(t) = L%iL (1)+R, i, (t)

KCL at the top node of the capacitor gives:

vot)—v. (! d .
nl0)ve(t) )Rl el )_c_dtvc(t):lL(t)
Use the substitution method to get

d

v (1)=R, ci(L—iL (1)+Ryi, (f)]+(L%iL (1)+Ryi, (t)j+R1 i (1)

de\ dt
2

d’ . d .
=R LC— i, (£)+(L+R, R, C)EZL (£)+(R, +R,)i, ()

Using i, (¢)= V”R—(t) gives

2
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vs(t):ﬁLCd—zv (t){Rim1 CJivo(f){R1 +R2]Vo(f)

R, dt*°

2

The characteristic equation is

1+—-2
By ad Sy
R C
Using R, =R, =R gives
LR, o Ly
RC L LC

Substituting L = ﬁ into the first equation gives

0.4+,/0.4>-4(0.1
(RCY ~2(RC)+~=0 = RC= (0

10 10 2

Since RC cannot have a complex value, the specification cannot be satisfied.
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DP 9-9
Let’s simulate the three copies of the circuit simultaneously. Each copy uses a different value of

the inductance.

L1 05 L2 1 L3 2
IC =0 IC =0 IC =0
1 —~v v v 2 1 —~v v v 2 1 —~v v v~ 2
C1 R1 g C2 R2 C3 R3
—— 0.333 4 —— 0.333 4 —— 0.333 4
IC =10 IC =10 IC =10
-0 -0 -0

The PSpice transient response shows that when L = 1 H the inductor current has its maximum at
approximately /=0.5 s.

HHI 1 1 1 1 1 1 1
As 1.08s 2.085 3.0s 4 85

o I{L1) I{L2} =~ I{L3)

“

Consequently, we choose L =1 H.
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Chapter 10 — Sinusoidal Steady-State Analysis

Exercises
Ex. 10.3-1

(a) T=27/w =274
(®) } leads i by 30— (~70) = 100°

Ex. 10.3-2

v(t)=3cos4t +4sindt = \/(3)%+(4) cos(4z—tan-1(% )) —5cos(41-53 )

Ex. 10.3-3

i(£)= -5 cos 5t +12sin 51 =y (=5)2+(12)2 cos| 51| 180+tan"[ 12 || | =13 cos(5/-112.6%)
5

Ex. 10.4-1

Il
<
—~~
o~
~
+
a
QU
—_
~
~
U
—_
-~
~
<
—~
~
~
|
g
(@]
]
w2
g
~

KCL: i (1)

()
_/
=
o
\|
)
=+

Tryv,(t)=Acoswt +Bsinwt & plug into above differential equation to get

) 1 ) 1
—a)As1na)t+a)Bcosa)t+R(Acosa)t+Bs1na)t) = Emcosa)t

Equating sinwt¢ & coswt terms yields

_RI, R CI,
l+w* R* C? l+w* R* C?
Therefore

RI oRCI, . RI
oSwt+————SInwt

v,.(t) = —2—c¢ = —_m
) = L R R N

cos [a)t —tan™' (a)RC)]
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Ex. 10.4-2
43

oo 24T At lb&? ra

10 0200 _ 100, oo,

243 V132563 I3

KVL: =10+ 3I+2I =0 = I =

Therefore
10
i(t)y=—=cos(3t—-56.3") A
J13
Ex. 10.5-1
10 —j45 .
——— = 4247 = 3-j3
236¢ =/
Ex. 10.5-2
]32 _ 326‘790 _ 32 ej(90-111) _ 375 €7j21
—3+j8 g54,/M 8.54
Ex. 10.6-1

@) i 4cos(wi—80") = Refde®e ™y = T=4¢7™ = 4/-80° A
®) i 10cos(@i+20) = Refl0e’™ ™1 = T = 10 = 10./20°
© _gsin(wt-20")=8cos(@i—110")=8Refe’™ ¢ 1"} = T=8¢ /1 = 8/—-110° A

Ex. 10.6-2
@) v_10/-140°=10¢7"" V = w(t)=Re{l0e e/} =10cos (i —140°) V
®)  v_g0+75-109.7/43.2°=109.7¢/5> =

v(t)=Re{l109.7e’¥* e/} =109.7cos(wt +43.2°) V
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Ex. 10.6-3

d
0.01 2 v
— J
0.01 L v+v=10cos 100 ¢
+ dt
10 cos 100t A @) N Q01 F - (0.01)(j 100)V+V=10
- v=10 7071 s-45°
1+
v=7.071cos100¢ V
Ex. 10.6-4
e v, =4OColeOt:Re{4eﬂ°°’}
10mH . Ldit) 1
U; KVL: i(r)+10x10 7+5x10’3 J:ool(t)dt = v
<mF

Assume i(t) = Ae’"™" where A4 is complex number to be determined. Plugging into

the differential equation yields

AeleOt+jAej100t+(_j2A)e/100’ =410 — A:14.: 2\/§€j450
—J

In the time domain:

i(t) = Re {2\5 /10" ef45°} - Re{zﬁ ef“°°"45°>} =242 cos(100£+45") A

Ex. 10.7-1
(@ v =Ri =10(5co0s100¢) = 50cos100¢

®) V= LZ; = 0.01[5(—100)sin100t] =-55in100¢="5co0s(100£+90) V

© éjidz - 103j5cos100zdz =50sin1007 = 50 cos (100 —90°) V

Ex. 10.7-2
i= CCZ = 10x107°[100(=500)sin (500 +30°)]

= —0.5sin (500£+30°) = 0.5sin (5007+210°) = 0.5cos(500¢+120°) A
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Ex. 10.7-3
From Figure E10.7-3 we get

i(t)y=1,sinwt=1_cos(wt—-90°) A < I1=1 2-90°A
v(t)=V cosot < V=V 20°V

The voltage leads the current by 90° so the element is an inductor:

z, =Y = M0 T 900
T 1,900 1

m

Also
Z.=jol = 0L/90° = oL = '» = - o
¢ I, ol
Ex. 10.8-1
Ze=8Q,Zc=— =24 _J28 a0 7 =i52)=/ 100,
s LX)
J
12
Ziy=j5(#)=720Qand Vs=5 £-90° V.
Ex. 10.8-2
Ze-80.7Zc- =2 I _j4107,-j30)-j60

. 1 . -X-

AT,

1
Zi=j3(4)=j12QandIs=4 Z15°V.
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Ex 10.9-1

+ +
§ 8 Q 1004y (@
5790y
O o Ve
= 24Q 1209y (o)
. _
Ex 10.9-2

(@)= % S¢/" =39¢7"
+)
j20

Va(0)= g jaa e TR
JeV— 4.

V(a)) =V, (a))—V2 (0)) =3.9¢ 7' -5.68¢7"

=3.58¢'"

V(o) :%']6.2 4’ =19.2¢'"

V(0) =V, (0)+ Vs (0) = 1447
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Ex. 10.10-1

KCL at ‘a:
a a b
+

4-j2° —j10

=1

(4-/j12)V, +(-4+ j2)V, =-20—-j40
KCL at Vy:

Vb_Va+ Vb

+0.5/-90 =0=>(=2— j4)V. +(2— j6)V. =10+ ;20
2710 T 244 (2= V, +(2-jO)V, J

Cramer’s rule yields:
(-20—j40) (—4+,2)

| 10+,20)  (2-/6)

a  |(4-/12) (—4+,2)

(—2-j4) (2-j6)

_ 220046100 _ 5 296 50 v
80— 60

Therefore
v (0)=+5 cos (100£+296.5 )=+/5 cos (100£—63.5 )V

Ex. 10.10-2
J S Va ‘js

ma#-ﬁu._-% | _qat

JISL+10(1,-L,) = 20 = (10+ /15)I,-101, = 20

The mesh equations are:

—j51,+10(I,-1,) = =30/-90° = —10I,+(10—j5)1, = ;30

Cramer’s rule yields:

20 -10
30 10—/5 200+ ;7200
T 10J+j15 —]10 B 75+j100 = 220327810 A
‘ -10  10-j5
Next
V. = (jI5)1, = (15£90°)(2.263£-8.1°) = 24/2./82° V
Therefore

v () = 2442 cos (wt+82°)V
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Ex. 10.10-3

j30V

The mesh equations are:
(10+,50)I,-101, =30

~101,4(10— j20) I+ 20 1, = j50

j201,+(30-;10)I, =0
Solving the mesh equations gives:

I, =-087-70.09A, I,=-132+7127A, I, =05+;1.05A

Then
V., = 10(I,-1,) = 143£-72°V and V, =V, + ;50 = 36.6 £83°V
Ex 10.11-1
N N \% _ 0 5¢7=39¢""
: 8+ j10
§8Q i10 Q Vl(m)
se7I 0V . V=20 sem 568
| @ Vo) 2 20— 2.4
. V =V -V, =39¢7"-568¢/"
= —724Q 1202 Sy () R . €
=3.58¢""
. -
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Z, ()
O
Ex 10.11-2
.
Sea 083w,
t S, )
o 2.4 j20 Q) Vz(co)

4 _8(J10)  —j24(;20)
‘T84 10 —j2.4+ /20

10

=———5¢/"=39¢""
8+ /10

__J20
j20— j2.4

V() =V, (@)-Vs(0) =396
=3.58¢’"

"8+ /6

=49+;12

5070 =568¢7"

~-5.68¢ 7"

M 481‘15 — 19'281‘68

vV, (w)zw4ej15 — 246777

j12— j4

V(0)=V,(0)+V,(0)=144¢""

Using superposition: v(f) = 3.58 cos ( 5t +47° )+ 14.4 cos ( 3t-22°)
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Ex. 10.11-3
Use superposition. First, find the response to the voltage source acting alone:

. [=» ; _ 1010 ,
lD‘LD__ =3 Jl?.lo o Zeq__j 10_]10—5(1—])Q
: JeT :
]feal

Replacing the parallel elements by the equivalent impedance. The write a mesh equation :

10

—10+5L+j15L,+5(1-),=0 = I, = — = 0.707£-45° A
10+j10
Therefore:
i,(t) = 0.707cos(10t—45") A

Next, find the response to the dc current source acting alone:

SaL

' "_,," b o 10

Lo ? lba 3R Current division: [, = _EX 3=-2A

Using superposition:
i(t) = 0.707cos(10¢-45°)-2 A

Ex. 10.12-1
o’ _ L 731 —=10° = ®»=1000 rad/sec
LC (Ix1077)(1x107")
Ex. 10.12-2
Diagram drawn with relative magnitudes T
arbitrarily chosen: ¢ Is
— 0°
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Ex. 10.12-3

Two possible phasor diagrams for () [Tglz1s
currents: [T | 1%

Vinie

(2) 1Tl
rag

Ml=¢ ital=1s

In both cases:

e | =[Ic]= (25 )(157) = 20 A

In the first case:

I (Tec |
p -~ N [
2

s

. N

| =1 |-le| = [Ic|= 6-20 =-14 A

That isn’t possible. Turning to the second case:

e |=[Ic|-I| = [I/=20+6=26 A

Ex. 10.14-1
— Rle(X1 _jR1) 1

Z, and R, =1kQ, X, = =

R +X} oYe

_ i k0 and Z, =
! 141 I

(
7 OO _1_ .1 R

=1kQ

1000)(10°°)
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Problems

Section 10-3: Sinusoidal Sources

P10.3-1
(@ i(t) = 2 cos(6t+120")+4 sin(67—60")
= 2 (cos 6t cos120 —sin 6¢ sin120")+4 (sin 6¢ cos60 —cos6¢ sin60°)
=2.46 cos6t+0.27 sin6t = 2.47 cos(6t—6.26")
() w(r) = 5v2 cos8t+10 sin(8¢+45)
= 542 cos8+10[sin8 cos45 +cos8t sin45’]
= 10v2 cos8t+5+/2 sin8¢
W) = 250 cos(81—26.56") = 510 sin(8¢+63.47) V

P10.3-2
o= 27rf=2—7z= 27 3= 6283 rad/sec
T 1x10”

v(t) =V sin(wt+¢) = 100 sin(6283¢+ @)

v(0) =10 =100 sing = ¢ = sin"'(0.1) = 6°

V(t) = 100 sin(6283+6°) V
P10.3-3

f=2 1200 600 py
2r 2

i1(2x107) = 300c0s(1200 7 (2x107°) + 55°) = 3cos(2.47 + 55°)

2.4;;{180 j=432° = i(2x107) =300 cos(432°+55°) =300 cos(127°)=—180.5 mA

T
P10.3-4

%
’ \

<

E 4

i)

=z
0
R 03 06 09 12

Tima (seconds)
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P10.3-5

28U

A=18V
T=18-2=16 ms

_z_ 2z

= =393 rad/s
T 0.016

Vi) o

16=18cos () = 6=27°

v(1)=18cos (3931+27°) V

-28u

11 28ms L ims

P10.3-6

200

A=15V
I'=43-21=32ms

=2—7Z=2—7[=196 rad/s
T 0.032

vi£)  eu

8=15cos () = 6O=58°

v(1)=15cos (196 1+58°) V

-28U

As 28ms 4Bms 68ms
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Section 10-4: Steady-State Response of an RL Circuit for a Sinusoidal Forcing Function

P10.4-1
L—+R =—v, = Z:;+120i =—-400co0s300¢

di.
Tryi, = Acos300¢+ Bsin300¢ then %:—300Asin300t+3OOBcos300t. Substituting and

equating coefficients gives

-3004+120B =0 A = -0.46
B =-1.15

300 B+120 4 =—400

Then
i(1)=-0.46c0s3007—-1.15sin300¢ =1.24cos (3007 - 68°) A
P10.4-2
.V dv dv
i +—-+C—=0 = —+500v=500cos1000¢
2 dt dt

dv.
Try v, = Acos1000¢+ Bsin1000¢ then %:—IOOOACOSIOOOt+1000Bc0s1000t.

Substituting and equating coefficients gives

—1000 A+500 B=0 4=02
1000 B+500 A=500 B=04
Then
v(t) =0.2¢c0s10007+ 0.4sin10007 = 0.447 cos (1000 —63°) V
P10.4-3
booco
W
llta‘*b % (j4) (.05)=j(0.2)
:_E:u::.')
j45° j45° <o
Ho)=—20 21200 _51073)e/° & i(r)=2cos(4r+45°) mA

6000+ (0.2) 6000
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Section 10.5: Complex Exponential Forcing Function

P10.5-1
(5/36.9 ) (104.—53.1):504—1.6.2 _102-162° L 5056
(4+]3)(6—j8) 10-j5  5/-2656 — ——
P10.5-2
5/+8187 4—j3+3ﬁi :54+81.87°[4—j3+§4—36.87°]
5J2./-8.13° 5

= 5/+81.87°(4.48— j3.36) = 5/+81.87°(5.6£-36.87°)
= 28/+45°= 1432+ j1442

P10.5-3
* . -j23
ABC _G 1678)]?56 =0.65—j6.31
P10.5-4
62120°) (=4+ j3+2¢’°)=-12.1- j21.3 = a=—12.1and b=—-21.3
J J
P10.5-5

(a) A jtan ™! 22
A" =4+ j(3-b) = [#+(3-b) € =)

120 = tan"l(?’:‘bj = b = 3+4+tan (120°) = =3.93

A= #+(3-b) = J#+(3-(-3.93))> =8.00

(®)  —4+8 cos@+j(b+8sinh) = 3¢/ = ~1.5-,2.6

448 cosf =-1.5=0 = coslzé5 = 72

b+8 sin (72°) = —26 = b=-10.2

(©)  -10+j2a=A4e’* = Acos60°— j Asin 60

= —-10 = 20 and a:M:—8.66
cos 60° - 2 T
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P 10.5-6
d d
5/0.1—v |+v=cos2t = —v+2v=2cos2t
dt dt

Replace the real excitation by a complex exponential excitation to get
iv +2v=2e/*
dt
. d ,
Let v, = Ae’* so Ve j24e’* and
d . . : .
oy, 42v, =2 = 24/ 42467 =26/

dt
2 1

2+2)Ade/* =26/ = A= =——/—45°
(/2+2) 272 2
1 —'45°j o0 1 j(20-45)
¢ (\/5 2
1
Finally v(#)=Re(v,)=—=cos(2t—45°) V
y ( ) ( e) \/5 ( )
P 10.5-7
2 2
O.4Siv+v+0.15d—2v=40055t = d—2v+3iv+§v=@0055t
dt dt dt dt 3 3

Replace the real excitation by a complex exponential excitation to get

2
d* ad 20 80 s

—V+3—v+—
dr? dt 3 3
2
Let v, = e’ so —v, = j54¢’°" and %ve =254 ¢’
t
2
d—v+3iv+§v 80 st = —25Ae]5t+3(j5AeJSI)+&(Ae]5t):@e15t
a?  Tdt 3 3 3
80
(—25+j15+§j/1e15f=@e15’ = A= 3 55 = 80 _ii26s-141
50 v =(1.126 77141} /% =1.126 /1)

Finally v(¢)=Re(v,)=1.126 cos(2t—141°) V
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Section 10-6: The Phasor Concept

P10.6-1
Apply KVL
. d . 6 Q
6i+2—i—-15cos4t=0
dt
or ., +
2El+6l:15COS4t 150034?V<+> 2H V(r)
T i(t) _
<—

4t+6

Now use i =1, Re{ej( )} and 15 cos 4t=15Re{e4’}to write

2%(1,” Re{e'“""})+6(1, Refe*"}) =15Refe"}
Re{2% (Im /e’ ) +6 (]m o4 pl? )} _ Re{l5 "

Re{2(j41, ¢’*e)+6(1, ¢’“e” )} =Refl5 "}
Jj8(1, ¢)+6(1,")=15

o 15 15

= = _=1.5/-53°
6+ /8 10453

I, e

i(t)=1.5cos(41-53°) A
Finally
v(t)= ZEi(t) = 2%(1.5 cos(41—53°))=3(—4sin(41-53°))
=—12(cos(41-143°))

= 12005(4t+37°) Vv
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P10.6-2

a
. 2
1Q
n 4Q
4 cos 2t V v(t) __ 0.25F 4 H \Lf(t)
.
Apply KCL at node a:
v—4cos 2t

+0.25 4 v+i=0
dt
Apply KVL to the right mesh:

4i+4ii—v=0 = v=4i+4iiL
dt dt
After some algebra:
2
d—2i+51i+5i:4c0s2t
dt dt

2H‘Q)} and 4 cos 2t =4Re {eZt} to write

Now use i =1, Re{ej(

2

% [zm Re e’/ }} +5 % [zm Re (e’ }} +5 [zm Re {ej(2t+9)}:| = 4Re{e

dt dt
Re{—4 eI e +5 (j2 el ej2’)+5 eI eﬂ’} =Re{d e}

Re { Lid (1, e s L1, @@ 4s]1, eﬂz“ﬂ} = Re{4 ¢*}

—4e"’1,+5(j2¢1,)+5¢1, =4

I &%= 4 = 4 = 4
—4+5(j2)+5 1+ 710 10.05£84

m

=0.3982-84°

i(r)=0.398 cos (21-85°) A
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P10.6-3

20 kO Vi=2/-90°V
A

-J -J -
ol Z,-R Z.-—) - —— /16000 O
vo(t) H1ske= 10kQ §V(m) ® CTwC (500)0.125x10°) 7

V(w):{ ~716000 ] (2/-90°) - (16000£-90°)(22-90°) _ o 40y
2000016000 25612£-39°

therefore
v(t) = 1.25 cos (500t-141") V

Section 10-7: Phasor Relationships for R, L, and C Elements

P10.7-1
6Q
_|_
1520°V ("’) © j8Q 5I(m)<> -j2Q__ V(o)
— o _
<—
P10.7-2

12 £ -30°V j10Q

+
-j0.8Q_— j4Q __— V(o)
60 -
AN G
<« _/
) 16 £60°V
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P10.7.3

P10.7-4

3Z£15°A

2.5 2 135°A

8 V(«)
AN
N

j10Q

6 Q

-/0.8 Q
| |
I

+ V(o) —

4@i

2.5 2 135°A
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P10.7-5
(a) v =15cos (400 +30°) V

1= 3 sin(400t+30°) =3 cos (400t —60°) V

v leads 1 by 90° = element is an inductor

Vpeak 15 _
Z,| = - =3 =5=0L=400L = L=00125H=12.5mH
lpeak
(b) i leads v by 90° = the element is a capacitor
z =0 28 g UL 9797 uF
feae 2 oC 900C ————
(c) v=20co0s(250¢+60°) V

i = 5sin(250¢+150°)=5co0s(2507+60°) A
Since v & i are in phase = element is a resistor

s ek 20
i 5

peak

P10.7-6
V, =150cos(—30°) + j150sin(-30°) = 130— 75 V

V,= 200co0s 60°+;200sin 60° = 100+ 173 V

V =V,+V, = 230+,98 = 250/23.1° V

Thus v(f) = v,()+v,(¢) = 250cos (377+23.1°) V
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Section 10-8: Impedance and Admittance

P10.8-1
o=2rf=2r(10x10") = 62830 rad/sec

Z,=R=36Q < YR=Z1=1 = 0.0278 S

R

Z, =joL =j(62830)(160x10°) =10 Q < Y, = Zl =-0.17 S

L

Z.=—) = o~ 160 o Y.= = 00625/ S
wC  (62830)(1x10°°) Z.

Y, =Y, +Y, + Y. = 0.0278-j0.00375=0.027 £9° S

V4 :Y1=36.549°: 36 —j5.86 Q

eq
eq

P10.8-2

7=V o 710237 sh00/-15500 =4532+2113j= R+jwL

T 24073 /1950

2113 2113

so R=4532 Q) and L= = .
0] 2x10

=1.06 mH

P10.8-3
— (R+jwL) ﬁ_ji
Z(a)) — a)C — c oC

J : - . 1
——+(R+jwl) R L——
wC (R+jool) +](a) C)

RL R( 1 j [ R L[ 1 )
wl —J| ——=t—=| oL——
c oc wc)\wCc C wC

Z(w)will be purely resistive when
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when R=6 Q , C =22 uF, and L =27 mH, then @ =1278 rad/s.

P10.8-4
R
A . o p2 3 p2y 2
Z-7 + Z.R _ ol + joC :R+](a)L o R C+czz) RLCY)
R+Z R 1 I+(wRC)
¢ +
joC

Set real part equal to 100 Q to get C

R

— =100 = C=0.158 uF
1+(@ R C) —

Set imaginary part of numerator equal to 0 to get L (@ =27 f = 6283 rad/sec)

L-R°C+&’R°’LC* =0 = L=0.1587 H

P10.8-5
Z, =jolL=j (6.28x10°)(47x10™°) = j 300 Q
(_lj(300+j300)
joC
Z.=L (L +Z )= =590.7 Q
——+300+,300
jo
590.7 = 300+300, = 590.7—(590.7)(300 @ C)+ j(590.7)(300e C) = 300+ 7300

14300/ 0 C-3000 C

Equating imaginary terms (a)=2 nf= 6.28x10° rad/ sec)
(590.7)(300w C) =300 = (C=0.27 nF
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Section 10-9: Kirchhoff’s Laws Using Phasors

P10.9-1
— T, T If'fl‘ gz T
B OO
e T _4'& .
oo 6°
(a) Z,=3+j4=5/531°Q and Z,=8-;8 =8J/2 /-45°Q

(b) Total impedance = Z,+Z, =3+ j4+8—j8=11-j4= 11.7/-20.0° Q

© =100207 100 100 hh00 o i) = 8.5 cos (12501420.09) A
Z+AZ, 11.7/-20° 117

P10.9-2
V(@) =V, (@)~ V,(0)=7.68£47°-1.59£125°

=(5.23+/5.62)—(-0.91+1.30)
=(5.23+0.91)+ j(5.62-1.30)
=6.14+ j4.32
=7.51£35°

v,(t)=7.51cos (2¢+35°) V

P10.9-3
I=1I,+1,=0.744£-118°+0.5405£100 = (—0.349 - j0.657) + (—0.094+ j0.532)

= (~0.349-0.094) + j(~0.657 +0.532)

=-0.443-;0.125
=0.460£196°

i(1) =460 cos (21 +196°) mA

P10.9-4
I Py V.=2/30°V and 1=%= 0.185 £ —26.3° A
: +j12+43/ ]
Ve L2 _l_ -3
i(1) = 0.185 cos (41-263°) A
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P10.9-5

—° j15=j(27-796)(3-107)
20 Q
12¢ 70v C) —20 Q== I,l, I= 12 —048 Z/—37° A
| 20+ /15
7150 i(f) = 0.48cos (277961 —37°) A
& O

P10.9-6
Z, =R =8Q, Z,=;3L, 1=B/-51.87°and 1,=2 Z-15° A

1 B/-5187°  1Z, 8 8 £0°

I 22-15°  Z+Z, S+3L [moo _1[3Lj
s 8 +(3L) Ltan | —
V& +(3L) 3

Equate the magnitudes and the angle.

angles: +36.87 =+tan”' (38L = L=2H
. 8 B
magnitudes: ———==— = B=1.6
V644917 2
P10.9-7
305¢ 777 A 1726 7709 A
R —_—
YT Y
i?L /1 +
. -4 Q
() 2eiOv 1031 60 \% /60
305777 A 1726 7709 A
—_— —_—
YT Y
_ —74Q 45
(i>24e]0V 40 lI A% 424 ¢/ Q

The voltage V can be calculated using Ohm's Law.
V = (1.72 £-69°) (4.24£45°) = 7.294-24° V

The current I can be calculated using KCL.
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I=(3.054£-77°)-(1.72£-69°)=1.34£-87° A
Using KVL to calculate the voltage across the inductor and then Ohm's Law gives:

5y - 24-4(1.34£-87°)

— L=4H
3.05£-77°
P10.9-8
-
_L—'N i 10 10
ot V, =V, [ j = 2040°(Oj
Vg« Zoge” sigsan%;MT -‘~’:g_ % lesz 10-,10 105/2.2-45
=0+/2.245°
V(1) =10+/2 cos (100 + 45°) V
P10.9-9
(a) — —° - 160 £0° 160 £0°
I 300 Q (—1326) (300+,37.7) ~ 303 £/—5.9°
. "OVC) sk — 1326 + 300+ 37.7 e
= 0.53 £5.9°
i377Q%
i(t) = 0.53cos (1207 ¢+5.9°) A
——0
(b) — 1 ° - 160.£0° _160.£0°
I 300 Q T (=j199)(300+251)  256./-59.9°
160 /0v (ﬁ) /199 Q== —/199+300+j251
| =0.625./59.9° A
i251 Q
) S i(£)=0.625 cos (8007¢+59.9°) A
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Section 10-10: Node Voltage and Mesh Current Analysis Using Phasors

P10.10-1
Draw frequency domain circuit and write node equations:

+

2/0 A(D Va

+

ve (Dvz/as a

KCL at A —2+£+u

C=0 = (2+/7)V,=2V.= 20
10 3 2+ )V, c=J
VC'—VA+L

KCL at C: —
Jjs  —j4

I+/)=0 = 4V, +V. =20-;20

Solve using Cramers rule:

(2+j)  j20 ‘
- 4 ‘20—120 =60—]190=116.64—59 16 /647 V
(2+)) —2‘ 10+ J101 £5.7°
4 1

P10.10-2
150 Q@

AN l
+
100/0 v(i) 125Q =V jBoQ 250 Q
A

dL ] I

(V-1000 V V |V
+ +—F

KCL: =0 = V=576-£229°V
150 —j125 ;80 250
I = 10105;)‘7 = 0.667— 0.384 £22.9° = 0.347 £-25.5° A
I. = v _ 0.461 £112.9° A
125 £-90°
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\%

I = =0.720 £=67.1° A
80£90°
I, =V = 0230£22.9° A
250
P10.10-3
n F1008Q o j80Q KCL at node A:

+ + V., V.-V,
. _ L2 b= (D
Vi S 2000 Vpm50@  (Drzei0v 200 100
I KCL at node B:

VooV V| Vi-l2
7100 —j50 ;80
1., 3

=V =-V, —— 2
a 4 b 2 ()

Substitute Eqn (2) into Eqn (1) to get
V,=221/£-144°V
Then Eqn (2) gives

vV, :(0.554—144°)—1.5 = 197£-171°V
Finally

v, (t)=1.97cos (40007 —-171°) V and v,(¢)=2.21cos (40007 -144°) V
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P10.10-4
40 Q J80Q
I @ =10" rad/s

d
J_ I =20/53° A
IS(D I 60 Q 400 2400 5

The node equations are:

KCL at a: (1+1+1j \' +(—1j V, =20/53.13°
20 40 60 40

I I
KCLatb: | — |v + V. =0
¢ (40)3(40 40 80) /0

KCLate: L v+ L4 |v =0
80 " 40 80

Solving thes equation yields

V. =2:240245° V = v, (1)=339.4cos(wi+45°) V

P10.10-5
C v, =sin (27-4007) V
R R R=100Q
- B A LR =40 mH
(—) Vs /40 mH  door opened
S 160 mH  door closed
LR LS

With the door open |VA —VB| =0 since the bridge circuit is balanced.
With the door closed Z,; =,(8007)(0.04)=;100.5Q and Z, =,(8007)(0.06)=,150.8 €2.

The node equations are:

KCL at node B: Va—Ve + Vs =0 =V, __Jj1005 c
Z, j100.5+100
KCL at node A : Va—Ve +L:0
R Z

Ls
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=1V

Since V.=V,

V,;=0.709£44.86° V and V,=0.833£33.55 V
Therefore

V, -V, =0.833£33.55°-0.709£44.86° = (0.694 + j.460)—(0.503 + ;j0.500) = 0.191— j0.040
=0.195£-11.83° V

P10.10-6
L2 Q
I
I\
+
v2/135=1+5 v () -2 0 2 Q I.-21, V, == 20
aa

The node equations are:
Vl_(_1+j) + & + V1 _Vz

j2 2 —j2
ViV Vs,
o A Vi

Also, expressing the controlling signal of the dependent source in terms of the node voltages
yields

14
x —2j
Solving these equations yields

I.=21 = 2{‘”/}:—1—] A
_2]

I

Vo= DB Zo35 V5 0= (0 =V2 cos (406-1359) V
+J
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P10.10-7

V, =0.7571£66.7° V
V, =0.6064£—69.8° V

1,=0.3032 £20.2° A

12=V3_I(‘)]2 yields < 1,=0.1267/-184° A
jV 1,0.195/36° A
I,= 3
_]2
therefore
i,(£)=0.195cos (21+36°) A
P10.10-8

40 8Q The mesh equations are

M
(4+ j6)I, — j6L, =12+ j124/3

M
+ -
24/60 V(i) q Vit @‘1492:"0 j61, +(8+ j2)I, =0
1 2

Using Cramer’s rule yields
L (124/123)(8+52)
L (4+/6)(8+2)~(=j6)(~j6)

=2.5/29°=22+j12 A

Then
1= /76'(2.54290) _ 60907 (2.5£29°)=1.82/105° A
8+/2 J68/14°
and

V, =j6(I, —1,)=(6£90°) (2.5£29°—-1.82£105°) = (6£90°) (2.71£-11.3°) = 16.3£78.7° V

Finally
Vc =—j41, =(4£-90°)(1.82£105°) =7.28£15° V
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P10.10-9

The mesh equations are:

(10— /) I,+(j) I, +0I, =10
JL=jL, + /I, =10
01, +jL+(1—/) 1, =10

Solving these mesh equations using Cramer’s rule yields:

10-j) 10 0
J 0 J
0 10 (-5 —j
1= S D90 =720 ¢3¢ 77508 = i(H)=8.38cos(10°1+77.5°) A
10-j) Jj 0 115
J =J ]
0 7 (1=))
(checked using LNAPAC on 7/3/03)
P10.10-10 .
1%
140 The mesh equations are:
@ Q+j4) -l —j4 1,7 [10230°
AN\— -1 (2+1/ j4) -1 L = 0
10 10 4 -1 G|, 0
10 40 +
2Q< V. Using Cramer’s rule yields
10/30 V q @ - .
2+ 58 o o
132_7(10430 )=3.225444 A
124/ 22.5

Then
V=21,=2(3.225/44°)=6.45/44° V = v(t) = 6.45c0s(10°¢ + 44") V
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P10.10-11
j25Q 100 Q
L L

1\
37510 VC) q i100 q §1009

Mesh Equations:
j 751, —j1001, =375
—71001,+(100+;100)I,=0

Solving for I, yields I, =4.5+j1.5A = i,(t)=4.74 L184° A
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Section 10-11: Superposition, Thevenin and Norton Equivalents and Source
Transformations

P10.11-1

Use superposition
3kQ 3 kQ

AA"A",
12/45 V

j 2000 O

I
——

12/£45° 1 -5£0°

== 233/11.3° mA =t =15/153° mA
3000+ 72000 3000+ /1500

i(t) = 3.3c0s(40007+11.3°)+1.5c0s(3000¢+153°) mA

P10.11-2
Use superposition
6000 Q 6000 Q
W A
3V -1/45 V j0.2 0
l4 1,
- ——
3 _05mA L(w)= “LEA® ) 166x107 2450 A

I = = e —
' 6000 6000+ j0.2

—0.166cos (41 +45°)+0.5 mA
0.166cos (41 —135°)+0.5 mA

i(t) =i, (t) +1,(7)

P10.11-3

Use superposition
6000 Q 6000 Q

VMV
12/45 V

j0.2Q

I
——

(o) =—25% 5 /450 mA L(o)=—220  _0833,-90° mA
6000 + j0.2 6000 + j0.15

i(t)=1,(t)—i,(t) = 2 cos (41 +45°)— 0.833 cos (3¢ — 90°) mA
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P10.11-4

720 Q Find V_:
I °
+ :
80 + 80
; V,.=(54-30°) ————
7800 o= )( 80 +j80—j20}
v
O sz0v * (5 2300 B0V2L219°
80 O 100£36.90°
o = 42£-219°V
/20 Q Find Z, :
¢ o
(—/20)(80+,80) .
1800 7, =" /=23 /-81.9° O
—j20+80+ /80
- 7,
80 Q
o
The Thevenin equivalent is || II O
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P10.11-5
First, determine V__:

2V

600 Q /L
MWV -+ o
9/0 Vv (ﬁ) FID v T—jsoog @ 300 Ve
O

The mesh equations are
6001, - 73001, -1,)=9 = (600- 7300)I, + j3001, =9.20°
-2V +3001, -,300(I,-1,) = 0 and V=;3001,-1,) = j3L,+(1-,3)I,=0

Using Cramer’s rule:
I,=0.01242-16° A
Then
V_=3001,=3.71£-16°V

oc

Next, determine I :

2V
9@\/@9 /ID v T—j?)oosz @ e
9.40°

2V-V=0 = V=0 = I = =0.015.20° A
600

The Thevenin impedance is
V. 3.71£-16°

7,=—"= =247/-16° Q
I, 0.015£0°
The Thevenin equivalent is || || o
Z;
Ov.
o}
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P10.11-6

First, determine V:

The node equation is:

oc

—j4 j2 2

Vo , Vo= (64/8) 3 (Voc—(‘éws)j o

j2

V, =3+j4=5/53.1° V

Next, determine I :

The node equation is:

3l/2

AN
\/I 2Q a
Y YY" g AAA—oO
j2Q +
Vs(i) —J4.Q e VOC
O
T b

V. =10£53°=6+ ;8 V

V.,V +V—(6+j8)_§{V—(6+j8)}_0
2 —j4 j2 2 j2 m
v, C_) G4Q==V
Vo 3+ 4 :
1—j =
I _V _3+j4 V,=10£53°=6+,8 V
2 2-52
The Thevenin impedance is
Z, = °°:3+j4{ J:Z—jZQ
The Thevenin equivalent is || || o]
Zt
Ov..
o}
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P10.11-7
Y=G+Y, +Y,

Y=G whenY, +Y.=0or

1
+joC=0
I J

Jo 20 kQ ‘L'l nk 39.6 uH
S B B 1 r T
(o >JO -
VLIC  22VLC 92\39.6x1071 °

Y
= 0.07998x10” Hz=800 KHz
(80 on the dial of the radio)
P10.11-8
In general: II II
\Y z ¥ “ .
[=—% and V=—"L_V_ Ov. =z |v
Z+7, 7 +7, <I_ -
In the three given cases, we have
V,
Z,=50Q = |11|=||1||=§5=0.5 A
1
\Y%
Z,= .1 =" 1 --=—j200Q = |12|—|2|=100:OSA
JjoC  j(2000)(2.5x107%) 1z, 200
. . G IVs| 50
Z, = joL = j(2000)(50x107)=j100 Q = |L| =ﬁ:@ =05A
3

Since [I] is the same in all three cases, Zt+Z1|:|Zt+Z2|:|Zt+Z3|. Let Z, =R+ j X . Then
(R+50)° + X* =R>+(X —200)" = R* + (X +100)°
This requires
(X —200)* = (X +100)" = X =50 Q
Then
(R+50)* +(50)° = R* +(~150)> => R=175Q
SO
Z.=175+j50 Q
and

VL[| Z.+ R [=(0.5)\(175+50)* +(50)* =115.25 V
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P10.11-9

Jj4Q

3@A(D %jSQ 10 j29,[ 2

Q
|
| e
NW\_.— 7
— 7, =D 4, 53100
- Z*] ‘ | —]3+4
7.2/-231V (—) J2R= §2 = —1.44— j1.92 O
|
' l
1
L |
L ZZ Z2 = Z1 +j4
7.2/-23.1 V(_) 724 28 =144+ j2.08
T | =2.53/553°Q
. 2

2.85 /-78.4 A (D Z5

2 Q== 2 Q

! t!

1= (2.854—78.4")(

3.51/-37.9°
2.77-72.16+2

= (2.85£-78.4%)

Z,=351/-37.9°Q
=2.77-j2.16 Q

(3.51£-37.9°) _1.9/-92° A

(5.244—24.40)
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P10.11-10

200 Q

20/45 V (ﬁ) 4 Q<

0.1/45 A(D Z |:| j4Q

4/-89 Q
—__—WW\
100 O
(Do.asaa v j4o

7, =200 _ 4, _gg800
200— j4

0.4/—44°

=——————=4/-44° mA
—4j+100+ j4

i(t) =4co0s (250007 —44°) mA
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Section 10-12: Phasor Diagrams

P10-12-1
Imaginary
N A
SJAT
H i > Real
V=V, -V, +V, =(3+3)—(4+j2)+(3+,2) =4+ 3
P10.12-2
10 Q
_/\AA,_KYW\_
e 10£0°
. I=——— —0.74£42° A
(i) 10/0 V 109 == 10+ 71— /10
_‘I_

V, = RI=7.4,42°V
V, = Z,1=(1£90°)(0.74.£42°) = 0.74./132° V
V. = Z I = (10£-90°)(0.74.£42°) = 7.4/—48° V

V, =10£0°V

P10.12-3
I =723 +36432(140°-90°) +144.£210°+ 25/ = 40.08— j24.23+ 25/ ¢
=46.83/-31.15°+25/¢

To maximize|l|, require that the 2 terms on the right side have the same angle = ¢=-31.15°.
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Section 10-14: Phasor Circuits and the Operational Amplifier

P10.14-1

V(o)  (10*]-j10") -j 10 e
H(w)_vs(a))__( 1000 J__u)l PN
V(0)=VE = V(o) e Va0

v, (1) =10 cos (1000t —225°) 'V

P10.14-2
R Node equations:
R, B W vov. v
—_—
—|—3+j0C, V=0 > V=——5—
N— 4 Triec R
+
Vimm— Yo R
_ | jecC, _ VVV0:>V1+—3V1
_T_ O Rz R3 Rz
i Solving:
R3
I+—
Voo B
V., 1+joC R,
P10.14-3
Node equations:
'wC,V,
Dt joC, (Vi-V)=0 = V,=-212"t5
1+ joC R,

Solving:
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P10.14-4

Node equations:

V1_Vs+ Vi -0 = = Vs
175 —j1.6 1+ 7109
L+u=0 = V,=11V,
1000 10000

Solving:
0 = 1'1 V, = 1 (0.005400)
1+ 7109 110£89.5°
=0.5£89.5° mV
Therefore

v,(t) = 0.5cos(@wt—-89.5°) mV
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PSpice Problems
SP10-1

L1 1H
V1 I
FREQ = 0.95493 FREQ = 0.95493
VYAMPL =10 C1 0.08333

1 2
IAMPL = 2
PHASE = 45 | —f | PHASE =60
1 2 0
L2
V2 R2 3 12
FREQ = 0.95493 FREQ = 0.95493
VAMPL = 10 C2 0.08333 IAMPL = 0
PHASE = 45 | I | PHASE =60
1 2 0
L3
V3 R3 3 13
FREQ = 0.95493 FREQ = 0.95493
VAMPL =0 C3 0.08333 IAMPL = 2
PHASE = 45 | —f | PHASE =60

18U

w’ff___ﬁxx‘xkx —
e \/ T

-18u

o U(C1:2) « U{C2:2)+ U{C3:2)
18U

ou -n—//_n\l—//qh

-18u

o U{C2:2)
161
O |
ﬂu—~\v//_\\/
18U T T T
ds B.55 1.08s 1.55 2.8
o U{C3:2)
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SP10-2

L1 1H
V1 11
FREQ = 0.95493 FREQ = 2.86479
VYAMPL =10 C1 0.08333

IAMPL = 2

1 2
PHASE = 45 | I [ PHASE = 60
1 2 -0
L2
V2 R2 3 12
FREQ = 0.95493 FREQ = 2.86479
VAMPL = 10 C2 0.08333 IAMPL = 0
PHASE = 45 | T [ PHASE = 60
1 2 -0
L3
V3 R3 3 13
FREQ = 0.95493 FREQ = 2.86479
VAMPL = 0 C3 0.08333 IAMPL = 2
PHASE = 45 | I [ PHASE = 60
-0
18U
T
ﬂU-ﬂ:___,./ \v /_,—D____,,f””"_\u—_
nﬂﬁhhh;¢

SEL>>
-180

o U(C1:z2) « WC2:2)+ U{C3:2)
180

ou f\/r—\m

-180

o W(G2:2)
2.80
BU_UV\/\/\N
-2.80 T T T
s 8.55 1.8s 1.55 2.8s
o U{C3:2)

Time
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SP 10-3

L1 1H
W1
FREQ = 0.95493
VAMPL =10 C1 0.08333

PHASE =45 |

1

1 2
L2
V2 R2 3
FREQ = 0.95493 12
VAMPL = 10 C2 008333
PHASE = 45 | 1 T oade
1 2 0
L3
V3 R3 3
FREQ = 0.95493 3
VAMPL = 0 C3 0.08333
PHASE =45 | 1 T osAde

180

ay

o U(C1:z2) « WC2:2)+ U{C3:2)

h\/ \/ \/ \ |

-180

o W{C2:2)
-2.380
Y. | I o o
-2.420 T T
4. Bs L.8s 6.08s 7.8s 8.08s
o U{C3:2)
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SP 10-4 The following simulation shows that k;
-1.667 A.

Vimand I, are Vipn=12.5Vand I, =

V1
FREQ = 0.95493
VAMPL =1

= 0.4and k, = -3 V/A. The required values of

PHASE = 45 |
L2 1H
V2
FREQ = 0.95493 2
VAMPL = 0 C2 0.08333
PHASE = 45 | 1 T 1Ade
5 0
L3 1H
V3
FREQ = 0.95493 13
VAMPL = 12.5 C3 0.08333
PHASE = 45 | 1 T -1667Adc

EVAVAVAVA

o U{C1:2)
-2.81U

-3. 00— o

SEL>>

-3.21
o U(C2:2)
18.0U

-VAVAVAVA

4 _8s
o U{C3:2)
Time
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Verification Problems

VP 10-1
Generally, it is more convenient to divide complex numbers in polar form. Sometimes, as in this
case, it is more convenient to do the division in rectangular form.

Express Vi and Vo as: V, =—;20 and V, =20—- ;40

KCL at node 1:

V, V.-V —i20 —j20—(20— 40
o Vi VimVa, -j20 —j20-(20-) ):2+j2—2—j2:0
10 10 10 710
KCL at node 2:
V-V, V, (V) —j20-(20—;40) 20-; iy
=Va Vo 5(Vi)_-/20-(20-740) 20 J40+3( ]20J=(2+j2)_(2—j4)_j620
710 10 "\ 10 10 10 10

The currents calculated from V| and V; satisfy KCL at both nodes, so it is very likely that the V,
and V, are correct.

VP 10-2
I,=0.390 £39° and I, =0.284 £180°
Generally, it is more convenient to multiply complex

KID _ numbers in polar form. Sometimes, as in this case, it is more
§ 84 710 Q convenient to do the multiplication in rectangular form.
57790y
(F Express Iy and I as: I, =0.305+ ;j0.244 and I, =—-0.284
L U 1 2
_ KVL for mesh 1:
.~ 2.4 Q q 7200
2

8(0.305+,0.244)+ j10(0.305+ 0.244)— (- 5)=j 10
Since KVL is not satisfied for mesh 1, the mesh currents are
not correct.

Here is a MATLAB file for this problem:
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% Impedance and phasors for Figure VP 10-2

Vs = —j*5;
Z1 = 8;
Z2 = j*10;
Z3 = —-j*2.4;
Z4 = j*20;
% Mesh equations In matrix form
Z =1 z1+z2 0;
0 Z3+74 ];

V = [ Vs;

-Vs 1];
1 = 2\V
abs(l)

angle(1)*180/3.14159

% Verify solution by obtaining the algebraic sum of voltages for
% each mesh. KVL requires that both M1 and M2 be zero.

M1 = -Vs + Z1*1(1) +Z2*1(1)

M2 = Vs + Z3*1(2) + Z4*1(2)

VP 10-3
V,=19.2 £68° and V, =24 £105° V
KCL atnode 1 :
192;68+}9%§68_44w:0
4e/13 o ]
QD KCL at node 2:
244#% +24{Hﬁ A/15-0
-j4 j12

The currents calculated from V; and V; satisfy
KCL at both nodes, so it is very likely that the V;
and V, are correct.

Here is a MATLAB file for this problem:

% Impedance and phasors for Figure VP 10-3

Is = 4*exp(J*15*3.14159/180);
Z1 = 8;

Z2 = J*6;

Z3 = -j*4;
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Z4 = j*12;

% Mesh equations in matrix form

Y = [ 1/Z1 + 1/Z2 0;
0 1/Z3 + 1/24 ];
I = [ Is;
-Is 1;
V = Y\I
abs(Vv)

angle(V)*180/3.14159

% Verify solution by obtaining the algebraic sum of currents for
% each node. KCL requires that both M1 and M2 be zero.

ML = -Is + V(1)/Z1 + V(1)/Z2
M2 = Is + V(2)/Z3 + V(2)/24
VP 10-4

First, replace the parallel resistor and capacitor by an equivalent impedance

_ (3000)(—1000)
® 3000—;1000

=949 £-72°=300- 7900 Q2

7500 Q 7500 Q
 YYY o Y

—_— —_—

| |
1%@VG) mmgg-ﬁmmgx 1m@vCD ZPU
|1l |2l

The current is given by
V, 100 £0°

I= = =0.2/53° A
j500+Z,  j500+300— 7900

Current division yields
[ —j1000

= (0.2 453°)= 63.3 £-18.5°mA
3000-;1000

L= 2% 02 £53°)=190271.4° mA
30001000

The reported value of I; is off by an order of magnitude.
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Design Problems

DP 10-1
_1
Jjw
Al
71
R4 R,
—AM—4—AA—4

\%
In this case the angle of ﬂ is specified to be 104° so CR, =

1 R,
2w C 1+ jo CR,
R, R,
V,(0)  1+joCR, R,
V, (o) R, 1+ jo CR,
R,
\4 (a)) Ril j(180-tan" 0 CR, )

tan (180—76)
———— 2 =0.004 and the

\% (a)) 1000
RZ
: V, (o) . . 8 R, 8 R,
magnitude of ———= 1is specified to be — so =— = —=132. One set of values
V, () 2 1+16 2.5 R

1
that satisfies these two equations is C =0.2 yF, R, =1515Q, R, =20k

DP 10-2
MV 0
wo] :

+
(_)V‘ jwc R2 VO
I o

1 R,
| joC 1+ jo CR,
RZ
V,(w) 1+joCR, K
V@) ., R 1+jocCR,
1+ jo CR,
Rl Rl R2
where K = and R, =
1 + 2 Rl +R2
) (a)) _ K —jtan” w CR,
Vil@) fi+(wcr,Y

10-50



Vv
In this case the angle of ﬂ is specified to be -76° so

V. ()
R R, tan (—76) , V, (@) . : 2.5
CR,=C =— =0.004 and the magnitude of — is specified to be — so
R, +R, 1000 V, (o) 2
K 25 R, : N
=— = 0859=K= . One set of values that satisfies these two equations is
Ji+16 12 R, +R

2

C=02uF,R =233kQ, R,=142kQ.

DP 10-3

jo LR, 1

: JO —

R V, (o) R,+jo L R,

1 - =
© V(@) 1+7‘]a)LR2 1+ jo —
R,+jolL R,
C) Vi joL Ry Yo R, R,
where Rp =
Vo (0)) B Rl j{go—tan’l(l)RLp}

V (@ L{R +R tan (9014
In this case the angle of L is specified to be 14° so L ( : 2) = ( )

= =0.1
V, (o) R, R R, 40
: o
and the magnitude of ﬂ is specified to be 23 SO L= 23 = L =0.0322. One
V(o) 8 V1+16 R,

set of values that satisfies these two equations is L=1H, R, =31Q, R, =14.76 Q2.
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DP 10-4

Jo LR, a)i
y . V(o) R+joL  OR
; V(o) g, otk L
C) v, jol Ry v, R, +jol R,
Rl R2
o where R, =
— 1 +R2
ol
Vo (a)) B Rl ej[90tanI(uRLpJ
2
Vi (o) [ I J
I+ o —
Rp
In this case the angle of m is specified to be -14°. This requires
(o
L _L(R+R) tan(90+14)
R, R/ R, 40 '
This condition cannot be satisfied with positive
DP 10-5
"
O » 1
Z,=10Q Y=-—S
R ! 10
. 7,=— Y,=j
i Q 1OQ§ =C > jwC 2 ]G;C
L _ . -
Z,=R+joL TR+ jol

v(t)= 80 cos (1000t-0)V = V=8£-0V
ii(t) =10 cos 100t A = 1.=10£0°A
SO
1

(804—6’)[+ :
10 R+joL

+ja)C}=10400 = R+10-100’LC+ j(wL+10wRC)=1.25R+ j1.25wL

Equate real part: 40— 40w’ LC = R where @ =1000 rad/sec
Equate imaginary part: 40 RC=L
Solving yields R=40(1-4x10" RC?)
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Now try R=20 Q = 1-2(1-4x107(20)C?)
which yields C=2.5x10"F=25 uF so L=40 RC=0.02 H=20 mH

Now check the angle of the voltage. First

Y, =1/10 = 0.1 S
Y, =j0.25 S
Y, = 1/(20+;20) = .025—,.025 S
then

Y=Y +Y,+Y, =0.125, s0 V=YI_ =(0.125£0°)(10£0°) =1.25£0° V

So the angle of the voltage is @ =0°, which satisfies the specifications.
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Chapter 11: AC Steady State Power

Exercises:
Ex. 11.3-1

1 V- z- 325D _ 05414

— 4- 2

() 734 —1.6 2603 O
7/0° v (F 40 == —j2Q o
=Y o 740 438 603A
Z 16603

i(t)=4.38cos (10t -60.3") A
The instantaneous power delivered by the source is given by
p(t)=v(t)-i(t) = (7cos 10£)(4.38cos (101 —60.3°)) = (7)(4238) [cos(60.3°)+cos (207-60.3°)]

=7.6+15.3c0s(201-60.3°) W
The inductor voltage is calculated as

V., =1-Z, =(4.38 £-60.3°)(j3)=13.12 £29.69° V
v, (1) = 13.12c0s(10£+29.69°) V
The instantaneous power delivered to the inductor is given by

Pu(®) =V, (0)-i(t) =[ (13.12 cos (10r+29.69°)(4.38cos (10t-60.3")]

5747
2
=28.7 cos (20¢-30.6°) W

[08(29.69°+60.3°)+c0s (20£+29.69°—60.3°)]
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Ex. 11.3-2
(a) When the element is a resistor, the current has the same phase angle as the voltage:

i(t):vg):VR?‘cos(a)tHé?) A

The instantaneous power delivered to the resistor is given by
2 2 2

Vm V V V
) =v(t)-i(t)=V._cos(wt+80)—cos(wt+0) =-"cos’(wt+80)=—"—+-—"cosQwt+0
pr(D)=v()-i(t) =V, cos( )R ( ) ? ( ) TREY ( )

R Px {€)

Y
aK

\f

(b) When the element is an inductor, the current will lag the voltage by 90°.

Z, =joL=0wL/90°Q = 1=V Tull =54(9—90°)
Z wL/90° oL

The instantaneous power delivered to the inductor is given by

2

pL(t) = i) v(t) = Vo cos (@t+60-90")-V_cos(wt+6) = Vo cos (201+26-90°) W
oL 2oL

a Pl
Yo, |
At




Ex. 11.3-3
Ri=1Q The equivalent impedance of the parallel resistor

YW and inductor is Z = M = ;(l+j) Q. Then

1+
10@\/@) q 10 i1Q /
I= 10£0° _ 20 Z-18.4° A

1+;(1+j) V10

source

10 72
(a) P =| ” |c059— 2\/5 cos(—18.4°)=30.0 W

[2()]2(1)
) P ]m“lez Jroz _20wW

Ex. 11.4-1

effj/; [ dr = \/;UOZ (10)*dr+ j;(S)zdtJ ~8.66

Ex. 11.4-2

@ i =2c0s3tA = 1, o2 _ A

eff \/— T
(®)  i(t)=cos(3t—90")+cos(3t+60") A

1 3

[=(1£-90°)+(1£60°) == j++j == 0518215 A

i(1)=0.518 cos (3(—15°) A = I, =

© I.° 2 Y 32:»1 255A
eff (}2) ({2’] eff
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Ex. 11.4-3
Use superposition:

V,=5/0°V V,= 2.5V (do) V,=3/-90°V

V, and V; are phasors having the same frequency, so we can add them:

V, +V, =(520°)+(3£-90°) =5~ j3=5.83/-31.0° V

Then
Ve (1) =v, (1) + (v, (1) +v,(¢))=2.5 +5.83c0s(100£—31.0°) V
Finally
Ve =(2.5)2+(5'83j2=23.24v = V, =48V
o 2 R
Ex. 11.5-1
R
M

AcoscotVCj) q I

Analysis using Mathcad (ex11 5 1.mcd):

Enter the parameters of the voltage source: A =12 ® =2
Enter the values of R and L R:=10 L:=4

The impedance seen by the voltage sourceis: Z:=R+j-o-L

The mesh currentis: [ := é

Z
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1(1-2)

The complex power delivered by the source is: Sy := Sv =4.39 + 3.512i

(IR

The complex power delivered to the resistor is: Sr := Sr = 4.39
. . . HIjoL) .
The complex power delivered to the inductor is: S| := ——— Sl = 3.512i
Verify Sv = Sr + Sl : Sr+ Sl =439+ 3.512i Sv =439+ 3.512i
Ex. 11.5-2
R
AMN—§
C
Acos ot V Cj) q L
Analysis using Mathcad (ex11_5 2.mcd):
Enter the parameters of the voltage source: A := 12 ® =2
Enter the values of R, L ad C R := 10 L:=4 C:=0.1
The impedance seen by the voltage source is: Z := R+ j-o-L+
j-o-C
The mesh currentis: [ := A
Z
. . 1-(1-Z) .
The complex power delivered by the sourcés: Sy = T Sv = 6.606 + 1.982i
. . I(I-R)
The complex power delivered to the resistoris: Sr:= ——= Sr = 6.606
2
The complex power delivered to the inductoris: Sl := w Sl = 5.284i
- 1
I-(I-. )
The complex power delivered to the capacitoris: Sc := %C Sc = —3.303i

Verify Sv = Sr + Sl + Sc : Sr+ SI+ Sc = 6.606 + 1.9821  Sv = 6.606 + 1.9821

11-5



Ex. 11.5-3
R

aA"A"
AcoscotVC_“) q L

Analysis using Mathcad (ex11 5 3.mcd):

Enter the parameters of the voltage source: A := 12 ® =2

Enter the Average and Reactive Power delivered to the RL circuit: P := § Q=6

The complex power delivered to the RL circuitis: S :=P+j-Q

2
The impedance seen by the voltage source is: 7 = A—_
2-S
. Im(Z)
Calculate the required valuesof RandL R:=Re(Z) L:=—— R=576 L=216
(O]
. A
The mesh currentis: [ := —
Z
. - 1(1.2) .
The complex power delivered by the source is: Sy .= ——= Sv=2S8+6i
. o I(IR)
The complex power delivered to the resistor is: Sr := Sr =8
The complex power delivered to the inductor is: S] := M Sl = 6i
Verify Sv = 8r + 8l : Sr+ Sl= 8+ 6i Sv = 8+ 6i

Ex. 11.6-1

pf =cos(L 1) = cos[tan_l(a;f)} = cos{tan"l(?)iz))o(s)} = 0.053

Ex. 11.6-2

pf =cos(£ Z) = cos [tanl(X)] = cos[tanl(ggﬂ =0.53 lagging

=

~ (50)*+(80)°
€ 50 tan (cos™' 1)-80

=-11125Q = Z.=-j11125Q
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Ex. 11.6-3
P.=30+86=116 W and O, =51 VAR
S;=P+j O, =116+,51 =126.7 £23.7° VA
Pf e = €0823.7°=0.915

Ex. 11.6-4
P=VIcosd = I = P _ 4000 443 A
V cosd (110)(.82)
7 = II/ Zcos'(0.82) = 2.48 £34.9°=2.03+1.42 =R+j X
To correct power factor to 0.95 requires
2 2 2 2
X, = R +_1X _ (2.03) +(l.42o) __8160
R tan(cos™ pfc)-X  (2.03) tan (18.19 )-1.42
c="1 325 uF
X,
Ex. 11.7-1
(@) I=1,+1,=(0.4714£135°)+(1.414£—-45°)=0.9428£—-45° A
2
_ 09428 (6)22.66 W
b 2
®) I,=12453° A = p1:1'22 (6)24.32 W
2
I,=04714/135° A = p,= 0'4;14 (6)= 0.666 W

Lp=p+p,=499 W

Ex. 11.8-1
For maximum power, transfer
Z,-10+/14Q
[ | Z, =7 =10-j14Q
100/0° V(D V.o I 2 =10-7140 (10+ /14) (10— j14)

B

2
(SJ Re(10— j14) =125 W

V2
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Ex. 11.8-2

If the station transmits a signal at 52 MHz
then Antenna Cable TV set

o =2xf =1047xx10° rad/sec Wy |
200 Q

v (+) 7 Impedance of
so the received signal is NS one TV set

O
O

O
O

v, (t) =4cos (1047 x10°t) mV

(a) If the receiver has an input impedance of Z. =300 Q then

yo— Loy 300 g0t —24mv = p=lpp| o[ 2O g6 nw
R+Z. * 2004300 2" R, |7 2(300)

(b) If two receivers are connected in parallel then Z. =300(/300=150 Q and

A 150

v, = V, = (4x107)=1.71x107 V
R+Z, ° 200+150

2 -352
total P = Vi L = M =9.7nW or 4.85nW to each set
2 | Z 2(150)

mn

(¢) Inthiscase, weneed Z_ =R||[R=200Q = R=400Q ,where R is the input
impedance of each television receiver. Then

Vol (2x107)

P = =10nW = 5nW to each set
2Z,,  2(200)
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Ex 11.9-1

o +
24 (0" v () | v
I A0 QY Y2 0
LIp
O
Ex 11.9-2
L, o+ Vq -
— e o
;'249\ +
16 Q
o +
24@_\/(_) | v
I A0 QY Y2 0
Izl._

Ex 11.9-3

Coil voltages:
V,=j241,+j161,=,;401
V,=j161,+;401, =561

Mesh equation:

24=V,+V,=j401+,561=;961
241
j96 4
1
VoV, =(j56)(—j2):14
vo=14cos 4t V

Coil voltages:
V,=j241,-j161,= ;81
V,=—j161,+;401, =241
Mesh equation:
24=V,+V,=j81+;241= ;321
243
j32 4
V =V, z(j24)(—j%j:18

v,=18 cos4t V

0=V, =/161,+;401,

40
=1=-L=225 1,

V. =V, =j241,+ /161,
= j(24(-2.5)+16)1,

=—j441,
24 .6
IL=—1 =j—
—ja4 11
I,=1,-1,=(-25-11,
=351,

6
=-35| j— |=-/j1.909
(]llj J

iy=1.909 cos (4¢-90°) A
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Ex 11.9-4

0=V,=—j161,+ 401,

40
211 :EIZ :25 12

V. =V, =241 -jl61,
=j(24(2.5)-16)1,
=j441,

24 )
2 :ﬁ:_]ﬁ
=I,-1,=25-1DI,
=151,

6
=15|-j—|=-j0.818
(-15)=

i, =0.818 cos (41-90°) A

Ex. 11.10-1
I, I I
1T+j3p— 11 — | 14j3 =
+ +
100 - j75
(i)m@v v, 100 - j75 C)m@v Vi —2J
n
— | geal l - |
520° 520°
I, = = —_=2/0°A
‘ (1473)4 1002775 (1+/3)+(4-3)
5

V, =(4-73)2£0°=10£-36.9° V
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Ex. 11.10-2

I

5-j5p— 1in =— 5-j5——
+* - | +

2-j0.2

(i)5@ VooV Vv, |2-jo2 (i) s[ov W nJ2
s+ -

Ideal | |

I - 520 520 S£0° 68 a00 A

(5-75)+ 2+;20.2 55+j4.95 7.4/-42°

L= %Il =0.342£42° A

V, =(2+,0.2)L, =(2.01£5.7°)(0.34.£42°) = 0.68.£47.7° V
SO

v,(t) =0.68cos(10¢+47.7°) V and 7,(t) =0.34cos(10¢+42°) A

Ex. 11.10-3
a , . .
. . 12 7 31 7 T1:2
® ® L J [ ] ® |
‘ b | . |
Z, Z, Z, Zq
822 g ae2] of52) i 2 Liae,
n, 4 n, n, 4 n
then

Z,=1,=7+Z,= Z+411[Z+9(Z+Qj =4.0625 Z
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Problems

Section 11-3: Instantaneous Power and Average Power

P11.3-1
* b o=y Y oV voaes-aey
] 20 j63 —jl6
1 /0° ACDV 20Q <630 =—16Q
- 1=V —023/-133° A
763

p(t) =i(t)v(t) = 0.23(cos (27-10°t—133"))x14.6 cos (27-10°t—43")
=3.36 cos (27-10°t—133") cos (27-10°t—43")
=1.68 (cos (90 )+cos (47-10°t-176"))
=1.68 cos (47-10°t-176")

P11.3-2
1800 Q Current division:
— M
18002400
= 10° L 1=4y5
600 Q g 45 /0% mA T 240 \/—{1800— j2400+600}
5
= 5\/74—8.1" mA
2
2
1| 600 5 4
Poe, = =300(25) 3 | =1.875x10" pW =18.75 mW

P, = |V”I|2°°S'9:;(600)(5\5](4\/5)%5(—8.1‘)) = 2.1x10* uW =21 mW

P11.3-3
10 Q EARt
AAAY, ¢ "
100@\/@) 20 Q 31, A v 10 Q
I )
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Node equations:
200,100 | - 200~V
10 -Jj5
V-20I, a1, 1‘(’)=0 = I,(—40+ j30)+V(=2-/)=0

=0 = I,(20-j15)-V=—50

Solving the node equations using Cramer’s rule yields

- | 150(2—1? | _ 5052634 251030 A
(40— j30)— (20— j15)(2—j)  25/53.1°
Then
|IX| :
Py =21(20)=10(245) =200 W
P11.3-4

A node equation:

v-10,v (222459 =0
j4
D) 2v2 (457 A 5
= V=£16\/;]ZIS.4° \Y
Then
16 A =+32 /-116.6° A
j4
2 2
Vo (16@
1
Pve 5o :EX? :EXT:6.4Wabsorbed

Py cument source = *|V|(2\/7)cos 9——2{ \/E}(Z\/E) cos (26.6°) =—12.8 W absorbed

P AVE inductor 0

P

AVE voltage source

= —;(16)|I| cos6 = —;(16)(\/3.2)005(—116.6") = 6.4 W absorbed
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P11.3-6

5209 15 g
¥i
—VW
+ |
zo@fACD V, 2100 Y2V, V

A node equation:
V, V, +(3/2)V,
L1

0 = V,=50/52-266°V
10 15-20 :

=20

Then

VBV (5/2)Y,

- =55 £26.6° A
15— 20  25/-53.1°

Now the various powers can be calculated:

LV 1 (5045)°
Py 100 =3 % =5 ( 0 ) _ 625 W absorbed
P = 1 V|[(20)cosb = —1(50\/5)(20) cos (—26.6°)=—-1000 W absorbed

AVE current source 2 2

2

i (55)

Popiso = 7(15) =— (15)=937.5 W absorbed
P = —lI 3V cos <9=—l 5«/5 75\/§ cos(—53.1°)=-562.5 W absorbed
AVE voltage source 2 2 1 2
PAVE capacitor = 0 W
P11.3-7

200 (j200) 200 £90° 200

_ - -2 /450 Q)
200 (1+/) 2 z45° 2
1=22920 o550 A, 1= ——22 1= 06£0°A
200 , . 200+ /200
== 245
2

P=[I]' R=(0.6)"(200)= 72 W and w=(72)(1)=721J
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Section 11-4: Effective Value of a Periodic Waveform

P11.4-1
(a) i=2—-4cos2t=i, +1i, (Treat i as two sources of different frequencies.)
2A Ly =lim (|2 [ @) di=2A
source: [y = lim ?J.o (2) dt=
and

4
4 cos2t source: I =—4 A
T2

The total is calculated as

2
Icff2:(2)2+(ij =12A = Irms:Icff:\/Ezz\/gA

(b) i(£)=3c0s(71-90°)+2 coszt = 1=(3£-90°)+(~2 20°)
=V2-j3=3322-64.8° A

3.32
I = —=235A
ms ’2
(©) i(1)=2cos2t+ 42 cos(2¢+45°)+12cos(21-90°)

1= (22£0°)+(44/2 £45°)+ (122 -90°) = (2+ 4)+ (j4 - j12)=10£ - 53.1° A

I = 0 524

N

P11.4-2

a

@ Vrms:\/l(jz6zdt+-|.522dt):Jl(jz36dt+I54dt)=\/l(72+12)=\/§:4.10 \
5 0 2 5 0 2 5 5

b

(b) Vnns:\/l(jzzzdt+Is62dt):\/l(jz4dz+js36dt)=\/l(8+108): 16 _4e1v
5 0 2 5 0 2 5 5

© V. =\/%(j0322 dt+j:62 dt) =\/%(I;4dt+_[3536dt) =\/%(12+72) =\/§=4.10 \Y%
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P11.4-3

@ 1paf4  2Y 4 o4 ) 1
Vs :\/EL [EHEJ dt :\/2_7.[1 (2¢+1) dt :\/EL (4 +4z+1)at

4 (4p| )

N 4

23], 2,
1

4¢*
+ —_
2

=\/%((85.33—1.33)+(2)(16—1)+3)

4
=,—(117)=4.16 V
57 (117)

(b) 1eaf 4 22V 4 s 2 4 4
sz\/gj1 (_EH?j dt:\/EL (—21+11) dt:\/EL (47 —441+121) dr

4 (48] ) ]
= 2—7 T +1211|1

1 1
4

=\/E(84+(—22)15+(121)3)
— |2 (117)=4.16 V
“\27 o
@y 1I3(it+2j2dt:\/if3(2t+3)2dt:\/ij.3(4t2+12t+9)dt
™ V37003 27 %0 27 %0

4 (48] o
= |—| — + +91),
27| 3 .

0
4
=\/—(36+54+27)
27

4
=,|—(117)=4.16 V
27 (17)

44+
2

124
2
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P11.4-4

a
@ v(t):1+cos(277[tj:vdc+vac

s (Limia) e Y 2 (Zg)oiy and v = L
Vicett = ;J‘O L= ?0_ ?_ - an Vacett = E

2
2 2 2 2 1 j
Ve =V +v = /1 +|—| = 1225V
eff dc eff ac eff ( \/E
(b) 27 1¢r,
a):? ’[rms = ?J-Ol (l) dt

2 2 2
1.’ :i'[T/z(Asina)t)zdt :ijf/z 1(1—cos2a)t)dt:AU "t —J'T/zcoszw; dt }:A A
T° T 2 2T LY 0 4
2
I . = 1:11 = ;1, where A=10mA = [ =5mA
P11.4-5
90¢ 0<t<0.1
v(t)= 190(0.2—1) 0.1<¢<0.2
0 0.2 <£¢<0.3

V2 = 3“00'1(9002 dt+f:'12[90(0.2—t)]2dt} = 9(?))2“00‘1 i+ (O.Z—t)zdt}

2
:9(; [.001+.oo1}:18V

3 3

v o =18= 424V

rms
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Section 11-5: Complex Power

P11.5-1
. 2(3.6+ /7.2
o 28 20364 )=o.6+j1.2:1.342463.43°A
12.£0° 12.£0°
. 12.£0° .
R+j4L= =8.94/6343=4+j8 = R=4 QandL=2 H
1.342/ - 63.43
P 11.5-2
\ 2(18+ 79
o 28 218+ )=3+j1.5=3.35426.56°A
12£0° 12£0°
ot bt 0 3352726568 0091 ,226.56=0.250+ j0.125
R j4L R 4L 12.£0°
= R=4QandL=2 H
P11.5-3
(o) Let
(18 g {_: .
: z _SUS)_ 8 1o B4i8 4Ly
—o—N\/\/ ’ P8+ 8 1+ 1-j 2
4Q Next
12£0°  1220°
. 1= = =1.342/-26.6° A
<t>1240°\)’ § 8Q 1893 4427, 4+(8+j8)
Finally
12.£0°)(1.342.2 - 26.6°)
O ¢ s ) : ) =7.2+3.6 VA
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P11.5-4
Before writing node equations, we can simplify the circuit using a source transformation:

+ j2Q +
5[QA(D V220 v, (1/s) Vy 0.8+j0.4 Q

The node equations are:

_5+&+u

2 )2

VZ_V1+1V1+L=0 = V,(-4+/)+V,(/8)=0
j2 8 ' 08+,04

=0 = V,(1+/)-V,=10

Using Cramers’s rule
80

Vl = N )
(4=))—j8(1+))

=(16/3) £126.9° V

then

I= —:ng—sz —:gvl—vl(1+ J)+j10= 2.662126.9° A

Now the complex power can be calculated as

' (—/8)WV,) (2.664—126.9 )(—(2/3)436.9 ) P
S = 2 = 2 = —] 5 VA

Finally

S:P+jQ=jz = P=0, QzSVAR
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P11.5-5

12Q j20Q

V-50/120° Vrms

[ 30£120° _ 504120°

= = =2.5/83.13° A
l16+,712  20/£36.87°

S=VI' = (504120°)(2.54—83.13°) = 125 £36.87° =100+ ;75 VA

P11.5-6
I I,
~ — KVL:
* I\
100 20 (10+,20)X, =520 — 21,

= (10+,/20)1, + j21, =5£0°

I +1,=6£0°
L g
Solving these equations using Cramer’s rule:
10+ ;20 ;2
:‘ / ]1 = 10+ 18
52 —j

I, _Lprao stz 0.63£232° A =-0.39-;05 A

A6 1 10+ /18

LL=6-1,=6+3.9+;5=639+;5=641£447° A
Now we are ready to calculate the powers. First, the powers delivered:

S, o = %(540°)(—1;‘) =2.5(6.41£(180-4.47))=-16.0+ j1.1 VA

S 0= ;[5— Jj21,)(6£0") = [5-/2(6.39+,.5) |3 = 18.0- j38.3 VA

Sii  =Ss,u+S, 0 =2.0-/37.2 VA

Total
delivered
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Next, the powers absorbed:

0

S0 = l1o|1| —1 (.63)" =2.0 VA

S o = 120 L[ = j40 va
S o = ; (-/2)|L| =—/j (6.41)" =—j41.1 VA
Srow  =2.0—j37.1VA

absorbed

To our numerical accuracy, the total complex power delivered is equal to the total complex
power absorbed.

P11.5-7

I =25/-10° A
. — (@) ,_V_100£20° .0
I 25£-10°

+

V- 100 /20" V Z ®) _[H[V]cosd _(100)(25)cos30°
[ - - 2

2

=1082.5W

- b

(c) Y= % =0.25£4-30°=0.2165—-j0.125 S. To cancel the phase angle we add a capacitor

having an admittance of Y. = j0.125 S. That requires @ C=0.125= C =125 mF.

P11.5-8
+ V- 10 Apply KCL at the top node to get
M MV
L | _"1_3V1+10_‘;1 =0 = V,=4/369°V
10/0°v(®) ’ GV, =150 3 47T 3
2
=~ Then
I = Zl 1/36.9° A
The complex power delivered by the source is calculated as
1£36.9°)*%(10£0°
:( ) ( ): 5£-36.9° VA

Finally
pf =cos(-36.9°)= .8 leading
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Section 11.6

P11.6-1
Heating:

Motor:

Total (plant):

P11.6-2
Load 1:

Load 2:

Total:

: Power Factor

P=30kW
6 =cos™(0.6)=53.1° P =150c0s53.1° =90 kW
S|=150 kVA 0 =150sin53.1° =120 kVAR

P=30+90=120 kW

= S=120+,120=170£45° VA
0=0+120=120 kVAR
The power factor is pf =cos 45°=0.707 lagging.

The current required by the plant is |I| :% = % =42.5A.

B, =|S|cosd=(12 kVA)(0.7) =8.4 kW
Q, =|S|sin(cos™(.7)) = (12 kVA)sin (45.6°) =8.57 kVAR

B, =(10 kVA)(0.8)=8 kW
0, = 10sin(cos ™' (0.8)) =10sin (36.9°) = 6.0 kVAR

S=P+,j0=84+8+(8.57+6.0)= 164+ j14.57=21.9241.6° kVA

The power factor is pf = cos(41.6°) =0.75. The average power is P = 16.4 kW. The

apparent power is [S| = 21.9 kVA.
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P11.6-3

I I The source current can be calculated from the apparent
— — power:
* 2(50£cos™ 0.8
s= Yob 25 ( )=5436.9°A
6 Q 2 SV, 20£0°
I
2010 v () 1) 4 1L =5/-369°=4—j3 A
ji8 0 Next
I = V. _ 2020 =2/-53.1°=12-j1.6 A
6+ /8 10£53.1°
L=1I-1=4-;3-12+,16=28-,14
=3.13£-26.6° A
Finally,
Z=& o 20200 6.39226.6° Q
I, 3.13£-26.6°

P11.6-4
(Using all rms values.)

(a) V[ ,
P=|I| R=T3|V| =P-R=(500)(20) = [V|=100 Vrms

b (o) o
(b) IS=I+IL=X+ V__100£0° 100£0 5 S=5V2/ 450 A
20 ;20 20 720
(©) Is |
I\
—j20 Q *
VSCD 200 2003 v-olvl/o v
|L¢ -

zZ :—j2O+M=IO\/§4—45° 0
20+ j20

pf = cos(—45°) =L2 leading
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(d)  No average power is dissipated in the capacitor or inductor. Therefore,

P

AVE
source

P11.6-5
Load 1:

Load 2:

Total:

P11.6-6

1 20& Vrms

120 @ Vrms

(a)

and

500 500

bl

V| =

cosd=500= |V, =100 V

=P =500 W =

20Q

VS

IS

IS

V =100£160° V

1=2/190° A=-1.97—0.348 A

P =232 W, 0 =50 VAR

S, =P+ jO, =232+ j50=55.12£65.1° VA

pf, =c0s65.1 =0.422 lagging

I _5 32651055y 9490 g9 I, =0.551£94.9° A
V. 100£160°

I,=1-1, =—1.97—- j0.348+0.047— j.549=2.12/-155 A

S, =VL =(100£160")(2.12£155") = 212£-45" =150~ j150 VA

phh= cos(—45°) = 0.707 leading

S=S§,+8, =(23.2+,50)+(150— j150)=173.2— j100 =200£-30" VA
pf = cos(-30")= 0.866 leading

e Zo =22 = 1412 0
M g | (785
Refrig
Ct) ZRefrig l IRange Z. g, = 14.12245°=10+j10 Q
I §RRan e 2 (120V
- ! Rlamp=V—:—( ) _ma
— T P 100
- ST Y 2R 240Y’
(_) I2 Lamp Rrange — ( ) — 4.8 Q
> 12,000
= 2020 g5 45 Ams, 1, = 2220 _0.83.0° Arms
10+ ;10 144
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| 240.£0°

nage = =50.0° A
From KCL:
I =1+, =56—j6=563£-6.1° A
I,=-1,, -1, =>50.83/180° A
I, =-1,-1,=7.92/-49° A
(b) refrig = refrig ’ Rreﬁig =—7225 W and Qrefrig = Irefrig ’ Xrefrig =—7225 VAR
By =100W and Q. =0
P, =722+100+12,000 =12.82 kW ,
= S=12,822 + j722=12.84/3.2° kVA
0., =722+0+0=722 VAR
The overall power factor is pf = cos(3.2°) =0.998,
(c)

10 Q
I
120/0 Vrms Ct) @ IRefrig l ZRefrig l Range
| j10Q gRRange
N 20 Q q 489

J——

1 AL,
= R
120/0 Vims (j) KI-ED | amp l 1Za4m£

Mesh equations:

30+,10 -20 -10-,10 |lI, 120£0°
-20 164 —-144 I; |=|120£0°
-10-,10 -144 158.8+ 10| I.. 0
Solve to get:
I, =543-,1.57=543/£-1.7° Arms
I, =51.3-,0.19=51.32-0.5°Arms
I. =50+ ;0=50£0° Arms
The voltage across the lamp is
v

= R |1z —1c|=144[1.272-8.6°=1832 V

amp ‘ lamp |
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P11.6-7

(a) VI=220(7.6)=1672 VA

pf = P 1317 788

VI 1672
O=cos 'pf =38.0° = Q=VIsind=1030VAR
(b) To restore the pf'to 1.0, a capacitor is required to eliminate Q by introducing —Q, then
2 2
1030 = ¥ _220 = X, =47Q
XC XC

=1 =1 —

nC= Vs %377)(47) 36.54F
() P=VIcos# where =0

then 1317 = 2201
.. I1=6.0A for corrected pf
"Note I = 7.6A for uncorrected pf

P11.6-8
First load:

S, =P+ jO=P(l+ jtan(cos ™' (.6))) =500(1+ jtan53.1°) =500+ j677 kVA

Second load:
S, =400+ ;600 kVA

Total:
S=S,+S,=900+ ;1277 kVA
S iieg = P+ jP tan (cos™'(.90)) =900+ j436 VA 5 e— & addsd F:uj C
From the vector diagram: S, , = S+ Q. Therefore R _ Sdesired
- : : P = To0
900+ j436=900+ j1277+0 = Q=-;841 VAR
2 2

\4 . \4 2 j

| L—_i841 = Z' = |‘| _ Q0007 _ 1189 — z——j1189=——I

z —j841  — 84l 377C
Finally,

! 20 uF

C=——=2.
(1189)(377)
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P11.6-9

(@ S=P+jO=P+ jPtan(cos” pf)=1000+ j1000tan (cos™ 0.8) =1000+ ;750 VA
Let V, =100£0° Vrms. Then [ = S M =10+j7.5 = I=10-,75A
VL 10020
Z = Vo 10020° 8/36.9°=6.4+ j48 V
I 12.54-36.9°
V. =[6.4+ j(200)(.024)+Z, )(I) =(12.8+ j9.6)(10— j7.5) =200£0° V
b : : *
®) For maximum power transfer, we require (6.4 + j4.8) =7 |Z,, = ;
YL +Ynew
1 1 1 .
. :YL+Ynew:>Ynew: - :]OISS
(6.4—34.8) 6.4—-j4.8 6.4+ j4.8
ThenZ ,, =—j6.67 Q so we need a capacitor given by
1 1
—=6.67 > C=————=0.075 uF
oC (6.67)(200)
Section 11-7: The Power Superposition Principle
P11.7-1
14 A
Use superposition since we have two different
frequency sources. First consider the dc source
(0=0):
12 20
I =14 — |=12A o
! (12+2j VWV— 1
P=I’ R=(12)*(2)=288 W 17 9 § 4
Next, consider the ac source (o = 20 rad/s):
—O
O—1—W— l AM—
I I
§129 =50 2240 91.67L0_OAQ 12 Q 50 2 240
s
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After a source transformation, current division gives

—j60
1,=-9.166| o~/ =\2/§4116.6° A

]7_+2+j4 5

(12-5)
Then

2
I
p! ;I 2=129)_ s w

Now using power superposition

P=P+P =288+125=413 W

P11.7-2

Use superposition since we have two different frequency sources. First consider @ = 2000 rad/s

source:

Current division yields

§8Q
20

Next consider o = 8000 rad/s source.

o7
1wy 3 Sea
T T—jQ j8Q Q= jsQ

Current division yields
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~
~
(V)]

ILL=—j5 44— |=—+=/-1719° A
2 J £+8 \/%
j7
Then
L['8
P = : =2W

Now using power superposition

P11.7-3

Use superposition since we have two different frequency. First consider the dc source (® = 0):
1 ' ! '

i,(t)=0 and 7,(t)=10 — [=1A :

(1) (0) (10] I l 7,

> 0ag So
1)
B =iZR =1(10)=10 W 2 106 -

R =0W I e

Next consider m = 5 rad/s sources.

j10Q
RONRE
6I2<¢>1O1Q§ 4@%@) ,[_jzg C)TOMV
o

Apply KCL at the top node to get

(101,-10.£40°)

—61, +1, +1,—(4 £-30°)+ 710

0

Apply KVL to get
-10I,+(5-,2)1,=0
Solving these equations gives

I,=-0.56 £-64.3° A and 1,=-1.04£-42.5° A
Then
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\IZ\R (0.56)° (10) _L57W md B, \IZ\R _(1.04)'65)

R =27W
: 2 2 2 2

Now using power superposition

PRl = 10+1.57 = 11.57 W and K, =0+2.7=2.7W

P11.7-4
Use superposition since we have two different frequency. First consider the o = 10 rad/s source:

Vi 44)5 =0.28+ j0.7 A

7 2-j 4/0°V 20
V. =21,=2(028+/7)=0.56+ 1 4=151 £68.2° V

1

V. =-j51,=377 £-218V 5 5Q

Next consider @ = 5 rad/s source.

=Y 0290 50 012A %*

Z 2-j10

V, =21,=2(.577-0.12)=1.15- j0.24
=1.17/-11.8° V 6/-90°y  —-10Q

V. =—jI01,=5.942583° V

2

Now using superposition

Ve (H)=1.51cos (107 +68.2°)+1.17 cos (5¢—11.8%) V

ve(t)=3.77cos(10#-21.8°)+5.9cos (5¢-258.3°) V
Then

2 2
Vi, :(ljgj +(1\/1§7j = 1.82 = Vz=135V

2 2
o= {5 -2 = vgmaesv
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Section 11-8: Maximum Power Transfer Theorem

P11.8-1
Z, =4000||—,;2000 = 800 — j1600 Q
Z, = Z;=800+;1600 Q
R=800 Q
R+ j1000L =800 + j1600 =
L=1.6 H
P11.8-2

Z,=25,000(—;50,000 = 20,000—- 710,000
7, =7..=20,000+,10,000 Q
R=20 kQ
R+ joL =20,000+ ;10,000 =< 100L=10,000
L=100 H
After selecting these values of R and L,

0.14x1072

V2

2
=14 mA and P, = ( j (20x10°)=19.5 mW

Since P >12 mW, yes, we can deliver 12 mW to the load.

max

P11.8-3
R(_J)
. 2
Z, =800+ /1600 Q and Z, =—~2C/ - R=JORC
r_J  1+(@RC)
oC
R(_é) R—-joR*C
7,-7, > —~2_TTJP0 > _ 00— 1600 O
r_J  1H@RC)
oC
Equating the real parts gives
K 4000 C=0.1 uF

0= L (@RC) ~ 1+[(5000)(4000)CT
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P11.8-4
Z, =400+ 7800 Q and Z, =2000 || — 1000 =400— 800 O

Since Z, = Z, the average power delivered to the load is maximum and cannot be increased by

adjusting the value of the capacitance. The voltage across the 2000 Q resistor is

ZL

=2.5-j5= 5.59¢/"*V
7.+7,

V, =5

So

2
po(39) 1 Lo w
J2 ) 2000

is the average power delivered to the 2000 Q resistor.

P11.8-5

Notice that Z,not Zy, is being adjusted .When Z; is fixed, then the average power delivered to
the load is maximized by choosing Z; = Z*. In contrast, when Z is fixed, then the average
power delivered to the load is maximized by minimizing the real part of Z. In this case, choose
R = 0. Since no average power is dissipated by capacitors or inductors, all of the average power
provided by source is delivered to the load.

Section 11-9: Mutual Inductance
P11-9-1

V.+1joL +1 joM +1 joL, -1 joM = 0

= jo(L+L,~2M) = \II

Therefore
L, =L+L,-2M
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P11.9-2

I v JOL
_ 11 l
b
Then
and
Then

KCL:
IL+1, =1
[ ]
oM . . .
joL; The coil voltages are given by:
2 V=1, joL+1, joM
V=1joL,+1 joM
V—joL]I,
I, = - ‘
jo(M-L)

V =1L joL+(1,-1,)joM

Finally

P11.9-3

Mesh equations:

Solving yields

Finally

yo Vot LoLan] o Y W[LLM}

jo(M-L,)

_ LL,-M*
L+ L,-2M

141.4/0° V J40 Q j60 Q 200 Q

~141.420°+ 21, + j401, — j601, = 0
12001,+7601,—j601, =0 = I, = (0.23£51°)1,

I,= 417£-68°A and I, = 0.96£—17°A

i,(¢) = 4.2 cos(100:—68°) A and i,(7) = 1.0 cos(100t-17°) A
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P11.9-4

* +
vi=10/0ev(®)  jso 500 © 4OOQ§V2

Mesh equations:
(10+,5)1,- 501, =10

—j501,+(400+,500)1,= 0
Solving the mesh equations using Cramer’s rule:

o 105)(0)A=50)10)  _ §i6r 2970 a

(10+5) (400+,500) — (- 50)’

Then
EZ&OI% = 401,=40 (0.062 429.7") =2.5/29.7°
vV, 10£0
P11.9-5
—j|5{ Q 28 O
Iy AN

+ e ejgge'o

10/0°V (ﬁ) V <j9Q joQ

I 1>
Mesh equations:
-10£0°—j51,+ /91, + j31,=0

281,+j61,+ j31,+j91,—j3L,= 0
Solving the mesh equations yields

I,=0.25Z161° A and I, =2.552-86° A
then
V=,91-1,)= j9(2.6 4—810) =23 /9°V

Finally
v(t)=23cos(30t+9°) V
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(a) I 12 Q i3 1>
ANN—; " I,=0 = 1,=10£0°A = i (0)=10A
/e A()  se j6Q L i’(0) (0.3)(10)
w= = =151]
2 2
(b) 1 120 i30 I Mesh equations:
—A\W

j61,-j31,=0 = I, =21,
I,=10£0°A = 1,=5/0°A

Then
w= ;Llilz(O) +;L2i12 (0)-Mi,(0)i,(0)= ;(0.3)(10)2 + ; (1.2)(5)* = (0.6) (10)(5)= 0

(©) I

10@A<D

(7+j6)L,— j31,=0

I,=3.25/494° A

i,(t)=3.25cos(5¢+49.4°) A

i,(0)=2.12 A
Finally
w=%(0.3) (10)* +%(l.2) (2.12) —(0.6) (10) (2.12)=5.01

P11.9-7

. , |

j8Q —6Q —2;»

Vi jo e 6 Q §3 Q
I

Mesh equations:
-V, + 8L + j51,-1,)—j6I, + j6 (I,-1,)+ j5I, = 0

31+ j6 (I,— I,)—j5I, = 0
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Solving yields
I,=(1.64 £227) 1,

L18) + L, (=j11) = V;

Then
VT -2 o
Z :T: 82+ j = 8.4 /£14° Q
1
P11.9-8
40
50 +V1—./ \+V3‘ 20
j6Q f j
J2Q 20 +
(i) 10/0 V e O/J Ly

The coil voltages are given by
Vi =jol, —j2(I, ~1,) - j4l, = jal, - j21,
V, =j4(1,-L,)- 21, + j2I, = j2I, - j2I,
V, =81, — j4l + j2(I,-1,) =21, + j61,
The mesh equations are

S5L+V,+6(I,-1)+V, =10£0
-V,+6,-1)+2L,+V,-j51,=0

Combining and solving yields

‘11+j6 10

6-j4 0 :

R S0 HJA0 5 soose A
11+ j6 —-6—j4 50 + 33
—6—j4 8+ 3

Finally

V=—j5I,= 60 £-89.72° A = v({)=6sin(2¢ — 89.7°) V
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Section 11-10: The Ideal Transformer

P11.10-1
I I
5 3]. —_— 1A .—
+° +

12 /0 v(ﬁ)|—> vy v,
i Ideal =
4

Vi=1, (100:j75j = (2)(
n

25

Z- (2+j3)+(1005_2]75) —60
100 - j75 ° °
j p 12200 12200,
zZ 6
100—,75

): 10£-36.9°V

V,= nV,=5 (10£-36.9°) = 50 /-36.9° V

12
P11.10-2
(a) V, =(5x107)(10,000) =50V
Ny _Vy 50
NV, 10
(b) 1 1 3
R, =—R,=—(10x10")=400 Q
ab n2 2 25 ( )
© Z10_10 s A=25mA
R, 400

n

A

W N
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P11.10-3

80/-50 V

[deal

2,- 17, -97,-9(5- j8)=45- /720

2
n

Using voltage division, the voltage across Z, is

45— 72
45— j72+30+ 20

V, :(804—50")( J:74.44—73.3°V

then

744 /-T733°

V, =nV, =248 /-733°V

Using voltage division again yields

8£-90°

J89./—58°

V;:\g[_j2j=(2484—733ﬂ£

jz2L04—HB3°V
5-j

P11.10-4

n=>;, Z1:20(2):8Q = Vlzi(5040°)=4040°\/ = V,=nV,=200£0°V
(5) &8+2
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P11.10-5

P11.10-6

16@\/@)

320 Q

_320, joL

2 2
n n

V/

Maximum power transfer requires

joL . 320
7 = ]160 kQ and — =

n

80
son=2. Then wL =640 kQ so
640x10°

10

zz%(zm):zg

j(2)[($)1640°j =122£0°V

1 1
Z=—(2)=—Q
22( ) 2
16 /0 V (ﬁ)
lI1 =l 164(1) =325/0° A
2 2 244
2
Then
Z = 1220 =3.7520° Q
3.220°
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P11.10-7

1
20 3 V:=3%
—_—
MW V.-V, WV,
— -— 2 4
—O 2:1 V. V
te o + L=1,——2=—L
v 6 6
NOlmalid v, §6Q { v
- L =—>ZI,=——
~ - 2 12
- Ideal \4
7 I,=1-1 :Zl
Z:&:6
IT
P11.10-8
Maximum power transfer requires Z, = Z, . First
1 1 NG
Xe| 7 |=Xw, 3 == = m=VS
n, n,

then
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P11.10-9

Source and line
— 2 +j3

o Sl

10 Q I

Refrigerator |

I
| |
| | |
- Range| 37510 |
.

-~ S - J
Ideal -
Z
z, :iz 20(1+ 7.54) _8.1/23 03+ /0130
57 20+10+/7.54 25
v, [v,] (230)
PL:| [ V[ (230) 88 kW/home
2R, 2R, 2(03)
Therefore, 529 kW are required for six homes.
P11.10-10
(a)
1, (©)
<—
)
S
8 Q + +
j45 (4 j16 Q
5¢ () V. (© V, (@ 12Q
= 1(@) j12Q 2(0)
) M
h—y S
Coil voltages:
V, =161,
V, =121,

Mesh equations:
8I,+V,-5£45°=0
-121,-V,=0

Substitute the coil voltages into the mesh equations and do some algebra:
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81, + 161, =545 = 1,=028/—18.4°
121,+ /121, =0 = 1,=0

V,=-121,=0

(b)

I (@)
<—

° ph—

+

j45 (4 j16 Q
5e] () Vv ' 12Q

S 1(©) j12Q 2(®”

O O

Coil voltages:
V,=jl61,+ 81,

V, =121, + j81,
Mesh equations:

81,+V,—5/45°=0
~121,-V, =0

Substitute the coil voltages into the mesh equations and do some algebra:

81, +(j161, + j81,)=5-45°
121, +(j121, + j81,) =0

_ 1244120 3

1= 8 Izzg(j_l)lz

{(8+j16)(%j(j—l)+j8} I,=5745° = 1,=0.138£-141°

V, =-121, =1.656./39°
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(c)

(@)
I

5el45 Ct) V(@) V, (@) 12Q
é |deal r\;\

Coil voltages and currents:
10

-V
' 866

10
Mesh equations:
8I,+V,-5£45°=0
-121,-V,=0

Substitute into the second mesh equation and do some algebra:

2
—12(—£11]:@V1 — Vlzlz(ij I,
8.66 10 8.66

2
811+12(%j 1,=5245° = 1,=0.208/45°

10 12(10)
V,=—121,=-12| ——I, |= 0.208.£45° = 2.88£45°
8.66 8.66
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PSpice Problems

SP11-1
The coupling coefficient is k = \/2375 =0.94868.
R1 8
1 2
V1 L2
FREQ = 079577 (.~ L1 R2
VAMPL = 7.5 @ 5H 2H 4
PHASE = 15
= > -
0 L1 L2
UPLING = 0.94868
18U

(& 0007, 4 0809)

JAVATAY

SEL>>
-18U

o U{Ui:+)

(7.9997,-1 2568)

N

-4._80U T T

6.0s f.0s 8.8s 9.0 18. 85
o U(R2:2)

Time

11-45



SP 11-2
Here is the circuit with printers inserted to measure the coil voltages and currents:

IPRINT
— IP dls T

R1 —1 | — “;I — l’ _llgo]

MA A {

8

Y L1 L2 R2
Cig'15Vac 5H 2H 4
ACPHASE =-75
B, |
-

-0
L1 L2
UPLING = 0.94868

Here is the output from the printers, giving the voltage of coil 2 as 2.4982107.2°, the
current of coil 1 as 0.4484.2-94.57°, the current of coil 2 as 0.6245/-72.77° and the
voltage of coil 1 as 4.292./-58.74°:

FREQ VM(NO0984)  VP(N00984)
7.958E-01  2.498E+00  1.072E+02

FREQ
IMCV_PRINT1) IP(V_PRINT1)
7.958E-01  4.484E-01 -9.457E+01

FREQ
IM(V_PRINT2) IP(V_PRINT2)
7.958E-01  6.245E-01 -7.277E+01

FREQ VM(NO0959)  VP(N00959)
7.958E-01  4.292E+00 -5.874E+01

The power received by the coupled inductors is

p= (4'292)20'4484) cos(-58.74—(-94.57) ) +

=0.78016-.78000 = 0

(2.498)(0.6245)

cos(107.2—(-72.77))
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SP 11-3

IPRINT
_ /Ea PRINT /Ea
Ri ¥+ = ™ —] ==
A !
8
W1 R2
@ 48Vac 9
ACPHASE = 114
=
1G =0

L1_VALUE = 400H
L2_VALUE = 900H

fL N, 3
The inductance are selected so that L—2 == ) and the impedance of these inductors
1

1

are much larger that other impedance in the circuit. The 1 GQ resistor simulates an open
circuit while providing a connected circuit.

Here is the output from the printers, giving the voltage of coil 2 as 24.00£114.1°, the
current of coil 1 as 4.000£114.0°, the current of coil 2 as 2.667£-65.90° and the voltage
of coil 1 as 16.00£114.1°:

FREQ VM(NO0984)  VP(NO0984)
6.366E-01  2.400E+01  1.141E+02

FREQ
IMCV_PRINT1) IP(V_PRINT1)
6.366E-01  4.000E+00  1.140E+02
FREQ

IMCV_PRINT2) IP(V_PRINT2)
6.366E-01 2.667E+00 -6.590E+01

FREQ VM(NO0959)  VP(N00959)
6.366E-01  1.600E+01  1.141E+02

The power received by the transformer is

24)(2.667)

p :&;@cos@m—mp( cos (114 —(-66))

=32-32.004~=0
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SP 11-4

TX1

=0 16

L1_VALUE = 2500H
L2_VALUE = 400H

fL N, 2
The inductance are selected so that L—2 == 3 and the impedance of these inductors
1

1

are much larger that other impedance in the circuit. The 1 GQ resistor simulates an open
circuit while providing a connected circuit.

FREQ VM(NO0921) VP(N00921) VR(N00921) VI(N00921)
6.366E-01  1.011E+02  7.844E+01 2.025E+01  9.903E+01

The printer output gives the voltage across the current source as

20.25+4799.03=101.1£78.44° V
The input impedance is

©20.25+,99.03

t

V/

=20.25+799.03 Q=101.1£78.44° Q

2

(We expected Z, = 8+(5—](2+j(4)(4)) =20.5+j100 Q. That’s about 1% error.)

22
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Verification Problems

VP 11-1
The average power supplied by the source is

P =L§'327)cos(30°—(—25.22°)) =796 W

S

Capacitors and inductors receive zero average power, so the sum of the average powers
received by the other circuit elements is equal to the sum of the average powers received
by the resistors:

2 2
pR:2‘3227 (4)+1‘1229 (2)=10.83+127=12.10 W

The average power supplied by the voltage source is equal to the sum of the average
powers received by the other circuit elements. The mesh currents cannot be correct.

(What went wrong? It appears that the resistances of the two resistors were interchanged
when the data was entered for the computer analysis. Notice that

23277 1.129?

P, 5 (2)+

(4) =541+2.55=796 W

The mesh currents would be correct if the resistances of the two resistors were
interchanged. The computer was used to analyze the wrong circuit.)

VP 11-2
The average complex supplied by the source is

(12£30°)(1.647.£-17.92°)*  (12£30°)(1.647.£17.92°) ,
S, = : = : =9.88/47.92°=6.62+ j7.33 W

The complex power received by the 4 Q resistor is

(4x1.647£-17.92°)(1.647£—17.92°)* _
Sio = 5 =543+,0 VA

The complex power received by the 2 Q resistor is

(2%1.0942£-13.15°)(1.094£ ~13.15°) *
20 T
2

=120+ 0 VA
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The current in the 2 H inductor is

(1 647/ —17.92°) - (1 0942 — 13.150) =0.5640£-27.19°

The complex power received by the 2 H inductor is

_(j8x0.5640.£~27.19°)(0.5640.£ —27.19°)*

- 5 =0+,1.27 VA
The complex power received by the 4 H inductor is
(j16x1.0942-13.15°)(1.094£-13.15°)* _
- =0+,9.57 VA

4H 2
Sio+S20+S,; +S, =(543+70)+(1.20+ j0)+(0+ j1.27)+(0+ j9.57) =6.63+ j10.84 = S,
The complex power supplied by the voltage source is equal to the sum of the complex

powers received by the other circuit elements. The mesh currents cannot be correct.

(Suppose the inductances of the inductors were interchanged. Then the complex power
received by the 4 H inductor would be

(j16x0.5640.£ —27.19°)(0.5640.£ ~27.19°)*

= 5 =0+ ;2.54 VA
The complex power received by the 2 H inductor would be
(j8><1.0944—13.15")(1.0944—13.15°)* .
= =0+,74.79 VA

2H — 2
Sio+S20+S,; +S, =(543+0)+(1.20+ j0)+(0+ j2.54)+(0+ j4.79)=6.63+ j7.33 = S,

The mesh currents would be correct if the inductances of the two inductors were
interchanged. The computer was used to analyze the wrong circuit.)

VP 11-3

The voltage across the right coil must be equal to the voltage source voltage. Notice that
the mesh currents both enter the undotted ends of the coils. In the frequency domain, the
voltage across the right coil is
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(j16)(1.001.£ ~47.01°) +(j12)(0.4243 £ ~15°) =16.016.£42.99° + 5.092.£75°
=(11.715+ j10.923)+(1.318 + j 4.918)

=13.033+ j15.841
=20.513£50.55°

This isn’t equal to the voltage source voltage so the computer analysis isn’t correct.

What happened? A data entry error was made while doing the computer analysis. Both
coils were described as having the dotted end at the top. If both coils had the dot at the
top, the equation for the voltage across the right coil would be

(j16)(1.001.£ —47.01°) —(j12)(0.4243£ ~15°) =16.016£42.99° ~ 5.092/75°
=(11.715+ j10.923)—(1.318+ j 4.918)

=10.397 + j 6.005
=12.007.£30.01°

This is equal to the voltage source voltage. The computer was used to analyze the wrong
circuit.

VP 114
First check the ratio of the voltages across the coils.

12/30° s,
(75)(0.064.230°) " " n,

The transformer voltages don’t satisfy the equations describing the ideal transformer. The
given mesh currents are not correct.

That’ enough but let’s also check the ratio of coil currents. (Notice that the reference
direction of the i,(?) is different from the reference direction that we used when
discussing transformers.)

0.064430° o m _2
0.0256£30° n,

The transformer currents don’t satisfy the equations describing the ideal transformer.

n
In both case, we calculated — to be 2.5 instead of 0.4 = % This suggests that a data
n, :

entry error was made while doing the computer analysis. The numbers of turns for the
two coils was interchanged.
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Design Problems

DP11.1
P=100 W
pf=0.8
(@) Now pf=0.95so

(b)

(©)

(d)

P
S

O=|S|sin (cos™ O.95)=105.3sin(18.2°)=32.9 kVAR

Si= -

P 100

@—1 05.3 kVA

so an additional 125 — 105.3 = 19.7 kVA is available.

Now pf=1so

100

|s|—f ——=100 kVA
o1

O=|S|sin (cos™' 1)=0

and an additional 125-100= 25 kVA is available.

—=——=125kVA
0.8

O=]S|sin (cos™ O.8)=1255in(36.9°)=75 kVAR

In part (a), the capacitors are required to reduce Q by 75 —32.9 =42.1 kVAR. In

part (b), the capacitors are required to reduce Q by 75 — 0 =0 kVAR.

Corrected power factor 0.95 1.0
Additional available 19.7 kVA 25 kVA
apparent power

Reduction in reactive power | 42.1 kVAR 75 kVAR
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DP 11-2

This example demonstrates that loads can be specified either by kW or kVA. The
procedure is as follows:

First load:

Second load:

Total load:

|S,|=50 VA N R=[S,| pf=(50)(0.9)=45 W

pf=0.9 0,8, |sin (cos™ 0.9)=50sin (25.8°)=21.8 kKVAR
P=45W |s2|=5=£—49.45 kVA

Y pf 091
pf=0.

0,=[S, [sin(cos™ 0.91)=49.45sin (24.5°)=20.5 kVAR
S, =S, +S, = (45+45)+ j(21.8+20.5) =90 + j42.3 kVA

Specified load:

P=90 W = R =ﬂ:92.8 kVA
s pf 0.97

pf=0.97

sin(cos™ 0.97)=92.8sin (14.1°)=22.6 kVAR

QS = SS
The compensating capacitive load is O, =42.3-22.6=19.7 kVAR..
The required capacitor is calculated as

V2

C

35\2
: SO0 660 = 0= b1,
0. 19.7x10 377 (2626)

01 uF
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DP 11-3
Find the open circuit voltage:

50 a j10Q ~10+5I+ j10I-0.5V, = 0
NMA—o
JR—— +
I and
10/0°v () Voo 0.5V, 10—V,
_ 5
g SO

V, =8/36.9°=6.4+ j48 V

Find the short circuit current:

5 a J10Q 10£0°
I = = 2/0°A
AN —O—— Y Y se 5 0
—_—
I
10 /0% V (f) ,l, lsc The the Thevenin impedance is:
o th‘lfocz 32 4240

sC

The short circuit forces the controlling voltage to be
zero. Then the controlled voltage is also zero.
Consequently the dependent source has been replaced
by a short circuit.

()  Maximum power transfer requires Z, =Z *= 3.2 — j2.4 Q.

(c)  Zp can be implemented as the series combination of a resistor and a capacitor with

R=320and Co— =417 mF.
(100) (2.4)
b 2
), Vel 64 sy

™8R 8(3.2)
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DP 11-4
3Q j4Q

o

|

i3

©
)

| Ideal

Using an equation from section 11.8, the power is given as

Rij

n) 2
RY (3 Y

(3+nz] +[nz+4j

When R=4 Q,
_ wRV[
251" +48n° +25
0 _dp _ RIV P 2n(25n" +48n” +25)—n’ (100n° +96n)
dn : (25n* +48n° +25)°

= —-50n°+50n=0 = n'=1 = n=1

When R = 8 Q, a similar calculation gives n =1.31.
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DP 11-5

10 Q

H‘ /6.28 Q

o]
©

| [deal

Zin

Maximum power transfer requires

m*ﬂﬂ =7, =(1+j0.628)*
Equating real parts gives
1—(2) =1 = n=3.16
n

Equating imaginary parts requires

JX
3.16°

=—-j0.628 = X =-6.28

This reactance can be realized by adding a capacitance C in series with the resistor and

inductor that comprise Z,. Then

1

—6.28:X:—;+6.28 = C= =0.1267uF

(2zx10°)C (27 x10%)(12.56)

11-58



DP 11-6

100 Q T uH
—AAN—Y YN

() vosinagt v Jl: c R

Maximum power transfer requires

1

j10’ C
R

1+ j10'RC

| R=(100+ 710" x10)*

=100— ;10

R =(100- j10)(1+ j10"RC)=100+10°RC+ j(10’RC~10)
Equating real and imaginary parts yields

R=100+10°RC and 10°RC-10=0
then

10°®

-8
RC=10"° = R=100+108R[ Rz _10

=9Q = C= =0.101 nF
99

11-59



Chapter 12: Three-Phase Circuits

Exercises
Ex. 12.3-1
V. =120£-240" so V, =120£0 and V, =120£-120
Ve
v Ve .
be V,. =+/3(120) £-90
Vb
Ex. 12.4-1

Four-wire Y-to-Y Circuit

Mathcad analysis (12v4 1.mcd):

Describe the three-phase source: Vp:=120
. T . T . m
j—0 j———120 j—120
Va:=Vpe 180 Vb:=Vae 180 Vc:=Vae 180
Describe the three-phase load: ZA =80+ j-50 ZB:=80+ j-80 ZC =100 —j-25
Calculate the line currents:  13A = Va IbB = Vb IcC = Ve
ZA /B
TaA =1.079- 0.674i IbB = -1.025- 0.275i1 IcC =-0.809+ 0.837i
[TaA| = 1.272 |1bB| = 1.061 |1cC| = 1.164
180 180 180
—-arg(laA) = -32.005 —-arg(IbB) = -165 —-arg(IcC) = 134.036
Y T Y
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Calculate the current in the neutral wire: INn :=IaA + IbB + IcC INn = -0.755— 0.112i

Calculate the power delivered to the load:
SA :=laA-TaA-ZA SB:= IbB-IbB-ZB SC = 1cC-1cC-ZC
SA = 129.438+ 80.899i SB =90 + 90i SC = 135.529— 33.882i

Total power delivered to the load: SA + SB + SC = 354.968+ 137.017i

Calculate the power supplied by the source:

Sa = I?’X-Va Sb := ﬁS-Vb Sc = Ic_C Ve
Sa = 129.438+ 80.899i Sb =90 + 90i Sc = 135.529— 33.882i

Total power delivered by the source: Sa + Sb + Sc = 354.968+ 137.017i

Ex. 12.4-2
Four-wire Y-to-Y Circuit

Mathcad analysis (12x4 2.mcd):

Describe the three-phase source: Vp:=120
. T . T .m
j—0 j———120 j—120
Va:=Vpe 180 Vb:=Vae 180 Vc:=Vae 180
Describe the three-phase load: ZA =40+ j-30 7B :=ZA 7C:=ZA
Calculate the line currents: 1A = Va IbB = Vb IcC = e
V4 C
TaA =1.92- 1.44i IbB = —2.207 - 0.943i IcC = 0.287+ 2.383i
|TaA| = 2.4 |1bB| =2.4 |1cC| = 2.4
180 180 180
—-arg(laA) = -36.87 —-arg(IbB) = -156.87 —-arg(IcC) = 83.13
T T T
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Calculate the current in the neutral wire: INn :=IaA + IbB + IcC INn=0

Calculate the power delivered to the load:
SA :=laA-TaA-ZA SB:= IbB-IbB-ZB SC = 1cC-1cC-ZC
SA =230.4+ 172.81 SB=230.4+ 172.8i SC=1230.4+ 172.8i

Total power delivered to the load: SA + SB+ SC=691.2+ 518.4i

Calculate the power supplied by the source:

Sa = I?’X-Va Sb := ﬁS-Vb Sc = Ic_C Ve
Sa=230.4+ 172.8i Sb =230.4+ 172.8i Sc=230.4+ 172.8i

Total power delivered by the source: Sa + Sb + Sc = 691.2+ 518.4i

Ex. 12.4-3

Three-wire unbalanced Y-to-Y Circuit with line impedances

Mathcad analysis (12x4 3.mcd):

Describe the three-phase source: Vp =120
. T . T .m
j—0 j——120 j—120
Va:=Vpe 180 Vb:=Vae 180 Vc:=Vae 180
Describe the three-phase load: ZA =80+ j-50 ZB =80+ j-80 ZC:=100—j-25

Calculate the voltage at the neutral of the load with respect to the neutral of the source:

4 2
J.—.Tc J.—.TE
ZAZCe O +ZAZBe O+ ZBZC
VnN:= WV
ZA-ZC + ZA-ZB + ZB-ZC
. 180
VnN = -25.137— 14.236i |vnN| = 28.888 —-arg(VnN) = —150.475

T
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_ Va-VnN Vb - VnN Ve - VnN

Calculate the line currents:  13A - IbB := —— IcC:=

ZA ZB zC

laA = 1.385- 0.687i IbB = —0.778 — 0.343i IcC = -0.606+ 1.03i

[laA| = 1.546 |bB| = 0.851 |lcC| =1.195

180 180 180

—-arg(laA) = -26.403 —-arg(IbB) = -156.242 —-arg(IcC) = 120.475
T T T

Check: IaA + IbB+ 1cC=0

Calculate the power delivered to the load:
SA = laA-laA-ZA SB:= IbB-1bB-ZB SC = 1cC1eC-ZC
SA =191.168+ 119.48i SB =57.87+ 57.87i SC = 142.843— 35.711i

Total power delivered to the load:  SA + SB+ SC=391.88+ 141.639i

Ex. 12.4-4
Three-wire balanced Y-to-Y Circuit with line impedances

Mathcad analysis (12x4 4.mcd):

Describe the three-phase source: Vp:=120
. T . T . m
j—0 j——120 j—120
Va:=Vpe 180 Vb:=Vae 180 Vc:=Vae 180
Describe the three-phase load: ZA =40+ j-30 7B = 7ZA 7C:=7ZA

Calculate the voltage at the neutral of the load with respect to the neutral of the source:
4 L2
J.—.Tc J.—.TE
ZA-ZC-e 3 + ZA-ZB-e 3 + 7ZB-ZC v
ZA-ZC+ ZA-ZB + ZB-ZC

VnN :=
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_ _ . 180
VIN=-131x 10 4+ 1.892ix 10 |vaN| =2.301x 1074 —Zlarg(VaN) = 124.695
T

Calculate the line currents: A = Va- VoN IbB := Vb— ViN IcC := Ve VN
ZA /B ZC
TaA =1.92 - 1.44i IbB = -2.207—- 0.943i IcC = 0.287+ 2.383i
|TlaA| = 2.4 |1bB| = 2.4 |TcC| =2.4
180 180 180
—-arg(laA) = -36.87 —-arg(IbB) = —-156.87 —-arg(IcC) = 83.13
T T T

Check:  TaA + IbB + IcC = 1.055x 107 > —2.22ix 107

Calculate the power delivered to the load:
SA = laA-TaA-ZA SB := IbB-IbB-ZB SC = IeC-1eC- ZC
SA =230.4+ 172.81 SB=230.4+ 172.8i SC=230.4+ 172.8i

Total power delivered to the load: SA + SB+ SC=691.2+ 518.4i

Ex. 12.6-1
ZA
Balanced delta = 2 (See Table 12.5-1)
. -+ _ °
load: VLf_iiﬂr ;t'-g A Z,=180£-45
o— Za
\Y% 360£0° .
phase currents: L = ZAB T 180/-45 2245 A
A
BC=VBC :3604—129 /75 A
Z, 18/£-45
R s
. _
line currents: I, =1, -1, =2/45 -2/165 =23/15 A

I, =2/32-105 A

I.=2/3/135 A
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Ex. 12.7-1
Three-wire Y-to-Delta Circuit with line impedances

Mathcad analysis (12x4 4.mcd):

Describe the three-phase source: Vp:=110
.T .T T
j—0 j——120 J—120
Va:=Vpe 180 Vb:=Vae 180 Vc:=Vae 180
Describe the delta connected load: 71 := 150+ j-270 72 =71 73:=71

Convert the delta connected load to the equivalent Y connected load:

71.73 7273 71-72
=— /B:=—— 0 C=———"—
Z1+72+ 73 Z1+ 72+ 73 Z1+ 72+ 73
ZA =50+ 90i ZB =50+ 90i ZC =50+ 90i
Describe the three-phase line: ZaA =10+ j-25 7bB = ZaA ZcC = ZaA
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Calculate the voltage at the neutral of the load with respect to the neutral of the source:

4 2
j—n j—mn
VN (ZaA + ZA)-(ZcC + ZC)-e 3 + (ZaA + ZA)-(ZbB + ZB)-e + (ZbB + ZB)-(ZcC + ZC) v
nN:= .
(ZaA + ZA)-(ZcC + ZC) + (ZaA + ZA)-(ZbB + ZB) + (ZbB + ZB)-(ZcC + ZC)
_ — - 180
VN =—1.172x 107 % + 1.784ix 107 4 |VaN| = 2.135x 107 4 —.arg(VnN) = 123.304
T
Calculate the line currents:  [ap - 2= YIN bB - Yo~ VoN leC .= Y6 = VN
ZA + ZaA ZB + ZbB ZC + ZcC
TaA =0.392-0.752i IbB = —-0.847+ 0.036i1 IcC=0.455+ 0.716i1
[TaA| = 0.848 |1bB| = 0.848 |1cC| = 0.848
180 180 180
—-arg(laA) = -62.447 —-arg(IbB) = 177.553 —-arg(IcC) = 57.553
T Y T

Check:  1aA + IbB + 1cC=0

Calculate the phase voltages of the Y-connected load:

VAN :=1aA-ZA VBN:=IbB-ZB VCN:=IcC-ZC

|VAN| = 87.311 |VBN =87.311 |VCN =87.311

180 180 180

—-arg(VAN) = -1.502 —-arg(VBN) =-121.502 —-arg(VCN) = 118.498
Y Y Y

Calculate the line-to-line voltages at the load:

VAB:= VAN - VBN VBC:= VBN- VCN VCA:=VCN- VAN
|VAB| = 151.227 |VBd =151.227 |veal = 151.227
180 180 180

——.arg(VAB) = 28.498 ——.arg(VBO = -91.502 ——.arg(VCA) = 148.498
T Y T

Calculate the phase currents of the A-connected load:

1AB = w IBC:= V—BC ICA = E
73 Z1 72
|1AB| =0.49 [1Bd =0.49 |1CA| =0.49
180 180 180
—-arg(IAB) = -32.447 —-arg(IBC) = -152.447 —-arg(ICA) = 87.553
Y T

12-7



Ex. 12.8-1
Continuing Ex. 12.8-1:

Calculate the power delivered to the load:

SA = laA-TaA-ZA SB := IbB-IbB-ZB SC := I¢C-1eC-ZC
SA =35.958+ 64.7251 SB =35.958+ 64.725i SC =35.958+ 64.725i
Total power delivered to the load: SA + SB+ SC = 107.875+ 194.175i
Ex. 12.9-1

P =V, I, cos(8+30) + V., I. cos(0-30")= P1 +P,
pf =.4lagging = 6=61.97

So P, =450(24) [ cos 91.97 + cos 31.97 | =8791 W
P ,=-371W P,=9162W

Ex. 12.9-2
Consider Fig. 12.9-1 with F, = 60 kW P, = 40 kW .

(a) P= P+P, = 100 kW

(b.) use equation 12.9-7 to get

ang =<3 24 =J§40_60=—.346 = #=-19.11°
P +P, 100

then
pf = cos (—19.110°) = 0.945 leading
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Problems

Section 12-3: Three Phase Voltages

P12.3-1
Given V. = 277 £45° and an abc phase sequence:

V, =277 £(45-120)° =277 £—-75°
V, =277 £(45'+120)° = 277 £165°

Vi = Va-V,=(277 £-75°)~(277 £165°)

=(71.69—267.56)—(—267.56+ j71.69)
=339.25-339.25=479.77 £—-45°=480 £—45°

Similarly:
V.= 480 £—165 and V_, = 480 /75

P12.3-2
Vi =V, xy3230° =V,
AB f 300
In our case: Vs =—Via =—(12470 £-35°) =12470 £145° V
So v, 128700 21457 hh01150
J3430°

Then, for an abc phase sequence:

V. =7200 1(1 15+ 120)° =7200 £235°=7200 £—125°
V; =7200 4(115 —120)° =7200£-5°V

P12.3-3
V, =V, x330° = V, = Ve
V3300
In our case, the line-to-line voltage is
vV, =1500 £30°V
So the phase voltage is V, = 1509 £30° =866£0° V
V3300
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Section 12-4: The Y-to-Y Circuit

P12.4-1
Balanced, three-wire, Y-Y circuit:

where Z, =Z, =Z.=12/30=10.4+ j6

MathCAD analysis (12p4 1.mcd):

Describe the three-phase source: Vp = %g
3
. T . T .m
j——0 j—— 120 j——120
Va:=Vpe 180 Vb:=Vae 180 Vc:=Vae 180
Describe the balanced three-phase load:  zA =104+ j-6 7ZB:=ZA ZC:=7B

Check: The voltage at the neutral of the load with respect to the neutral of the source should be zero:

4 2
J.;.n ‘].;.TE
ZA-ZC- ZA-ZB- ZB-ZC _
ViN = c 7 c - Vp |vN| = 2.762x 107 4
ZA-ZC + ZA-ZB + ZB-ZC
Calculate the line currents:  [gA = Va- VoN IbB := Vb VoN IcC = Ve- VoN
ZA ZB ZC
laA = 8.663 — 4.998i IbB = —8.66 — 5.004i IeC = -3.205x 107 ° + 10.002i
|TaA| = 10.002 |1bB| = 10.002 |1cC| = 10.002
180 180 180
—-arg(laA) = -29.982 —-arg(IbB) = -149.982 —-arg(IcC) = 90.018
T T T

Check:  TaA + IbB + IcC = 4.696x 10° > — 1.066ix 10~ *
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Calculate the power delivered to the load:
SA :=laA-TaA-ZA SB:= IbB-IbB-ZB SC = 1cC-1cC-ZC
SA =1.04x% 103 + 600.222i SB =1.04x 103 + 600.222i SC=1.04x 103 + 600.222i

Total power delivered to the load: SA + SB+ SC=3.121x 1()3 + 1.801ix 103

Consequently:

(a) The phase voltages are

\'A :%LOC’ =120£0° V rms, V, =120£-120° V rms and V, =120£120° V rms
(b) The currents are equal the line currents (c)

Te
I =1,=10£-30°Arms, I, =I,, =10£-150° A rms

and
I, =1.=10£90° A rms

Tp
(d) The power delivered to the load is S=3.121+ j1.801 kVA.

P12.4-2
Balanced, three-wire, Y-Y circuit:

where
V, =120£0° Vrms, V, =120/ —120° Vrms and V, =120.£120° Vrms
Z,=Z7,=2.=10+j(2x7x60)(100x107)=10+37.7 Q
and 2,,=2,=2,.=2Q

Mathcad Analysis (12p4 2.mcd):
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Describe the three-phase source: Vp =120

. T . T .m
j—0 j——120 j—120
Va:=Vpe 180 Vb:=Vae 180 Vc:=Vae 180
Describe the three-phase load: ZA =10+ j-37.7 7B :=ZA 7C:=7B
Describe the three-phase line: ZaA =2 7bB = ZaA 7cC = ZaA

Calculate the voltage at the neutral of the load with respect to the neutral of the source:

4 .2
J.—.Tc J.—.Tc
VN (ZaA + ZA) (ZeC + Z0) ¢ 3 4 (ZaA + ZA)-(ZbB + ZB)c °  + (ZbB + ZB)-(ZcC + ZC) v
niN = .
(ZaA + ZA)-(ZcC + ZC) + (ZaA + ZA)-(ZbB + ZB) + (ZbB + ZB)-(ZcC + ZC) ¢
_ _ _ 180
VN = -8.693x 107 2 4 2232ix 1074 [vaN| =2396x 10711 —Zlarg(VaN) = 111.277
T
Calculate the line currents:  [aA = Va- VoN IbB = Vb— VoN IeC = Ve- VaN
ZA + ZaA ZB + ZbB ZC + ZcC
TaA = 0.92 - 2.89i IbB = —2.963 + 0.648i IcC = 2.043 + 2.242i
[TaA| =3.033 |IbB| = 3.033 |1cC| =3.033
180 180 180
—-arg(laA) = -72.344 —-arg(IbB) = 167.656 —-arg(IcC) = 47.656
T T T
Check:  TaA + TbB + IcC = —1.332x 10 > — 3.109ix 10 °
Calculate the phase voltages at the load: VA :=ZA-IaA VB:= ZB-IbB VC:=ZC-1cC
|VA| =118.301 |VB =118.301 |vd =118.301
180 180 180
—-arg(VA) =2.801 —-arg(VB) =-117.199 —-arg(VO = 122.801
T T T

Consequently, the line-to-line voltages at the source are:

V, =V, x~/3/30°=120.£0°x~/3£30° = 208.£30° Vrms,
V,. =208/-120° Vrms and V, =208.£120° Vrms

The line-to-line voltages at the load are:

V,, = V, x+/3.£30° = 118.3.£3°x+/3.£30° = 205.£33° Vrms,
V,. =205£-117° Vrms and V_, =205£123° Vrms
and the phase currents are

I

a

I, =10£-72°Armms, I, =1, =32168° ArmsandI_=1I_.=3248° Arms
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P12.4-3
Balanced, three-wire, Y-Y circuit:

where

V, =10£0°V=7.07£0° Vrms, V, =7.07£-120° V rms and V, = 7.07£120° V rms

and
Z,=7,=17_ :12+j(16)(1):12+j16 Q

MathCAD analysis (12p4 3.mcd):

Describe the three-phase source: Vp = ﬂ
2
. . . T
j—0 j——120 j—120
Va:=Vpe 180 Vb:=Vae 180 Vc:=Vae 180
Describe the balanced three-phase load:  7A := 12+ j-16 7B :=Z7ZA 7ZC:=7ZB

Check: The voltage at the neutral of the load with respect to the neutral of the source should be zero:

4 )
i i
ZA-ZC- ZA-7ZB- ZB-ZC —
ViN = c - c _* v |VN| = 1.675x 107 0
ZA-ZC+ ZA-ZB + ZB-ZC
Calculate the line currents:  [gA = Va- VoN IbB = Vb - VaN IcC := Ve- VoN
ZA /B ZC
laA =0.212- 0.283i IbB = —-0.351 - 0.042i IcC =0.139+ 0.3251
[TaA| = 0.354 |1bB| = 0.354 |1cC| = 0.354
180 180 180
—-arg(laA) = -53.13 —-arg(IbB) =-173.13 —-arg(IcC) = 66.87
T Y T
Calculate the power delivered to the load:
SA = laA-TaA-ZA SB := IbB-IbB-ZB SC = IeC-1eC- ZC
SA=15+2i SB=1.5+2i SC=15+2i

Total power delivered to the load: SA + SB+ SC=4.5+ 6i
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Consequently

(a) The rms value of i,(?) is 0.354 A rms.

(b) The average power delivered to the load is P=Re{S} =Re{4.5+ j6}=4.5W

P12.4-4
Unbalanced, three-wire, Y-Y circuit:

where
V, =100£0°V=70.7£0° Vrms, V, =70.7£-120° Vrms and V, =7.07£120° V rms

Z,=20+;(377)(60x107) =20+ 22.6 Q, Z; =40+ j(377)(40x107) =40+ j15.1 Q
Z. =60+ j(377)(20x107) =60+ 7.54 Q
and Z, =Zy=Z,=10+j(377)(5x107)=10+1.89 O

Mathcad Analysis (12p4_4.mcd):
Describe the three-phase source: Vp:=100

. T . T .m
j—0 j——120 j———120
Va:=Vpe 180 Vb:=Vae 180 Vc:i=Vae 180
Enter the frequency of the 3-phase source: ¢ =377
Describe the three-phase load: ZA =20+ j-©-0.06 ZB:=40+ j-»-0.04 ZC =60+ j-»-0.0z

Describe the three-phase line: ZaA =10+ j-®-0.005 ZbB :=ZaA ZcC :=ZaA
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Calculate the voltage at the neutral of the load with respect to the neutral of the source:

4 .2
jo—m j—m

(ZaA + ZA)-(ZeC + ZC)-¢ °  + (ZaA + ZA)-(ZbB + ZB)-¢ °  + (ZbB + ZB)-(ZcC + ZC) v
= ’ F

VnN:
(ZaA + ZA)-(ZcC + ZC) + (ZaA + ZA)-(ZbB + ZB) + (ZbB + ZB)-(ZcC + ZC)
. 180
ViN = 12.209— 24.552i |VnN| =27.42 ——-arg(VnN) = —63.561
Y
Calculate the line currents:  [gA = Va- VaN IbB = Vb - VnN IcC := Ve VoN
ZA + ZaA ZB + ZbB ZC + ZcC
TaA =2.156- 0.943i IbB = -0.439+ 2.372i IcC=-0.99-0.753i
[laA| =2.353 |IbB| =2.412 |leC| = 1.244
180 180 180
—-arg(laA) = -23.619 —-arg(IbB) = 100.492 —-arg(IcC) = -142.741
T T TC
Calculate the power delivered to the load:
laA-TaA IbB-IbB 1cC-1cC
SA ::MZA SB :=u~ZB SC :=M-ZC
2 2 2
SA =55.382+ 62.6371 SB = 116.402+ 43.884i SC =46.425+ 5.834i
Total power delivered to the load: SA + SB+ SC=218.209+ 112.355i

The average power delivered to the load is P=Re{S}=Re{218.2+ 112.4} =2182 W

P12.4-5
Balanced, three-wire, Y-Y circuit:

where
V, =100£0°V=70.7£0° Vrms, V, =70.7£-120° Vrms and V, =7.07£120° V rms

Z,=Z,=2.=20+j(377)(60x107)=20+22.6 Q
and Z,=Zy=2,=10+j(377)(5x107)=10+1.89 O
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Mathcad Analysis (12p4 5.mcd):
Describe the three-phase source: Vp:=100

. T . T .m
j—0 j—120 j——120
Va:=Vpe 180 Vb:=Vae 180 Vc:=Vae 180
Enter the frequency of the 3-phase source: =377
Describe the three-phase load: ZA =20+ j-©-0.06 7B :=ZA 7C:=7ZA

Describe the three-phase line: ZaA =10+ j-®-0.005 7bB = ZaA 7ZcC :=ZaA

Calculate the voltage at the neutral of the load with respect to the neutral of the source:

4 2
jo—7 j—m

(ZaA + ZA)-(ZeC + ZC)-¢ °  + (ZaA + ZA)-(ZbB + ZB)-¢ °  + (ZbB + ZB)-(ZcC + ZC) v
= ’ F

VnN:
(ZaA + ZA)-(ZcC + ZC) + (ZaA + ZA)-(ZbB + ZB) + (ZbB + ZB)-(ZcC + ZC)
_ _ — 180
VnN = —8.982x 10 1> + 1.879ix 10~ * |VnN| =2.083x 10 14 —arg(VnN) = 115.55
Y
Calculate the line currents:  [gA = Va- VaN IbB := Vb— VoN IcC = Ve- VoN
ZA + ZaA ZB + ZbB ZC + ZcC
TaA =1.999- 1.633i IbB = 0.415+ 2.548i IcC=-2.414—0.915i
[TaA| = 2.582 |1bB| =2.582 |1cC| =2.582
180 180 180
—-arg(laA) = -39.243 —-arg(IbB) = 80.757 —-arg(IcC) = -159.243
T Y Y
Calculate the power delivered to the load:
laA-TaA IbB-IbB 1cC1cC
SA ::(a—za)ZA SB :=(—2)~ZB SC :=(°—2°)-zc
SA = 66.645+ 75.3751 SB = 66.645+ 75.3751 SC = 66.645+ 75.3751
Total power delivered to the load: SA + SB + SC = 199.934+ 226.125i

The average power delivered to the load is P =Re {S} = Re{200 + j226} =200 W
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P12.4-6
Unbalanced, three-wire, Y-Y circuit:

where
V, =10£-90°V=7.07£-90° V rms, V, =7.07£150° V rms and V, =7.07£30° V rms

and
ZA=4+j(4)(1):4+j4 Q, ZB:2+j(4)(2):2+j8 Q and ZC:4+j(4)(2):4+j8 Q

Mathcad Analysis (12p4 6.mcd):

Describe the three-phase source: Vp:=10

. T . T .
j——=90 j—150 j—30
1
Va:=Vpe 180 Vb:=Vpe 180 Vc:=Vpe 80
Enter the frequency of the 3-phase source: () =4
Describe the three-phase load: ZA =4+ jo-1 ZB:=2+ 2 ZC:=4+j w2

Calculate the voltage at the neutral of the load with respect to the neutral of the source:

ZA-ZC-Vb+ ZA-ZB-Vc + ZB-ZC-Va

VnN =
ZA-ZC + ZA-ZB + ZB-ZC
180
VnN = 1.528— 0.863i |vnN| =1.755 —-arg(VnN) = —29.466
T
Calculate the line currents:  [gA = Va- VoN IbB = Vb— VoN IcC = Ve- VoN
ZA ZB ZC
laA = —1.333— 0.951i IbB = 0.39 + 1.371i IcC = 0.943— 0.42i
|TaA| = 1.638 |1bB| = 1.426 |1cC| = 1.032
180 180 180
—-arg(laA) = —144.495 —-arg(IbB) = 74.116 —-arg(IcC) = -24.011
T T T
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Calculate the power delivered to the load:

laA-TaA 1bB-1bB IeC IeC
SA ::MZA SB ::u-ZB sc;:—( ctle )-zc
2 2 2
SA =5.363+ 5.363i SB =2.032+ 8.128i SC=2.131+ 4.262i
Total power delivered to the load: SA + SB+ SC=9.527+ 17.754i

The average power delivered to the load is P =Re{S} =Re{9.527+ j17.754} =9.527 W

P12.4-7
Unbalanced, three-wire, Y-Y circuit:

where
V, =10£-90°V=7.07£-90° V rms, V, =7.07£150° V rms and V, =7.07£30° V rms

and
7, =7,=7. :4+j(4)(2):4+j8 Q

Mathcad Analysis (12p4 7.mcd):

Describe the three-phase source: Vp:=10

. T . T LT
j—=90 j—150 j-—30
Va:=Vpe 180 Vb:=Vpe 180 Vc:=Vpe 180
Enter the frequency of the 3-phase source: (.= 4

Describe the three-phase load: ZA =4+ j-02 7B :=ZA 7C:=ZA

The voltage at the neutral of the load with respect to the neutral of the source should be zero:

_ ZA-ZC-Vb+ ZA-ZB-Vc + ZB-ZC-Va

VnN _
ZA-ZC + ZA-ZB + ZB-ZC |VnN| =1.517x 10

15
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3 Va— VnN Vb - VnN Ve - VnN

Calculate the line currents: 1A - B=——— IcC =
ZA 7B ZC

TaA =-1-0.51 IbB = 0.067+ 1.116i1 IcC=0.933-0.616i

[TaA| = 1.118 |1bB| = 1.118 l1cC| = 1.118

ﬁ)'arg(Ia.A) =-153.435 ﬁ)'arg(IbB) = 86.565 ﬁ)'arg(IcC) =-33.435

Y Y Y

Calculate the power delivered to the load:

SA — (IaA~IaA) ZA SB (IbB~IbB) 7B SC e (ICC-ICC) 7

2 2 2

SA =25+ 5i SB=2.5+ 5i SC=2.5+ 51
Total power delivered to the load: SA+SB+SC=75+ 15i
The average power delivered to the load is P =Re {S} = Re{7.5 + j15} =75W
Section 12-6: The A- Connected Source and Load
P12.5-1
Given I, = 50£-40°A rms and assuming the abc phase sequence
we have

TAa > A
I, = 50£80°Arms and I. = 50£200°A rms
T, B
From Eqn 12.6-4 o2 T 1.1
I Ig ]
I, = 1,,x\V3£4-30° = I,,=—2— oo |
A AB AB \/54 _ 300

SO

I, = 0280 _ 58.9.4110°A rms

J32£-30°
I,.= 289/-10'Arms and 1., = 28.94-130 A rms
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P12.5-2

The two delta loads connected in parallel are equivalent to a single delta
load with

Z,=5|20=4 Q 4
The magnitude of phase current is _Vt.
I, = 480 = 120 A rms
4 >

The magnitude of line current is
I, =~31,=208 A rms

Section 12-6: The Y- to A- Circuit

P12.6-1

We have a delta load with Z =12230°. One phase current is

(m4—300j—(2%4—1so0} .
Ve _ ViV (B NE) 20840

IAB - o - o
Z Z 12230 12230

The other phase currents are

I,.=1731£-150° A rms and I, =17.31£90° A rms

One line currents is

I, = IABx«/gé—30°:(17.314—30°)x(\/§4—30°)=30400 A rms

The other line currents are

I, =30£-120° Arms and I. =30£120° A rms

The power delivered to the load is

P=3 (2—038)(30)c0s(0—30°) = 9360 W

N

=17.31£-30° A rms
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The balanced delta load with Z, = 392-40° Q is
equivalent to a balanced Y load with

ZY=Z3A=13L—4O° = 9.96-;8.36 Q

2Z.=7,+4=13.96-;8.36=1632-30.9 Q

@4—30‘)

then I,= \/§— =17£0.9" Arms
16.32-30.9

P12.6-3

Vab

V32300
In our case, the given line-to-line voltage is

V,=V.xy3/30° = V, =

a

V, =380 £30° V rms
380 /30°
V32300

So one phase voltageis V, = =200£0° V rms

So
Vs =380£30° V rms V, =220£0°V rms

Voo =3802-90°Vims  V, =220/-120° V rms

Ve, =380£150°Vrms V. =220£120° V rms
One phase current is

_ V., 220£0°
ANz 344
The other phase currents are

= 44/-53.1° Arms

I, =44/-173.1° Arms amd I. = 44266.9° A rms
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P12.6-4

V, =V, x\3/30° = V, =Y
V34300
In our case, the given line-to-line voltage is
V,, =380 £0°V rms

So one phase voltage is V, = 380 207 200£-30° V rms

V34300
So

vV, = 380£0°V rms V, = 220£-30° V rms

V.. =380£-120°Vrms  V, =220£-150° V rms

V., =380£120° V rms V. =220£90° V rms
One phase current is

L= Ya S 22025307 60/ 8300 A rms
Z~ 92

The other phase currents are

I, = 14.67£-203.1° Arms and I. = 14.67£36.9° A rms
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Section 12-7: Balanced Three-Phase Circuits

P12.7-1
25 5
V, = —=x10"Z£0° Vrms
NE)
25 5
—=x10"£0°
o= Yei3 96,05 Ams
Z 150 £25°
25 5 o
P =3|V,||L|cos(6y-6,)= 3| ==x10" | 96 cos(0-25°) = 3.77 mW
V3
P12.7-2
Convert the delta load to an equivalent Y connected load:
Za
. M
Z,=50Q 7,=27,=50 o
To get the per-phase equivalent circuit shown to the right: VH 15
The phase voltage of the source is J
3
v, = 20 00— 26./0° kv rms
3
The equivalent impedance of the load together with the line is
(10+20)2°
Z,——— 3 12=12+45=13/226° Q
10+ 20+—
3
The line current is
3 o
1, =Ye 2010 20°_ 5500, 92 6° A rms
Z, 13/226°
The power delivered to the parallel loads (per phase) is
|0+ 20)%
P =L, [xRed—— 3 1_4x10°x10=40 MW
oads a . 50
10+ 20+ 3

The power lost in the line (per phase) is

Wi
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B,

Line

=1

aA
The percentage of the total power lost in the line is

% X 100% —
})Load +1)Line 40+8

P12.7-3
= Ve 3805/ 030 A j1[=05 A
Z, 6+;8
I 2
Bow=3 ﬁ Re{Z,}=3x0.125x4=1.5W

also (but not required) :

F,

Source

= 3(5)(20'5)cos(—30—23) = 225W

2

a

V2

P

line

=3

Re{Z, . }=3x0.125x2=0.75 W

"xRe{Z,,.} =4x10°x2=8 MW

x100% = 16.7%

I T

Va=5/300V C

40

isQ

NN

TAAAA
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Section 12-8: Power in a Balanced Load

P12.8-1
Assuming the abc phase sequence:

V., =208/15°Vrms = V,. =2082195°Vms = V,, = 208/315° V rms

Then

v, - Vi _2082315° 208 o o,

B30 32300 B

also

I, =3/110°Arms = I, =32230°Arms
Finally

208 . .
P=3|V,y|[T,|cos (6, —01)=3($)(3) c0s(285°—230°) = 620 W

P12.8-2

Assuming a lagging power factor:

cos 0=pf =08 = 6=369°

The power supplied by the three-phase source is given by

) = Fou _ 20(745.7) =17.55kW where 1 hp=745.7 W
n 0.85
P, 17.55x10°
B, =3|L]|Vilpf = |IA|=3|V = 7480 =264 Arms
A 3 - = (0.8
[Fos
0 480 o
I,=2642-369 Arms when VA:fAO V rms
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P12.8-3
(a) For a A-connected load, Eqn 12.8-5 gives

P 1500

P.=3\V,|lI |pf = I |= = =492 Arms
NG
The phase current in the A-connected load is given by
| | 4.92
IP=TL3 = |IP|:|L3|=3:2.84Arms

The phase impedance is determined as:

v, Vi V.| L 220 o
=—== -0 )= Z =—V/Z 0.8=77.44.36.9° Q
Z L £(6,-6,) L cos” pf ¥ Thias

(b) For a A-connected load, Eqn 12.8-4 gives
P 1500

L|= =
3|VpILlef 5220\ g
(\/5)(- )

=492 A rms

The phase impedance is determined as:
220

_;]_ u (9\/—‘91) |V|Lcos "pf = \/gzlcoleS 25.8236.9° Q

| |

P12.8-4
Parallel A loads

_ZZ, (40£30°) (50£-60")
Y OZAZ, 40430+ 50£—60°
_IVil _ 600
z,| 312

So P =3 |V, ||L| pf = +/3 (600) (33.3) cos (~8.7') = 34.2 kW

=312./-87 Q

V. =V, =192Ams, | |=+3||=333Ams

I,
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P12.8-5
We will use

S =|S|£6 =S| cos @ +|S|sind =S| pf +|S| sin(cosf1 pf)
In our case:
S, = 39(0.7)+j39sin(cos " (0.7)) =273 + j 27.85 kVA

- 15 . .
S, =15 +ﬁsm(cos '(0.21))=15- j 69.84 kVA

S,,=S,+S,= 423 —j 420 kVA=S, :%“’: 14.1- j14.0 kVA

The line current is

*

S :VPIL* = I, = [S] = (14100;({814000) = 117.5 + j 116.7 Arms = 167 £45° A rms
\A 208
3
: . 208
The phase voltage at the load is required to be f40° =120£0° V rms. The source must

provide this voltage plus the voltage dropped across the line, therefore

Vy, =12020°+(0.038+ j 0.072)(117.5+ j116.7)=115.9 + j 12.9=116.6 £6.4° V rms

Finally
[Vi,| =116.6 V rms

P12.8-6
4.16

3

The required phase voltage at the load is V,, = £0°=2.40220° kVrms.

Let I, be the line current required by the A-connected load. The apparent power per phase

required by the A-connected load is |Sl| = w =167 kVA . Then

S, =[S,[£60=|S,| Zcos™ (pf) =167 ZLcos™' (0.85)=167.31.8° kVA

* s, ) [(167x10%)£31.8°
S,=V,I| = I =|—L|-= - =69.6/—-31.8°=59— j36.56 A rms
v, (2.402x10°) £0°
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Let I, be the line current required by the first Y-connected load. The apparent power per phase

required by this load is |Sz| -5 kVA

=25 kVA . Then, noticing the leading power factor,

S, =[S,|£6 =|S,| Zcos™ (pf) =25 ZLcos™ (0)=252-90° kVA

* s, [(25x10%)£-90°
S,=V,I, = L=|>2|= =10.490° = j10.4 A rms
v, (2.402x10%) £0°

and

Let I be the line current required by the other Y-connected load. Use Ohm’s law to determine I3
to be

- 2402400 240240° (o 0 p e
150 j 225

The line current is
IL=I+1,+1,=75-; 36.8 Arms

4.16

3

must provide this voltage plus the voltage dropped across the line, therefore

The phase voltage at the load is required to be V, = £0°=2.40220° kVrms .The source

\ S 240220 + (8.45 +7 3.9) (75 —j 36.8) = 3179 £-0.3° Vrms

Finally
Vo.| = V3 (3179) = 5506 Vims

P12.8-7
4.16

3

The required phase voltage at the load i1s V,, = Z£0°=2.40220° kVrms.

Let I; be the line current required by the A-connected load. The apparent power per phase

required by the A-connected load is |Sl| = % =0.5 MVA. Then

S, =[S,|£0=[S,| Zcos™ (pf)=0.5 Lcos™ (0.75) = 0.5£41.4° MVA

* S (0.5x10°) 241.4°
S,=V,I| = I =|—L|-= . =2081.6/-41.4°=1561.4— j1376.6 A rms
v, (2.402x10%) £0°
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Let I, be the line current required by the first Y-connected load. The complex power, per phase,
is

S, = 0.67 +%sin(cos"l(0.8)):0.67+j 0.5 MVA

- (i] _ {(0.67+j0.5)><106 J [(0.833x106)436.9°J*

(2.402><103)40° (2.402><103)400

=346.94-36.9°=277.4— j208.3 A rms
The line current is
I, =1,+1,=433.7—-;3459=554.7.-38.6 Arms

4.16

NE)

must provide this voltage plus the voltage dropped across the line, therefore

The phase voltage at the load is required to be V, = £0°=2.402£0° kVrms .The source

V,, = 240220 +(0.4 + j 0.8) (433.7— j 345.9) = 2859.6 £ —38.6° Vims

Finally
V.| = V3 (2859.6) = 4953 Vims

The power supplied by the source is
R = V3 (4953) (554.7) cos (42" + 38.6')=3.49 MW
The power lost in the line is

F

Line

= 3 x(554.77)xRe{0.4+, 0.8} = 0.369 MW
The percentage of the power consumed by the loads is

3490369 009 = 89.4%
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P12.8-8

The required phase voltage at the load is V,, = %400 =346.420° Vrms.
0 = 00571(0.8)
= 37

Let I be the line current required by the load. The complex power, per phase, is

S= 160 +%sin(cos’l(0.8))=l60+j 120 kVA

The line current is

s ((160+120)x10°Y ,
I=|—| = =461.9-j346.4 A rms
v, 346.420°

The phase voltage at the load is required to be V, = @40° =346.420° Vrms .The source

V3

must provide this voltage plus the voltage dropped across the line, therefore

\e 346.420° +(0.005 + j 0.025) (461.9— j 346.4)=357.5 £1.6° Vrms

Finally
Vo.| = /3 (357.5) = 619.2 Vims

The power factor of the source is

pf =cos (6, — 6)=cos(1.6— (-37))=0.78
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Section 12-9: Two-Wattmeter Power Measurement

P12.9-1

W

P, =20 hpx746 —=14920 W
hp
, _ Ry _ 14920 00
n  0.746
3

P 20 x 10 0.50

P =3 |V |1 6 0 = - = -
2 = V3 [V cos & = cos BV L] 3 @40) (52.5)
= @ cos’ (0.5)=60°

The powers read by the two wattmeters are
B =|V,||[1,| cos (6+30°)=(440) (52.5)cos (60°+30°)=0

and
P, =|V,||[I,| cos (6—-30°)=(440) (52.5)cos (60°—30°)=20 kW

P12.9-2
[V,| = [V.| = 4000 V rms Z, =40+j30=50 2369
IL,| = Vel 4000 _ g x g L, | = /3 |I,| = 138.6 A rms
pf =cos 8 =cos (36.9°) = 0.80
P, = V.1, cos (8 +30")=4000 (138.6) cos 66.9° =217.5 kW

P, =V, I, cos (0 —-30") =4000 (138.6) cos 6.9 =550.4 kW
P. =P +P, =767.9 kW

Check : P, =v/3 |1, |V, | cos @ = /3 (4000) (138.6) cos 36.9°
=768 kW which checks
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P12.9-3

200 fa> 8
4 =\Vp\=ﬁ = 115.47 Vrms — 1
V,=115.47£0° V rms, V, = 115.47/-120° V rms A .
and V. =115.47£120° V rms ’ =T,
Te —»
o _-1 L
[=va = HS4720° 4 633 ) 450 A rms -
Z  70.7/45°

I, =1.633 £-165° Arms and I. =1.633 £75° A rms

P, =3 |V|[1| cos 8 = /3 (200) (1.633) cos 45 =400 W
P, = [V,o| [L,| cos 6, =200 (1.633) cos (45 — 30 )=315.47 W

P. = [Vye| 15| cos 6, =200 (1.633) cos (45 +30 ) =84.53 W

P12.9-4
Z,=10£-30° Q and Z, =15230° Q
ConvertZ, toZ, > Z, = Z3A =5/30° Q

(10£-30°) (5430°)  50.0°

then Z, = - ~ 3.78£10.9° O
T 10£-30°45230° 13228 Z-10.9°
4 =‘Vp‘=2\7§8=120 V rms
V. =12020° Vrms = 1, =—202% __ 3175 /10,90
3.78 £10.9°

I, =31.754-130.9°

I.=31.75/109.1°
P, =\/§VL1L cos @ = \/3(208) (31.75) COS (10.9) =11.23 kW
W =V, I, cos(60-30°)=6.24 kW
W,=V, I cos(0+30°)=4.99 kW
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P12.9-5

P12.9-6

P. =P, +P.=920+460=1380 W

_ —460 .
tan@:ﬁPA PC—ﬁ( )=—0.577 = 6=-30

P+P. 1380
P 1380
P.=\3V,I,cosO sol, = - =7.67 A rms
! b " VBV, cos@  2x120xcos(-30)
I, =1L 443 Amms .-.|ZA|:@=27.1Q orZ,=27.1/-30
3 4.43

7 =0.868+ j4.924=5/80° = 6=80°

v, :380Vrms,VP:@:219.4 V rms
V3
VP
I, =I,and I,= M:43.9Arms

P, =(380)(43.9) cos (0 -30")=10,723 W
P, =(380)(43.9) cos (0 +30") =-5706 W
P.=FR+P=35017W
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PSpice Problems

SP 12-1
VA IPRINT
110Vac
ACPHASE =0 L1 5mH L2 JEE_L |/E@
(O app L 2 aps L2 L
N2
60mH
R1 5 Rz 20
V2 IPRINT
110Vac
ACPHASE =120 L3 5mH L4 _igk
= @ W\f 1 Wm L
60mH
R3 5 R4 20
-0 IPRINT
VS/_F_\‘ R5 5 L5 SmH L6 5
e 1 W y
w W\.’ W T Y T4
60mH
110Vac R6 20
ACPHASE =-120
FREQ IM(V_PRINT3) IP(V_PRINT3) IR(V_PRINT3) 11 (V_PRINT3)
6.000E+01 3.142E+00 -1.644E+02 -3.027E+00 -8.436E-01
FREQ IM(V_PRINT1) IP(V_PRINT1)IR(V_PRINT1)11(V_PRINT1)
6.000E+01 3.142E+00 -4.443E+01 2.244E+00 -2.200E+00
FREQ VM(NO1496) VP(NO1496) VR(NO1496) VI(NO1496)
6.000E+01 2_045E-14 2.211E+01 1_895E-14 7 .698E-15
FREQ IM(V_PRINT2) IP(V_PRINT2) IR(V_PRINT2) 11 (V_PRINT2)
6.000E+01 3.142E+00 7 .557E+01 7.829E-01 3.043E+00

1,=3.142/-4343° A and R,=20Q = P,
1,=3.142/7557° A and R,=20 Q = P,

1,=3.142/-1644° A and R.=20Q = P.=

2
= 3.142 20=98.7 W

2
_3:142 20=98.7 W

2
3.142 20=98.7 W

P=3 (98.7) =696.1 W
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SP 12-2

VA IPRINT
110Vac
ACP?§§E=U L1 5mH L2 JE%TKJQ%
e 1 /‘Y‘Y‘Y‘\LVH y J‘
T Coomit
R1 10 R2 20 m
Vo IPRINT
110Vac
ACPHASE = 120 L3 5mH L4 -i;%
x @ AAA ] WW?:W\_‘ .
R3 10 R4 30 m
-0 IPRINT
VS/'\ R5 10 L5 5mH L6 JEE_'L
e 1 /‘Y‘Y‘Y‘\LVH y
[P Do
110Vac RE 60 m

ACPHASE =-120

FREQ IMCV_PRINT3) IP(V_PRINT3) IR(V_PRINT3) 11 (V_PRINT3)
6.000E+01 1.612E+00 -1.336E+02 -1.111E+00 -1.168E+00
FREQ IMCV_PRINT2) IP(V_PRINT1) IR(V_PRINT1) 11 (V_PRINT1)
6.000E+01 2.537E+00 -3.748E+01 2.013E+00 -1.544E+00
FREQ VM(NO1496) VP(N01496) VR(N01496) VI(N01496)
6.000E+01  1.215E+01 -1.439E+01 1.177E+01 -3.018E+00
FREQ IMCV_PRINT2) IP(V_PRINT2) IR(V_PRINT2) 11 (V_PRINT2)
6.000E+01 2.858E+00 1.084E+02 -9.023E-01 2.712E+00
2.537°
1,=2537/-3748° A and R,=20 Q P, = 20=644 W
2.8582
I,=2.858/1084° A and R,=30 Q P, = 30=122.5 W
1.612°
I.=1.612/-133.6° A and R.=600 Q P. = 60=78 W

P=644+1225+78=264.7 V
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Verification Problems

VP 12-1
V.| = Ltlff =240V =|V,|
Z=10+j4=10.77 £21.8 Q
| A|=|VA|=240=22.28Arms¢38.63 A rms
1z| 1077
38.63

The report is not correct. (Notice that =22.3. It appears that the line-to-line voltage was

V3

mistakenly used in place of the phase voltage.)

VP 12-2
V, =V, =240£0° Vrms
Z =40 + 30 = 50 £36.9° Q
V,  240/0°

I,= 2= """"-_=48/-369 Arms
Z 50£36.9

The result is correct.

Design Problems

DP 12-1
P=400 W per phase,
094=pf =cosd = O=cos" (0.94)=20°

400 = 298 1] 0.94 =|I,|=3.5A rms

V3

Z=101.8 220 Q
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DP 12-2
V.| =240 V rms

Py=|Vi|1,|cos (30" + 6) = 1440 W
P =Vl |cos 30— 0)=0W = 30-6=90 or=-60"
then 1440 = 240 I, | cos (—300) = |I|=6.93 Arms

240

Vi Vel _ 3 _
)=Jipl = V2L oz 1Yl - VB g0
== = g | 693

Finally, Z =20 £-60° Q

DP 12-3

100 hp x (746 V)

B, = "o = P _932 kw, P, =1
n 0.8 9 3

=31.07 kW

V., =480 V rms, pfc =0.9 and pf = 0.75. We need the impedance of the load so that we can use
Eqn 11.6-7 to calculate the value of capacitance needed to correct the power factor.

0.75=pf =cos & = O=cos (0.75)=41.4°

480

31070:f 1,] 0.75 =|I,| =149.5 Arms
480
| |—|V"|—J§ =1.850Q
| 1495

7 =1.852741.4°Q=1.388+,1.223 Q)

The capacitance required to correct the power factor is given by

1.365 [tan (cos™'0.75) — tan (cos_10.9)]
= X
1.365°+1.204° 377

= 434 uF

(Checked using LNAPAC 6/12/03)
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DP 12-4

V, =4£0° kV rms

Tryn, =25 then V, = n \'S 2215400040o =100£0° kVrms
n
3 o
I, = Vo _4x10°20° =13,/0° kA rms
z 4
3
The line current in 2.5 Q is I = 30020540 = 120£0° A rms

Thus V, = (R +; X) 1 +V,
= (2.5 +j40) (120£0°) + 100x10° = 100.4 £2.7° kV
100.4kV

Stepneed:n, =———=5.02=5
20 kV
B, =1 R=]120[ (2.5) = 36 kW, P = (4x10’) (3x 10°) = 12 MW
12 - .036 _
n = TX 100% = 99.7 % of the power supplied by the source

is delivered to the load.
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Chapter 13: Frequency Response

Exercises

Ex. 13.3-1
V, (o) 1

- V.(@) 1+joCR
t 1
Vetw) 1l L () gain = ———
S jwe T2 J1+ (@CRY
phase shift = —tan”' @ CR

When R = 10, @ =100, and C = 10™°, then gain = \/15 =0.707 and phase shift = —45°

Ex. 13.3-2
H(a)) _ Vo(a)) _ R
V. (o) R+joL
4w ) qain =K
L JR*+(wL)’
32) - 30°
= w="""——-=20rad/s
302+(Za))2 2
Ex. 13.3-3
4wl
Hi@) = \I]((a))) R 1 L
(o + jo
‘é{u}) V' f )
gain = ————e—
R*+(wL)’
<G—
Tiw) phase shift = tan" L
- R
When R=30Q, L=2H, and @ =20 rad/s, then
gain = S S = 0.02 A and phase shift = —tan”' (40) = —53.1°
V30? + 40° Vv 30
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Ex. 13.3-4

Ho)= 2]
V. (w) 1+joCR
+ 1

gain = ——————
= V() J1 + (@CR)

phase shift =—tan”' @ C R

_ tan (45)

—45°=—tan"'(20-10°-R) = R 10 =50-10° Q
Ex. 13.3-5
K
Ho) = @1
+ V. (w) 1+joCR
?JS{H] d = V,{0) gain = S S
Juc 0 Jl + (@CR)

w, C, and R are all positive, or at least nonnegative, so gain < 1. These specifications cannot be met.

Ex. 13.4-1
(a) dB= 20 log (.5)=—6.02 dB

(b) dB= 201log2 = 6.02 dB

Ex. 13.4-2

20log H = 2010g(12j= 20 log (@) =—-40log @
w

slope = 20 log H(w,)-20log H(®w,) = 40logw,+40logm; = -40 log(wzj

let @,= 10 @, to consider 1 decade, then slope = —40log10 =—-40 d%eca de
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Ex. 13.4-3
When @C >> B, H(w) = 224_4
joC C

(d) |H(w)|indB = 20log,,|H(w)| = 2010g10(g]

(b) |H(a))| does not depend on @ so slope = 0
When o C << B, H(w) =224 - jw(Aj
B B
. A
[H(@)| in dB =20 log,, [H(w)| =20 log,,0+20 1og10(3j
(c) The slope is the coefficient of 20 log,, w, that is, slope =20 d%eca de

(a) The break frequency is the frequency at which @ C = B, thatis, @ = C

Ex. 13.4-4

AT
Vo(@) = (H R, }Vc(w) L .

-+ &
:(1+le[ljvs(w) Vo-a'i" le \/C

H(w) :VO(CU):LHRIJ(‘IJ i) Vo w)
V, (o) Ry \1+joCR) 3 I+ qWCR
R =
When RC=0.1 and —L =3, Iz - 2“"‘5/1‘1{:.
4
then H(w) = + - 5N L)
1+ j% -4 lo TN teo ©
-»
o |
$ .
‘19' . . .
o loe | W
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Ex. 13.4-5

a)
tesR,sasr

Y Yo L= 30mF

Vs(t)=1000820t or V.= 10£0°

L (%)

Yy
V. 14420
s 1“( 4.56)
_ 12006417 g4 ge
1+ 3.60
b) So

V,= 417 £-24.3°

v, (£) = 4.17 cos(20¢—24.3°) V

Z,=R,+
o2 joC
R, + I+j—
v, 7, _ : joC _ Ja)l
Vs Rtz R + R, +‘L 1+j£
joC W,
where o = =16.7 rad/s
2
1
and @wy,= ———— =5.56rad/s
(R +Ry)C
w Ly
o — - » W
- Qﬂdyﬂb
-q.s;-.
Ve A
Efdb} wa w,
t ‘ y
-45°

-qaﬁ
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Ex. 13.4-6

Ex. 13.5-1
2.5x 107
a) O w,RC= R|C/ = 8000,/~>"""_ = 20
) Q% /L 40 x 107 T
by B = P - L _ ! = 500 rad/s
Q  OJLC  20J@0x107) 25x107) T
Ex. 13.5-2
@,/ _10’ _s
0= Wy =1 15 =0
1 1 1
Nowow, = —— = L = = =1
* JiLc w, C (10 10x1072 T
Ex. 13.5-3
1
_ 1 _ _ 4
600—/ = = 10" rad/s
JIC !
[(10—3)(10—5)}5

_ 0, _10* _
Q= %W Aﬁ(15.9) 100

4y/10-3
oL _ (10H107) _
0 100 —

R:
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Ex. 13.5-4

) =) - C= | = 100 pF
e / VLC /(106)2 (0.01) 4
BW 10°
sz% =) = R= = =10 Q
BW A)ORC a)oz C (106)2(10—10) it
b) _ w/ _ 105/ _
Q= "pw = /> = 1000
1

H =

1

(o o) 6 6
1+JQ(—°] 1+1000 | LOXI0°_ 10"
Do @ 10 1.05x10

N
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Problems

Section 13-3: Gain, Phase Shift, and the Network Function

P13.3-1
1 R,

joC 1+ joCR,

— AN o R,

Fl'.] -|- " _Vo(a))_ 1+]0)CR2
<+> V) ez A v TN e R
= joC 2 ° "1+ jo CR,
O Ra
R +R,
1+ joCR,

where R, = R || Ro.
When R =40 Q, R, =10Qand C=0.5F

H(a)) 0.2

1+ 40

(checked using ELab on 8/6/02)

P13.3-2
1 4/\/\/ O
Ry +
H _Vo(a))_ ’ joC R +
(a))_V-(a))_ 1
1 R+ R, +— c 92
jo
_I_
_ 1+joCR, C_ Vi) Volo)
1+joC(R +R,) _1_0::
jo —

When R, =40 kQ, R, =160 kQ and C = 0.025 pF

1+(0.004) @
1+,(0.005) @

H(o)

(checked using ELab on 8/6/02)
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P13.3-3

Vo(a)) R2
—\/\ o H(O)=3 (o) " Ra R, 1oL
i 1 2 T JjO
A4 + R,
O 1S v _men
jol - I+ jo
LYY o Ri+R,

WhenR1=4Q,R,=6Qand L=8 H

H(a)) _ 0.6
1+j(0.8)a)
(checked using ELab on 8/6/02)
P13.3-4
——/\/\ , '®) V R,+jolL
H((()) =29 (0)) = 2 J -
R + Vi(w) R+R,+joL
R
2 1+ jo =
C_r V() V,(0) :( R, ] R,
, R+Ry ) 14 jo k
jﬂ)L R+R2
O
Comparing the given and derived network functions, we require
R
206
R+R,
1+ jo— 1472
R R T R
{ 2 J 2 1=(06)—2 = { 2-12
R+ Ry 1+ jo 1+j2 L
R+R, 20 R+R,
7 =20

Since R, = 60 Q, we have L=%=5 H, then R=(20)(5)-60=40 Q.

(checked using ELab on 8/6/02)
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P13.3-5
1 R,

| joC 1+ joC R,

4/\/\/ O R2

R + Vy(0)  1+joCR,
@vm oo T A § v V@) L E
=/ Vi joC 2 © 1+ joCR,
O Ry
R+R,
1+ joCR,

where R, =R || R,.

Comparing the given and derived network functions, we require

+2 2 =0.2
R+R .
2 0.2 R R2
1+ja)CRp I+j4w

CR, =4

Since R, =2 Q, we have
R+2 2+8

Finally, C=i22.5 F.
1.6

(checked using ELab on 8/6/02)

P13.3-6

O

_|_
<>A () }&3 —— V(o)

o

Vi (o) A
Ia( )_R+ja)L - Vo(a)): a
Vo)=L )| ) (o) 140 ]
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WhenR=20Q,L=4H,4A=3A/Aand C=0.25F

0.6
(jo)(1+/(02)o)

H(w)=

(checked using LNAP on 12/29/02)

P13.3-7
_O_/\/\/i 4/\/\/_0_
R R, X
(f) V(o) Vel = jﬁ: <i>A Vo Ry § V(o)
_O O_

In the frequency domain, use voltage division on the left side of the circuit to get:
1

o C
Ve (0)=—L25—¥,(0)
R1+.
joC

N
1+ jo CR,

Next, use voltage division on the right side of the circuit to get:

Y

V(@)= AV (@) = 2 4V (0) =3 (@)

"1+ joCR,

Compare the specified network function to the calculated network function:

2 2
4 34 34 2 1
- - — 4=24 and —=2000C
... @ 1+joCR, 1+ j0C2000 3 100
/100

Thus, C =5 pFand 4 =6 V/V.
(checked using ELab on 8/6/02)
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P13.3-8

[
- 1
R, A H(a)):VO(a))z_ ]a)C
Al " Vi(®) R,
= {®
Ra, R
N  1+joCR,
V. 1w) :
+ :‘;\)1‘ When R, =10 kQ, R,=50kQ, and C =2 uF, then
[2L {ry) _
p' A R ! 5
| R—? :SandRZCfm SO H(w)=1+‘ﬁ
I_, 10
P13.3-9
1
! ‘ Vo) |jeC
W (X H(w)= >—~=- 2
I[E‘ { I ' : JoC
I__/W_| Mr N R,
1+ jo CoR
E{ E:L _ _1TJ 219

R

\ 1+ joC,R,
s A2
()

g R )\ 1+ joCyR,

T

)

When R; =10kQ, R, =50kQ, C; =4 uF and C, =2 uF,

R, 1 1
then —=5 , ClRl =— and C2R2 =—
R, 25 10

SO
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a)Z

1/1+—6 5

gain:|H(a))|:(5)—2
1)

,/1+—

100

h hift = ZH(w) =180+ tan ™" @ —tan™! @
phase shift = £H(@) (25) (10

P13.3-10
R
> | joC Rt 1+ joC R,
joC
Rz"’# .
H(@)=—  WOCR _ RtR+jo RRC
R R+jo RR,C
5 = lim [H (w)= 2
® —>0 R]
. R,
2 = lim |[H (®)|= 2= R, = 2R=20kQ
® —0 Rl
then R, = 5R —-R, = 30kQ
P13.3-11

1
joC  1+jo CR,
R,  joCR,
/H(w) = 180°+tan"' @ C R, —90°
ZH(w) = 135° = tan'@CR, =45°= wCR,= 1
1
R =———
> 10°107

R, +

H(w)=-

=10 kQ

10 = lim |H(w)| = Ko r=%ix
0—>0 R1 10
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P13.3-12

H(0) -R, joCR,

)= = -—

1 1+ jo CR,
joC

10 = lim |[H(w)| = B R =10
R
W—>0 1

Z H(w) =180°+90°—tan
tan (270°-Z H(w))

1a)CR1

— R, = = 10%-tan(270°~ /H(w)) = 10* = 10 kQ
oC
= R, = 100 kQ
P13.3-13
RZ . lc
PZ H(a))= VO(C()):_ ]a)lz
——b—— Vs (60) Rl +'7
L ]COC]
[ |
Kl C| c _ (_Cle)ja)
Z (1+ joRC,) (1+ joR,C,)
v o) + |, When R=5KQ. C =14F,
R_ v, ) R, =10kQ and C,=0.1 uF,
- then
= ~0.01)j
H(0) = (£001) /e

(H wj It a’j
7500 /1000

o ||H(0)| | /H(o)

0 0 —90°
500 | 1.66 | 175°
2500 | 0.74 | 116°

SO

Then

v (£)=(0) S0 + (1.66)(30)cos(500¢ +115°+175°) = (0.74)(20) cos(2500¢ + 30°+116°)
=49.8 cos(500¢—70°)—14.8 cos (2500¢+146°) mV

When R,=5kQ, C,=1 F, R,=10 kQ and C,=0.01 xF, then
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jo

H(w)=-0.01
(1+1a)j (1+j @ ]
200 10,000
So
| [H()| | ZH(w)
0 0 -90°
500 | 1.855 | —-161°
2500 | 1.934 170°
Then

v ()= (0)(50)+(1.855)(30) cos(S00¢ +115°~161°) — (1.934)(20) cos(2500¢ + 30°+170°)

=55.65 cos(5007 — 46°) —38.68 cos(2500¢ +190°) mV

P13.3-14
a
) (8 d1v)(i V]
V= 9 gy
2
(6.2 dw)(2 Vj
V= Y/ —62V
gain =— _62_ 0.775
| 8
b) 1
H(o) = V, (o) __JjoC _ 1
Vi) p, 1 1+ joCR
joC
1Y
Let g =|H(w) then C = (—] -1
LR :
In this case @ = 27-500=23142 rad/s,
[H(@)|=0.775 and R =1000 Q so C =0.26 uF.
C) _ tan(-Z£ H(w))

ZH(w)=—tan" @RC so
RC

Recalling that R = 1000 Q and C=0.26uF, we calculate
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o ||H(o)|| ZH(o)
27(200) | 0.95 | —18°
27(2000) | 0.26 | -73°

tan(—(—45O ))
Z H(w)=-45° requires @ = o 3846 rad/s
(1000)(.26x10_ )
tan (—(~135°))

Z H(w)=-135° requires @ = ¢
(1000)(0.26x10" ™)

=—3846 rad/s

A negative frequency is not acceptable. We conclude that this circuit cannot
produce a phase shift equal to —135.

9 ¢ tan (=(60))  _ 55,4F
c = tan (—-ZH(w)) . (27 -500) (1000)
oR Co_tan (—=(=300")) _ 0.554F

~ (27-500 ) (1000)

A negative value of capacitance is not acceptable and indicates that this

circuit cannot be designed to produce a phase shift at —300 at a frequency of
500 Hz.

© o _ fan(=(-1200)
(277 -500)(100)

This circuit cannot be designed to produce a phase shift of —120 at 500 Hz.

13-15



Section 13-4: Bode Plots

P13.4-1
20 <5
NG
20(1”5) 20[ ;2
H(w)=—— 22 ~ 5 5<w<50
(75
50
20(]";’)
~ 200 S0<w
;@
(’50]
20 |Og'|o‘H(CU)|, dB
dB
26
I | @ (rad/s)
5 50 logarithmic scale
P13.4-2

1+j9 I+j—
H, () = > H,(0) =10 —2
I+j— |
750 750

Both H;(w) and H,(w) have a pole at @ = 50 rad/s and a zero at @ =5 rad/s. The slopes
of both magnitude Bode plots increase by 20 dB/decade at @ = 5 rad/s and decrease by 20
dB/decade at @ = 50rad/s. The difference is that for @ < Srad/s

H,()|=1=0dB and |H,(w)|=10=20dB
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20 10gq/H{@)|, dB

40 |-
20_/_

I | @ (rad/s)
5 50 logarithmic scale
P13.4-3
RZ
Hw)=—0CR __cp O
R+ 1 (I+joR C)(1+ joR,C,)
JjoC,
This network function has poles at
L 2000rad/s and p, = L 1000rad/s
b RC, b RC,
SO
(CRy)jo @ < p
jo R
H(w) = {(CR =—~f= <w<
(@) (G Z)ja)ClRl R b 2
@ 1
(CRy)— / . = @ >p,
(JoCR)(joC,R,) joC,R,
20 logqp|H{w)|. dB
dB dRB
decade " decade
20 |Og10( C—IR—I )
' ;l @ (rad/s)
TP P1 logarithmic scale
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P13.4-4

RZ
H(a)):—1+ja)C2R2 :_R2(1+ja)C1Rl) K:—& L 1 and p = 1
R R(+joC,R,) R, CR GR,
I+jo CR,
When z <p
20 |Og'|0|H(CO)‘, dB
dB
— 20 decade
20 0g10( Ry R, ) —/7/_
| | @ (rad/s)
4 P logarithmic scale
Whenz>p

20 |Og'|o‘H(CO)|, dB

20 10g40( R,/R., ) 50 dB
10T 2Ode(:acle

| I  (rad/s)
P z logarithmic scale
P13.4-5
Using voltage division twice gives:
joLR,
V,(0) R, +joL JjoLR, L jo
V, (o) Rﬁ& RR,+joL(R, +R,) R 'a)L(Rl—i-Rz)
R, + joL TR R,
and
R, AR,
Vo(a))_ R,+joCR, e AR, R +R,
Vz(a)) R3+ ]‘z4 R3+R4+ja)CR3R4 1+ COCR3R4
R3 +]a)CR4 R3 +R4

Combining these equations gives
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The Bode plot corresponds to the network function:

kjo k jo
H(w)=(1 “’J[l -wjz(lﬂc’))(lu = j
+j— || 1+j— — ——
2 P, 200 20000
—kjw:kja) 0 <p,
1-1
H(w)~! X9 _y <w<
((0)~ jo 4\ bhhsw=p,
Y4\
kjo szlpz 0>p,
JO O jo
P P

This equation indicates that |H(w)|=k p; when p; < @ < p,. The Bode plot indicates that
H(®)|=20 dB = 10 when p; < @ < p,. Consequently
k=219 _g0s
p, 200

Finally,
0.05jw

(1+ 'wj(H S ]
7500 "7 20000

Comparing the equation for H(w) obtained from the circuit to the equation for
H(w)obtained from the Bode plot gives:

H(w)=

ALR, RR, R,+R,
0.05=—— 200 =—————and 20000 =
R,(R,+R,) L(R,+R,) CR;R,

Pick L=1H, and R =R, then R =R, =400 Q. Let C=0.1 uF and R; = R4 , then R; =
R4 =1000 Q. Finally, A=40. (Checked using ELab 3/5/01)
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P13.4-6
From Table 13.4-2:

Rz_ _ _ _ 3\ _
— =k=32dB=40 R, =40(10x10") =400 kQ
1

1 1
= p =400 rad/ C,= =6.25 nF
R, e (400)(400x10°) !
! =z=4000rad/s = C,= ! =25nF
C, R, (4000)(10x10°)
P13.4-7
Ry+jolL
0 H(”)=V°(w)= AR
Vi(®) R+R,+joL
N 1
_[ R2 J +JCC)R72
V(o) R+R, 1+ jo
+R,
o) k=02
0.2)(1+(0.25
(o) 020+ 0250) 1
1+ /(0.05) o 0.25
1
———=20
P=0.05

P13.4-8

e The slope is 40dB/decade for low frequencies, so the numerator will include the
factor (jo)” .

e The slope decreases by 40 dB/decade at @ = 0.7rad/sec. So there is a second order
pole at @ ( = 0.7 rad/s. The damping factor of this pole cannot be determined from the
asymptotic Bode plot; call it 6. The denominator of the network function will

contain the factor
2
1426, j-2 | £
0.7 \0.7

e The slope increases by 20 dB/decade at @ = 10 rad/s, indicating a zero at 10 rad/s.
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e The slope decreases by 20 dB/decade at @ = 100 rad/s, indicating a pole at 100 rad/s.

e The slope decreases by 40 dB/decade at @ = 600 rad/s, indicating a second order pole
at o= 600rad/s. The damping factor of this pole cannot be determined from an
asymptotic Bode plot; call it J,. The denominator of the network function will

contain the factor
2
1426, -2 [ -2
600 \ 600

Lo, .
K(HJE)(JCU)Z
H(o) - : :
o (o ® ® ®
1426 ;2 @ | 1426,-2 - 142
L 0.7 (0.7j J[ 2/ 600 (600) ]( leOj
To determine K, notice that ‘H(a))‘ =0 dB=1 when 0.7 < @ < 10. That is

1= KOUO _ k07y = k=2
(0
—(07) M

P13.4-9
@) K(1+ j "’j
Ho)= — =~
jo
2
Hw)= & 1+ (wj
w z

K w 2
|H(w)| dB = 20 logjg — 1+(j
@ z

2
=20 log1g K-20logjg @ + 20 logjo 1+(a)j
z
Let |HL(a))| dB =20 log,, K -20log,, @
and |H, ()| dB = 20 log,, LS
z

H,(0)|dB o<z

Then [H(w)| dB ~
H,(0)|dB  ®>:
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So |HL (a))| dB and |HH ( a))| dB are the required low and high-frequency asymptotes.

20 |Og'|0‘H(CO)|, dB

dB
decade

20 |Og10( K/Z) —

' ar (rac/s)
logarithmic scale

The Bode plot will be within 1% of [H(®)| dB both for @ <<z and for ®>> z. The range
when o << z is characterized by

|HL(a))| = 0.99‘H(a))‘ (gains not in dB)

or equivalently
20 log,(0.99) = |H,(w)| dB—|H(w)| dB (gains in dB)

2
= 20log,, K—20log,, @ —20log,, K IJ{COJ

2
= —20log,, 1+(“’] =20log,,
z

@ 2
1+ j
z
Therefore
l ? z
0.99 = -1=0.14z = =
’ 99 7
The range when @ >> z is characterized by
H, ()| =.99[H(w)| (gains not in dB)

or equivalently

13-22



20 log,,0.99 = [H, (»)| dB—|H(w)| dB (gains in dB)
= 20 log,, K-20 log,, z—20 log10 f
= —20 log,,— ‘/ — 1 =20 loglor

2
i= (1) _1 = w = z = z 172
o .99 Ly o014
— |4
(.99)

The error is less than 1% when o <§ and when o > 7z.

Therefore

P13.4-10
V(@) _ R R,

t
V.(0) R
(@ el R
joC I+joCR,

_ R(+joCR,) | R, I+jo CR,
R+R+joCRR, | R +R, . | CRR,
I+jo| ———

R +R,

<1000

H(w) =

When R, =1kQ, C=1 uF and R, =5 kQ2

| W

1+
H(w)=> 1000 = H(w) = Z)]“’ 1000<w<1200

1000

\.
— S/

+j
1200 <1200

20 |Og‘|0‘H(CO)‘, dB
dB

-1.6

I | @ (radfs)
1000 1200 logarithmic scale
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P13.4-11

Mesh equations:

Vi (@) =1(w) [R, + (ja)l‘l —joM)+ (- joM + ja)Lz) +R,]
V, (@) = l() [(-joM+ joL,)+R,]
Solving yields:
_Vy(@) _ Rytjo(l,-M)
V., (@) R+R,+jo(L+L,-2M)

H(w)

Comparing to the given Bode plot yields:

K, = }Ulirgo H(o)| ZZ%W:OJS and K, = lin:) |H(w)| = RRZR =02
1t o TG
z = K 333 rad/s and p=%=1250 rad/s
L,-M L+L,—2M
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P13.4-12

1
H(w) = - jo C, :_1+'ja)R1 C __ 1 (1+ja‘)Rl C)
1 JoR C, R C, jo
Ry||——
JjoC
- - w<
H(w) = R G\ jo R C
_ (RC)= G s
Rl C2 CZ Rl Cl
Q:1——6 dB, ! =4000 rad/s
C2 Rl Cl

20 logqg/H{®)|, dB

—20 decade

o (rad/s)

4000 logarithmic scale
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P13.4-13
Pick the appropriate circuit from Table 13.4-2.

e
T +j 7
Hiw) =k p
T+j—=
p
where ) R,
R
1
C1R,
_ I
PR oor;
We require
1 1 p_C
200=z=—-—, 500= p = and 14dB=5= k—=—"
1 4 RS z G
Pick C, =1 uF, then C, =0.2 uF, R, =5kQ and R, =10 kQ.
P13.4-14
Pick the appropriate circuit from Table 13.4-2.
R;
Hiw) = - k
142
P
(j) v, where R,
"%
po 1
CR,

We require
2

and 34 dB=50=

500=p =

= |

2

Pick C=0.1 uF, then R, =20 kQ and R, =400 Q.
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P13.4-15
Pick the appropriate circuit from Table 13.4-2.

e
1+J?
Hiw) =k p
1+JE
where ) R,
"R
1
C1R,
_ I
PR oor;
We require
1 1 p_ C
500=z=——, 200= p = and 14dB=5= k—=—
z G,

1% 2702

Pick C, =0.1 uF, then C, = 0.05 uF, R, =20 kQ and R, =100 k.
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P13.4-16

Pick the appropriate circuit from Table 13.4-2.

R;
N
NMAN—| Hio) = — k(jw)
@ @
& (=55)( - 72)
(f)v* . where k- C1R>

1

R < Vo pP1= 1R

- 1

T " or,

We require
200=p, = 200= p,=— and 34dB=50= k=C, R,

|| 2542

Pick C, =1 uF, then C, =0.04 uF, R, =5 kQ and R, =50 kQ.

P13.4-17
H(w) = 10(1J.r]a)/50) |
(I+jw/2)(1+ jw/20)(1+ jw/30)
A
o - _ 2098/, .
' A
WG| © E
d8 ;
-0 - '
-0 4 X
; 2
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¢ =/H(w)=tan™" (w/50) —(‘[an_l (®/2)+tan"' (®/20)+ tan™ (a)/SO))

\ z 2 1 d 5o % ke o
-45°]
p -9%° |
-(38* |
-f‘p'ﬂ
P13.4-18
20 |Og‘|0‘H((!))|, B (a) H(a)) — Vo(a)) - _ R2/R1
50 V. (o) 1+ joR,C
B dB 10
~ " decade =~
1+
10,000
(b) 10=20dB
| o (rad/s)
10,000 logarithmic scale  (¢) 10,000 rad/s
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P13.4-19

joC,
V(@) = TV, ()
R+

; = V,(I+joCR)(1+ joC,R,) = joC,RV, +V,
chz 0 0 S

0 = OO o0, (v, @)V, (@)

V. (0) I I
T(a)) = o = 2 = 2
V(w) I+C,R,jo-®o’C,C,RR, -0’+08jw+]

S

This is a second order transfer function with @, =0 and 6 =04.

A [T |
~4p 48
/dcwde.
I > W rad/s
- (logy scale)
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Section 13-5: Resonant Circuits

P13.5-1
1 1

GRS

0= R\E=1o,ooo 30 9
120

®, = =60 krad/sec

2 2

o, S X +w,” =58.52 krad/s and w, =y |2 +@,” =61.52 krad/s
20 \\20 20 \\20

1 1

BW = R : = 3 krad/s
(10000)(30><10-6j

Notice that BW =, —o, = ag .

P13.5-2
k
Ho)| = :
1+0°| 2 -2
w0, o
SO
8
R=k=|H(w,)|= 20107 = 400 Q and @, =1000 rad/s
At =897.6 rad/s, [H(@)|=~ =200, s0
20.10
200 = 400 - = 0=8
1+Q2(897.6_ 1000 j
1000 897.6
Then
L _ w, = 1000

C =20 uF

JLc
c ~ L =50mH
400,/ =0 =8
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P13.5-3
w, =——==10"rad/s, Q:%\/%:IO, BW:%:IO“rad/s

P13.5-4
a)ozL:lO“rad/S, Qzl\/zzl()’ BW:£:103rad/s
JLC R\ C L
P13.5-5
R=Z(w,)=100 Q
L aw o500 = C = 20 uF
100C
L 5 =250 = L=-8mH
(2010°)L
P13.5-6
R=—'"—1000
Y(w,)
120=BW=500 = L=02H
1

=@, =2500 = C=0.8 yF

Jo2)e
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P13.5-7

a o &
joL
;
jwl R2§
Ry
h O ®
Y(o)
. 1
Y(0)= joCt——
R+joL R,
(R+R,~@’CLR, }+jo(L+CR,R,) R -joL
= X
R,(R+joL) R,—joL

R,(R+R,~@’CLR,)-&’L(L+C R R, + joR,(LCR,R,)- joL(R,+R,~’CLR,)
R,(R,-0’L?)

o = w, is the frequency at which the imaginary part of 'Y (a)) is zero :

, LR,—~CR'R,
R(LCRR,)-L(R+R,~0,CLR,)=0 = o,= B M rad/sec
2
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P13.5-8
j100Q

+
1000/0 \/C) ijQTI 1009§ v,

(100)(~j100)

(a) Using voltage division yields

o 100— /100
Vv, =(1000.20
° ( )(100)(—,’100) ,
+7100
100— 7100
10°
- (100040°) 100/V22-135°  _ 22-135° _ 1400 1900y
100/+/2 £-135°+ j100  50v2./-135°

~.[Vg| = 1000 V

(b) Do a source transformation to obtain

Io
—_—

l +
10 /=20 ACT) J100 Q- 100 Q 100 Q v,

1 *

This is a resonant circuit with @, = l/ A/ LC =400 rad/s. That’s also the frequency of the input, so

this circuit is being operated at resonance. At resonance the impedances of the capacitor and
inductor cancel each other, leaving the impedance of the resistor. Increasing the resistance by a
factor of 10 will increase the voltage V, by a factor of 10. This increased voltage will cause

increased currents in both the inductance and the capacitance, causing the sparks and smoke.
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P13.5-9
Let G, =L. Then
R

2

Z=R +joL+ T ioc

G,+joC
(RG,+1-0’LC)+ j(oLG,+oCR,)
G,+joC Z(®)

At resonance, £Z. =0° so

tan”! wLG+oCR, _ tan! oC
(RG,+1-0’LC) G,
SO
wLG,+oCR C-LG?}
2 : L _oC = w'=—-> and C>G,L
(R G,+1-0’LC) G, LC
C-L

With R, = R, =1Q and ®,=100 rad/s, a)o2 =10" = Then choose C and calculate L:

LC*’

C=10mF = L=5mH
Since C > G, L, we are done.
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P13.5-10

R (a)
R
. - R-&’RLC)+joL
joL Z. = joL+ JjoC :( ) J
o |{ NN Re L I+joRC
¥ t—
. joC
joC Consequently,
(R-0*RLC) H(wL)’
O |Zin | = 2
7 I+ @RC)
in
(b) (©)
1 1
R - O=—"F— = | Zin | =
2l e ke
" L L
|
t
I
! Y
] "W
N
P13.5-11

Let V(w)=A42£0 andV,(w)= BZ6. Then

_ A-BZ6 _ A—Bcos@— j Bsinf
V() V(o) AR AR

\/(A—Bc059)2 +(B sin@)2
AR
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PSpice Problems

SP13.1
R1 4k
V1
1Vac C1 R2
OVdce T BuF 1k
-0
Here are the magnitude and phase frequency response plots:
2808m o
186n- /\
(39 891,141 241m)
a

o U(C1:2) / U(U1:+)
8d _u______

\

(39.891,-45 074)

-1688d

T T T
1.8Hz 3.8Hz 18Hz JBHz 188Hz
o Up({C1:2)
Frequency

From the magnitude plot, the low frequency gain is £ = 200m = 0.2.

From the phase plot, the angle is -45° at p =27(39.891) =251 rad/s.
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SP13-2
Here is the magnitude frequency response plot:

1.8 -

(2.8157,800 594m)

B8+

B.6

- T T T
1.8mHz 18mHz 1.8Hz 180Hz 1.8KHz
o U{Haa1a5a)y 5 uf{u1:-+)

Frequency

The low frequency gain is 0.6 = lim H(a)) =k = k=06.

0—0

The high frequency gain is 1= lim H(a)) k2 = 2= (O.6)p
z

W—>0

At @ =27(2.8157)=17.69 rad/s,

16 p?>+869

= —=5—
9 p*+313
16

- 3( 2+313)=p2+869

J

(0.77778) p* = 312.56
p =20 rad/s
z=12 rad/s

Uy
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SP13-3
R3

GAIN = 6
Wacﬁi . 19K > R4
Ovdc Y 30k
5uF
- -

4. A o
2.8
(15,913 2 B8286)
a nhk&ﬂhﬁﬁh_—hﬁ—m
o U{R4z2) / U{U1:-+)
ad o
(1% 998, -45 148)
-5 8d
nh_________—_
-10848d T T T
180mHz 1.8Hz 18Hz 188Hz 1.0KH=z

o Up(R4:2)- Up{U1:+)
Frequency

From the magnitude plot, the low frequency gain is & = 4.0.

From the phase plot, the angle is -45° at p =27(15.998)=100.5 rad/s.
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SP13-4

C3 2uF

R4
y 20k
OPAMP

o U(U1:0UT)Y 7 U(U1z+)

1?5d__nﬁ_q_hnh”“‘-xhhh
{1.5849,135 120)

15 Bd

125d

SEL>> Dx&xh““nhﬁ%_ﬁk

D__‘_‘—— =

oad T T
188mHz 1.8Hz 18Hz 188Hz
o Up(U1:0UT)- Up({U1:z+)
Frequency

From the magnitude plot, the low frequency gain is k= 5.0
From the phase plot, the angle is 180°-45°=135° at p =27(1.5849)=9.958 rad/s.
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SP13-5
10 10

__ R _ R gl 4
H(w) = T 1+(a)C104)24 tan” (& C 10°)

When o =200 rad/sec = 31.83 Hertz
10*
1.8565.,158° = R Z—tan” (@ C10%)

_\/1+(a)C104)2

Equating phase shifts gives

4
a)CIO“:103CRlO4 =
R+10

tan(22°)=0.404 = C=0.2 uF

Equating gains gives

10* 10°
1.8565 = R == R - = R=5kQ
\/1+(a)C104) J1+(0.404)
SP13-6
10* 10* 10*
1+ jo CR 4 4 4
H(w) = J4 2 _ R+10 - R+10  —tan”! coCR104
10 . CRI10 4\2 R+10
——+R 1+jo———0 | [ CRIO
When o = 1000 rad/sec = 159.1 Hertz
10*
4 Rl 4
0171408/ —59° = K +10 Z—tan” | 0 ER1O
2 R+10

C R10"
I+|o—"f
R+10
Equating phase shifts gives
C R10* _q ;CR10"

10} =tan(59°) =1.665
R+10* R+10* (59%)

Equating gains gives
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10* 10*
R +10* R +10*

\/1{@ CRI()4J2 i (reesy

0.171408 = R=20kQ

R +10*

Substitute this value of R into the equation for phase shift to get:

10 CRIO* C(20x10°)10*

1.665
+10° (20><103)+104

— C=025uF

Verification Problems

VP13-1

When @ < 6300 rad/s, H(w) = 0.1, which agrees with the tabulated values of | H(w)|
corresponding to @ = 200 and 400 rad/s.

When @ > 6300 rad/s, H(w) = 0.1, which agrees with the tabulated values of | H(w)|
corresponding to @ = 12600, 25000, 50000 and 100000 rad/s.

At o= 6300 rad/s, we expect | H(w)| = -3 dB = 0.707. This agrees with the tabulated value of |
H(w)| corresponding to @ = 6310 rad/s.

At w =630 rad/s, we expect | H(w)| = -20 dB = 0.14. This agrees with the tabulated values of |
H(w)| corresponding to @ =400 and 795 rad/s.

This data does seem reasonable.

VP13-2
BW = ag = 10’7(:)00 = 143 #71.4 rad/s. Consequently, this report is not correct.
VP13-3
®, = L 10 krad/s =1.59 kHz, Q :i,/£ =20 and BW = R_ 500 rad/s=79.6 Hz
NLC R\NC L

The reported results are correct.
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VP13-4

The network function indicates a zero at 200 rad/s and a pole at 800 rad/s. In contrast, the Bode

plot indicates a pole at 200 rad/s and a zero at 800 rad/s. Consequently, the Bode plot and

network function don’t correspond to each other.

Design Problems

DP13-1
Pick the appropriate circuit from Table 13.4-2.

R

T+j=

Hw) =k <

1452

P

L where R,

O k=g
Z: L
CiR,

_ 1
P CoR;

We require
R
27x1000< 2= 27x10000> p=——, 2=k=-2 and 5= kL=C
C\R, C,R, R, : G
Try z =27 x2000. Pick C, =0.05 ¢F. Then
1 c C
Ri=——=1592kQ, R,=2R, =3.183kQ and C,=—L=-"1=0.01 4F
C,z P2
z

Check: p = CIR =31.42 krad/s <27-10,000 rad/s.

2712
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DP13-2

jolL
o)
+
.
v L
5 JCOCT R VO
o
1 IR R 1
H(a))—v"(w)— joC _ I+joCR LC
_Vs(a))_ . L+ 1 R _ja)L+L_—a)2+ja)L+L
jol+ el 1+joCR RCLC

Pick ;:a)o =27(100-10°) rad/s. When o =,

JILC
1
LC
Ho(@) = L1 1
¢ JIcrC LC

So |H(a)0)| = R\/f. We require
-3 dB = 0.707 = [H(a,)| = R\E = 1000\5

Lzzn(l 00-10*)

JLC C=1.13 nF

=
C L=2.26 mH
0.707=1000,

Finally
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DP13-3

I
) . R R
Circuit A 3 c R, =10 kQ
R, =866 kQ
R, = 8.06 kQ
R, =1MQ
- R, =2.37 MQ
R, =499 kQ
C, =047 uF
C, = 0.1 uF
Circuit A Vv, :_&Vc__z'vs =-H,V,-H,V,
R2 R]
RS
. R,
Circuit B V, =- =-H,V,
I+ jo C\R,
\Y ——;V =-H,V
Circuit C c joC, R, ° 4 7o
Then
V.=H,H,V,
~H,
Va:_H2Vs_HlH3H4Va = Va:— s
I1+H H, H,
Vo = _H3 Va = HZ H3 s
I+H H,H,
After some algebra
. R3
JO————~
R R,C,
V, = V.,
R3 2 . @
R,R,R,C,C, R.C,
This MATLAB program plots the Bode plot:
R1=10; % units: kOhms and mF so RC has units of sec
R2=866;
R3=8.060;
R4=1000;
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R5=2370;
R6=449;
C1=0.00047;
C2=0.0001;

pi=3.14159;

fmin=5*10"5;

fmax=2*10"6;

f=logspace(log1l0(fmin), logl0(fmax),200);
w=2*pi*f;

b1=R3/R1/R4/C1;
a0=R3/R2/R4/R6/C1/C2;
al=R5/C1;

for k=1:length(w)
H(K)=Gg*w(k)*b1l)/(a0-w(k)*w(k)+j+w(k)*al);
gain(k)=abs(H(k));
phase(k)=angle(H(k));

end

subplot(2,1,1), semilogx(f, 20*logl0(gain))
xlabel (*Frequency, Hz"), ylabel("Gain, dB*")
title("Bode Plot®)

subplot(2,1,2), semilogx(f, phase*180/pi)
xlabel ("Frequency, Hz"), ylabel("Phase, deg")

Bode Plot
-60 . : . ——
-80 m
m
~
=-100 B
[
(0]
-120 - B
-140 . L L L L L L | - L L L L L L ,
10 10 10
Frequency, Hz
100
50 - B
o
L)
=]
g o 1
[
=
o
50+ m
-100 : - : — ‘

10° 10
Frequency, Hz

10
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DP13-4
Pick the appropriate circuits from Table 13.4-2.

R’I C R2
AMA——2 MV

Hq@) = kq : J“_’m H, (@) = ; ?w
+ - —
p ',
where where R
ky = R,C -2
Ry
1 1
P17 e, P27 "Cr,
We require
10 =-kk —RCﬁ 200 = p, = and 500 = S
157 24 R, > P R.C, P> C.R,
Pick C, =1 uF. Then R, L 5kQ. Pick C, =0.1 uF. Then R, :;:20 kQ.
€, P,C,
Next

RZ -6 3 R2
10="-2(10°)(20-10°) = —2=500
R3 R3

Let R, =500 kQ and R, =1 kQ.
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DP13-5
Pick the appropriate circuits from Table 13.4-2.

R’I C R2
AMA——2 MV

H1(co):—k11 J“_’m H, (@) = ; ?w
+ — —
Jp1 o Py
where where
ky =R,C , = kil
Ry
1 1
P17 e, P27 "Cr,
We require
R, 1
20dB=10=-kk, =R,C,—, 0.1 = p, = and 100 = p, =——
R, R C, C,R,
Pick C, =20 yF. Then R, :;: 500 kQ. Pick C, =1 pF. Then R, :;:10 kQ.
p.C, p,C,

Next

RZ -6 3 R2
10=-2(20-10°)(10-10°) = —2=50
R3 R3

Let R, =200 kQ and R, =4 kQ.
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DP13-6

R
1+-2
The network function of this circuit is H(w)= ————
I+joR,C
The phase shift of this network function is # = —tan™' @R,C
R R

1+ -
2 2

The gain of this network function is G = H(a)) = =
M) JH@RCY Ji+(tan o)

Design of this circuit proceeds as follows. Since the frequency and capacitance are known, R; is

calculated from R, = tan(;@)

. Next pick R, = 10k (a convenient value) and calculated R3 using

R, =(G-+/1+(tan @)’ —1)- R, . Finally

6 =-45 deg, G=2, ®=1000 rad/s= R, =10 kQ, R, =10 kQ, R, =18.284 kQ, C=0.1 pF

DP13-7
From Table 13.4-2 and the Bode plot:
800 = Z:%z& =25 kQ
R,(0.5x10°°)
R2
1
1 1
200 = p= = C = = 0.054F
R,C (200)(100x10°)
76 *6
(Check: 20 dB =10= kZ = 0.5<10"  _ 0.5><1076)
z C 0.05x10
DP13-8
-R iwCR
H(w) = 12 - SO
l+—— I+joCR,
joC

_ tan(270°-195°) _

= . —373kQ
(1000)(0.1x10°°)

195°=180+90—tan"' @ C R,

R
10 = lim |[H(w)|= R—Z = R, =10R, =373 kQ
1

W—>0
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Chapter 14: The Laplace Transform

Exercises
Ex. 14.3-1

+ jot —jot E 1

t)=coswt=——— and L|e” |=—

£ : ] -1

F(s)=L[coswt] = 1{ 1_ + 1_ }: 2S .

2| s—jo stjo| s+o
Ex. 14.3-2

2y g 2 - 1 1 s +5+3
F(s)=L [e ™ +sint] = L‘[e ]+£ [sint]= +—5—= -
s+2 5T+l (s+2)(s7+1)

Ex. 14.4-1
F(s)=L [2u(t)+3e u(t)] = 2L [u(t)]+3L [e " u(t)] = 2,3
s s+4
Ex. 14.4-2
F(s)=L [sin(t=2)u(t—2)]=e > L [sint]= e ( 21 j
s°+1
Ex. 14.4-3
—tq_ _ 1 _ 1
F(s)=L[te'1=L[t] .= - —(S e
Ex. 14.4-4
1) 5 5
5 f(f)—(—Et+5]u(t)—(—E(t—4.2)ju(t—4.2)

\ 4.7
| t, sec 5 s 5 15S+5(€_4'23—1)

o 3N F(s):(_gjL;j_ems (_35,2} -
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Ex. 14.4-5

—st 2 —2s
F(S)=J.wf(f)e_ndt=...23e_s’dt :36 =3(1 e)

0 0 =, .
Ex. 14.4-6

i 52t 0<t<2

f(t) B {0 otherwise
o)
I
0 1 2t

5 > Su (t=2)==[tu(t)—~(t=2)u(t-2)-2u(t-2)]
_ 511 e 2e | 5 1 2
F(s) = E[f(t)]—z[sz = . } 5 S—z[l e’ —2se ]
Ex. 14.5-1
F(s)= c+jd N c—jd  me” N me”’

- — = - — where m=+Jc*+d’, H:tan’la/
s+a—jw s+a+jo sta—jo st+a+jo ¢

S f(t)=e"[c coswi—dsinwt|u(t)= e‘”’[\/cz+d2 cos(a)t+0)}u(t) =m e cos(wt+0)u(r)

Ex. 14.5-2
(a) 8s—3

F(s)=

1 2(8s-3)
= = —X
s +4s+13 2 (

s+2)2+9

s a=2, c=8, »=3 & ca—wd=-3 = d:_3(8)(2)

=6.33

H:tan‘l(6'833j:38.40, m=y/(8)"+(6.33)" =10.2

= £(£)=10.2¢ cos(31+38.40)u(t)
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b _s
®) Given F (s)= 3e

3 1, (203)

S+25417 27 (s+1) 416
Identify a=1, c=0, =4 and —wd=3=> d=-3/4. Then m=|d|=3/4, O=tan"'(~-3/(4/0))=—90’
So f,(t)=(3/4)e” sin4t u(t). Next, F(s)=e"F (s)= f(t)= f;(¢t-1). Finally

3 , first consider ] (s) =
s +2s+17

- S(£)=G/4)e " sin[ 4(¢-1) |u(r-1)

Ex. 14.5-3
2
(a) F(s)- s—52:é+£+ c2
S(S+1) s s+l (s+1)
where
-5 2 1-5
A=5F(s)|_= N =5 and C=(s+1) F(s)|_,= I 4

Multiply both sides by s (s +1)’

s =5=-5(s+1)" +Bs(s+1)+4s = B=6

Then
s s+l (s+1)
Finally
f(t):(—5+6e_t+4te_’)u(t)
b 2
(b) F(S)=4S3=A+Bz+ C3
(s+3) (s+3) (s+3)"  (s+3)
Where
1 d° d
A=~ ?[(Hs)%(s)l:fa B=" [(s+3)3F(s)l:_3 =24
and
C=(s+3) F(s) _, =36
Then
4 24 36
F(s)= + +
()= (613) {523y (53
Finally

f(t)=(4-241+18)e ™ u(r)
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Ex. 14.6-1

6s+5
@ F(s)=— >~ £(0)= lim sF(s)= lim M =6
sT+2s+1 300 s—o0| 8 +2s+1
f()= lim sF(s)= lim {‘1(6”5)}:0
5s—0 s—0[ s +2s+l
b F(s)= 2 £(0)=lim { 6s }:0
s7=2s+1 oo | §7=25+1
f (oo)=lin3 [26S+J=undeﬁned = no final value
>0 | 7 =2s
Ex. 14.7-1

Vl . —61
KCL: ?+1 =Te

KVL: 4£+3i—v1 =0 = v, :4ﬁ+3i
dt dt
4ﬁ +3i di 35
Then —9L— 4i=7¢% = Lii=22c*
5 dt 4
Taking the Laplace transform of the differential equation:
sI(s)—i(0)+21(s)= S 1 =1I(s)= EANI S
4 s+6 4 (s+2)(s+6)
Where we have used i(0) =0. Next, we perform partial fraction expansion.
! _ A + B where A:L _1 and B=L __1
(s+2)(s+6) s+2 s+6 s+6|,_, 4 S+2[ - 4 4
Then
1(S)Z§L_35L l'(t):3_5672[_3_5676t
16 s+2 16 5s+6 16 16
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Ex. 14.7-2

20 Q b
Apply KCL at node a to get AA"A,
Ldvl_vz—vl - 2v+dvl—2v <+ . . 24Q el
48 dt 24 Yot 2 =S a f’ogg T
/as b V1
Apply KCL at node b to get T - .
v,—=50cos2¢t v,-v, v, 1 dv, dv,
+ + 24— =0 = -v,+3v,+——=60cos2¢
20 24 30 24 dt dt

Take the Laplace transforms of these equations, using v,(0) =10 V and v,(0) =25 V , to get

(2+S)V1(S)—2V2(S) =10 and —Vl(s)+(3+s)V2(s):

Solve these equations using Cramer’s rule to get

2
(245) [255‘ +605+100

255 + 60s +100

s’ +4

s> +4 J“O _(2+5)(2557+605+100)+10(5*+4)

V =
:(5) (2+s) (3+s)-2 (57+4)(s+1)(s+4)
_ 255> +1205+2205+240
(s2+4)(s+1)(s+4)
Next, partial fraction expansion gives
V,(s)= A‘ + A. s BL.C
s+j2 s—j2 s+l s+4
where
4 255> +1205” +220s5+240 _ —240-,240 64 6
T () (s+4) (s=72) |en 40
A =6-j6
B =25S3+120s2+220s+240 _ 115 _23
(S2+4)(s+4) =1 15 3
c :25S3+120s2+220s+240 _—320 _16
(s2+4) (s+1) =4 —60 3
Then
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( ):6+J6+6—]6+23/3+16/3

V(s
s+j2 s—j2 s+l s+4
Finally
v,(t) = 12cos2t +l2sin2t+?e‘t +%e"‘” V 20
Ex. 14.7-3
Taking Laplace Transform of the differential equation:
10

F(s) =5 £(0)= 1 (0)+5[s F(s)-1(0)]+6F (s) =

Using the given initial conditions
_ 257 +16s+40

(s2+5s+6)F(s):£+2s+10
s+3 s+3
25°+16s+40 4 ., B C
(S+3)2 (S+3) (S+2)

P = 3y (5+2) (543)

where A=-10, B=-14, and C=16. Then

F(s)= _102 +_14+ 16 = f(t)=-10te™ —14e™ +16e™> for t>0
(S+3) s+3  s+2
Ex. 14.8-1
KCL at top node:
Ig(s)
Vols
e )+SVC( )_2+2

2
. 2
I(s)= Cz(s)—zzi2 = i (t)=2e " u@) A
s )
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Ex. 14.8-2

3Q
log= °
s Vels) 60 V. (s) = 4T.(s)
I
RGN T 109
Mesh Equations:
A1y (s)-6(1(s)-1.(5))=0 = —i=(6+i]1 (s)+61(s)
s 2s € ¢ s 2s) €
6(1(s)-1c(5))+31(s)+41(s)=0 = I(s)z—%]c(s)
Solving for 1.(s):
4 2 1 6
__:(_E+Ejlc(s) = Ic(s)—s_3
4
So V,(s) is
24
v (s)=416(s)=—3
o—>
4
Back in the time domain:
v, (t)=24e""" u(t) V
Ex. 14.8-3
KVL:
l no §+4=(§+8+4s]1L(s)
. s s
20 [¢) 45 Q
Vo) F so
c
8 1,(5)= 22+S _ (s+12+1
_ § 4V s +2s5+5 (S+1) +4
8O Taking the inverse Laplace transform:
MWV

i(t) =(e‘t cosZt+%e‘t sinthu(t) A
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Ex. 14.9-1

(a) impulseresponsezz:l{ > 10 j|=(5€5t—10610t )u(t)
s+5 s+10

_ 1 1 Slor s
(b) step response = & IL+10_S+5}:(€ 0 e )u(t)

Ex. 14.9-2

H(g):Q[Se_Z' sin(4t)u(t)]= (s+52()j)+42 = 2 +ig+20

H
step response = ¢ ﬂ =g 1 _25;4 =(—-e*(cosdt— lsin 4t))u(t)
S s s +4s5+20 2

Ex. 14.10-1
Voltage division yields
20
2 VWY
(8) ; +
3 v saZ 2oV
h)
V) | STy -
H(s)=== = 5
Vi(s) (8)(2j
s
2+ 5
8+—
s
16
3 P |
16+E+E 16s+20 s+1.25
s s
SO

h(e)='[H(s)]=125¢"" u(r)
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Ex. 14.10-2

Wiy * 1()= & [H(s) F(s)]- 2{ S+2J Sl{l/zwt_l/z}:(;—ez’ju(t)

S s+2

Ex. 14.11-1

~(3-k)£y(3-k) -8

The poles of the transfer function are p,, = 5

—1+4-7

a.) When k=2 V/V, the poles are p,, = so the circuit is stable. The transfer function is

VO(S)_ 2s
V. (s) sTHs+2

The circuit is stable when k£ =2 V/V so we can determine the network function from the transfer
function by letting s =j .

B 2s
s=jo gt 4542 R

2jw

(2—wz)+ja)

The input is v, (t) =5cos2¢ V. The phasor of the steady state response is determine by
multiplying the phasor of the input by the network function evaluated at @ = 2 rad/s.

Vo<w>-H<w>\Mxvi<w>‘(<L

2—a)2)+ja)

}(5400)—[ T j(5400)=7.074—45°
-2+ ;2
w=2

The steady state response is v, (#)=7.07cos(2¢—45°) V.

22440 2

b. When & =3—2+/2, the poles are Dy = T_ = —+/2 50 the circuit is stable. The

transfer function is

H(s)= 0.17s _ 0.7 0.17-/2

(s+42)  (5+32) (s+42)

The impulse response is
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h(t)=£[H(s)]=017 e (1-21)u(r)

We see that when k =3—2+/2 the circuit is stable and lim | h(t) | =0.

—

J’_
C. When’ k=3+ 2\/5 the po]es are p,, = @ = \/5,\/5 so the circuit is not stable. The

transfer function is

H(s)= 583 _ 583 5.83v/2

(s=32) (s=32) (s-v2)

The impulse response is

h(t)=c[H(s)]=583 ™ (1+21)u(r)

We see that when k =3+ 2+/2 the circuit is unstable and lim | h(t) | =0,

t—>

Ex. 14.12-1
For the poles to be in the left half of the s-plane, the s-term needs to be positive.

V. (5)=0.1 20, Sts . 120 :O'{z 2 25+20 }
s | (s+5)+10*  (s+5) +10° s s +10s +125

| 2(s>+105+125)~(25+20)s
s*+10s+125
250 25
0.1 = —
s +10s+125 57 +10s+125

These specifications are consistent.
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Problems

Section 14-3: Laplace Transform

P14.3-1
L[4 5(1)]=4F(s) P
N = F(S): 2 2
fl(t):cos(a)t) = E(S)=s2+a)2 sSS+w
P14.3-2
“1] n n! Tl 1! 1
£ [t}:SnH F(S):E [t]:Sm:S_z
P14.3-3
Linearity: L‘[alfl(t) + azfz(t)] =a,F, (s)+ a,F, (s)
Here a,=a,=1
Y 1
LLAO)=£le™]= o 5=F0)
1
A== L=
1 1
soF(s):§+S—2
P14.3-4

f(t)=A(1-e")u(t)= L[ 4f®)] = AF,(s)
(l—e’b’) u(t) = lu(t)—e’b’u(t) = fz(t) +f3(t)

-1
s+b

=
I
LN
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Section 14-4: Impulse Function and Time Shift Property

P14.4-1

P14.4-2

(b)

(c)

P14.4-4

P14.4-5

£(t)= A[u(t) - u(t-1)]

F(S) — Aﬁl:u(t)] _ ALI:u(t—T)} :é_ Ae™*T _ A(l—e*sr)

N S S

f(t) = l[u(t)—u(t—T):I e’ = F(s) = ,C[e‘”[u(t)—u(t—T):H

F()=6(-T)u(i-T) = F(s)=e" L[5(1)]=e"

F(s)= 2 = 5 __ S
(s+4)" +(5)" (5" +85+16)+25 s*+8s+41

g (t) —e'u (Z‘—O.S) _ e—(H(O.S*O.S))u (I—O.S) — e—o.s ef(tfo.S)u (1—0.5)

0.5 _-0.5s

E[efo.s ef(tfo's)u(t—O.S)] _ 03 E[e—(poﬁ)u(t_ols)] — 05 efoAsAvE[eftu(t)] _e e

e

0.5-0.5s

s+1

s+1
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Section 14-5: Inverse Laplace Transform

P14.5-1
F(s) = s+3 _ s+3 _ A N Bs+C
§°+35> +65+4 (s+1) [(S_,_l)z +3} s+l 2 +25+4
where
__st3 2
(s+1)2+3 s=1 3
Then
2
(s+3) =3 4 2BS+C :>(s+3)=(2+B)32+(4+B+st+8+C
(s+1)(s7+25+4) s+l 5'+25+4 3 3 3

Equating coefficient yields
$: 0=2+B = B=-2
3 3

I:E—E+C = C:1
3 3 3
Then
2 2 1 2 2 1
— —— S+ - - (s+1) —=3
F(S): 3 + 3 > 3 = 3 + + \/g

st (s#1) 43 s+ (s#1) 43 (s+1)7 43
Taking the inverse Laplace transform yields

et sin\/§

f(t):ze_t _2 cos~/3t +

|
3 3 Na
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P14.5-2

s7—2s+1 s =25 +1 a a b
F(s)= 3 2 = ; N -t i
s +3s" +4s5 42 (s+l) (s+1—])(s+1+]) s+l—j  s+l+j s+l
where
b= s* =25 +1 4
(s+1)" +1]5=—1
st =25 +1 3-j4 3
(s+1) (s+14 )s=m1sj - 2 277
* 3
=_>_2
a 5 Jj
Then
3 3
—+j2 ——j2
F(s)=-2 2 7,8
s+l—j  s+l+j s+l
Next

3

m=4/(-3/2) +(2)" = ; and 0 =tan"'| 2 |=126.9°

2
From Equation 14.5-8

f(t)= [5 e’ cos(r+127°)+ 4e"]u(t)

P14.5-3
F(s) = 5;9—1 _ A B - C
(s+l) (S—Z) s+l (S+1) s=2
where
B:SS_1 =2 and C= SS_12 =1
s=2 |, s+l) =2
Then
d 2 -9
A=— 1y F = =-1
sl FO] =y
Finally
F(s)= -1 + 2 + I = f(t)z[—e'+2te ! +ezt]u(t)
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P14.5-4

Y(S) _ 1 _ 1 _ A N Bs+C
(s+1)(s*+25+2)  (s+1) [(SH)Z + 1} s+l (s+1) 41
where
A= 2; =1
ST+ 25+ 2|,_
Next
! _ L, Bs¥C 1= 5"+ 25+2+(Bs+C)(s+1)

(s+1)(s2+2s+2) s+l sP 42542

= 1=(B+l)s’+(B+C+2)s+C+2

Equating coefficients:
s:0=B+1 = B=-1
s :0=B+C+2 = C(C=-1

Finally
Y(s)= sj—l — (SJFSIJ;ZI " = y(1)= [e‘t —e! cost]u(t)
. F(s) - 2(s+3) 1 —(s+]) 2
(s)= (s+1) (s2+2s+5) s+l " (s+1)2+ 4 ’ (s+1)2+ 4
f(t)= [e‘t —e” cos(2t)+e” sin(2t)]u(t)
s s 2As) 4, B C
()=o) (542) s T T om2
where
A=sF(s)|_, = (Sif;z;)z) =3 B- (s+1) F(s)_ = i((:;;
and
(s+2) F(s) = igi:’)) =cal
Finally
F(s)=2+ u b o p(0)=(3-4¢" +e™)ult)

s s+l s+2
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Section 14-6: Initial and Final Value Theorems

P14.6-1
a 2_ 2
® £(0)= lim sF(s)= lim 25 35 *4_25_,
§—300 500 S +3s+2 s
() f ()= lim SF(S):ﬂ:Z
s—0 2
P14.6-2
Initial value: +16 2
v(0)=limsV (s)=1lim ;(Si) =1li ﬂ:
= soe g7 45412 oo g7+ 45 4+12
Final value: . s+16 . st +16s
v(eo)=lims | 5———|=lim ——— =
520 {s"+4s+12 ) 20 §° +45+12
(Check: ¥(s) is stable because Re{p,} <0Osince p,=—2 + 2.828;. We
expect the final value to exist.)
P14.6-3
Initial value: s2+10s
0)=limsV(s) = lim ———— =
VO =lmsVs) = s e
Final value: +10
(o) =tim s¥(s) =tim— 1Oy
=0 50 5(35 +2s+1)
(Check: V(s) is stable because p; =—0.333 = 0.471i. We expect the
final value to exist.)
P14.6-4
Initial value: 2% —14s
O)=limsF(s)=lm————=-2
f( Slw ( ) soo 57 =25 +10

Final value:  F(s) is not stable becauseRe { p,} > 0 since p, =1 3i . No final value

exists.
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Section 14-7: Solution of Differential Equations Describing a Circuit

P14.7-1
50 Q T mH
KVL: NWN— Y —
di 4 _z’—
50i+0.001 — + v=2e"" +
dt (i) v 25uF == v
The capacitor current and voltage are related -
by
. o\ dv _ A 2x10™ SO _
i=(2.5%10 )j v, =2e V, i(0)=1A,»(0)=8V
t
Taking the Laplace transforms of these equations yields
50 1(s)+0.001[s I(s) — i(0)]+ V' (s) = 2
s + 2x10°*
I(s)= (2.5>< 10_6) [s Vs) — v(O)]
Solving for I(s) yields
s> +1.4x 10%5—1.6x10° A B C

1(s)= (s+10°) (542 x10° ) (s+4 x10° ) 5+10° 54 2x10°  s+4x10°
where

s’ +1.4x10%s —1.6><108| -2x10° -2

A4 =(s+10")1(s)

o (542 10" (s 10°)] T 100 3
sz+1.4><104s—1.6><108‘ A4x10° 1
Bl 2] T 0 o) |20 s
s= —=2x10
s> +1.4x10% —1.6 x 10° 8.8 x 10° 22
e i B ST
s= —4x10

Then

_ 23 1/5 22/15 N I PR 2x10% —4x10%
I(s) == 2w e = i) =g 106 4 3e e 22 Ju(r) A
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P14.7-2
10 We are given v()=160cos400¢.

The capacitor is initially uncharged, so

vC—r) 1 mF fyc §TOOQ v:(0)=0 V. Then

_ 160cos(400x0)-0

i(0) 0 =160 A
KCL yields
dv v
10° —S 4=
dt 100

Apply Ohm’s law to the 1 Q resistor to get

V=V

[ = = Ve=v-i

1
Solving yields

fh’+1010i:1600 c0s400¢ — (6.4x10" ) sin 400¢

Taking the Laplace transform yields

6.4x10%) (400
s1<s)—i(0)+(1010)1<s):Szi??;gf))z - $ +(4z>g)2 )

SO
160 1600s — 2.5x10’
I(s)= + 2 2
s+1010  (s+1010)[ s> +(400)" |
Next
1600s —2.5x107 4 . B B
(s+1010)[s* +(400)’]  s+1010 s+ j400 s~ ;400
where
_ 7
_ 160052500 I i
s (400)° |,
— 7 7 °
_1600s 2.5x'10 | _ 256x10"21.4 _115- /272 and B' = 115+ 272
(s+1010)(s—j400)| " 869 x10°£68.4
Then
I(s) - 1369  11.5-/272 11.5+,272
s+1010  s+;400 s—j400
Finally

i(£)= 136.9¢" + 2(11.5) cos 400 — 2 (27.2)sin400¢ for >0
= 136.9¢7""" + 23.0 cos400¢ — 54.4sin400¢ for ¢t>0
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P14.7-3
10 kQ

(2 cos 21) u(t) mA T 5kQ

15 kQ
M

>
I

(10 cos 210) ul) V (i) 1/50mF =

ve(0)=0
v,+15i=10cos 2t J
1 dv = Y% 2y =20cos2t
j=——¢ dt
30 dt
Taking the Laplace Transform yields:
SV, (5) v (0)+ 27 =20 . = W(s)= e = Doy
s+ 4 (s+2)(52+4) s+2  s+j2  s—j2
where
_20s| 0 205 |5 55 e 50
s+4). -, 8 (s+2)(s—]2) . I+ 2 "2 2 72
Then
5.5 55
5 .27 277 o :
V.(s)= <4 £ = =y (t)=-5¢" +5(cos2t +sin 2t) V
s+2 s+j2  s—j2
P14.7-4

di,
v, +12i, +2——=-8 and i, =C
dt

Taking the Laplace transform yields

V(s)+121, (s)+2[sI,(s) iy

[L(S) = CI:SVC(S)—VC(O):I

Solving yields

dVC 12 Q
o AAAY
+
Ve 7= C Ct 8
- 2 H
L YT Y
8 -—

(0]

v,(0)=0, i, (0)=0
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(a) C=—F vi(s) = 2 -4, b, c
18 S(s+3) s s43 (S+3)
a=-8 b=8, and c=24 = V. (s)= o4+ 5 4 2
s s+3 (s+3)
v(t) = -8+8e™ +241e”™
1 —40 a b c
b C:—F V = = — R
®) 10 (s) s(s+1)(s+5) s Jrs+l+s+5
a=-8,b=10, and c=-2 = Vc(s)=_—8+1—o+ 2
s s+l s+5
v.(t) = —8+10e" -2¢™
P14.7-5
v,(0)=10V, i,(07)=0A 4000  1H
— AAA—Y Y Y
; +
i=(5x10-"’)ﬂ and 400i+1ﬂ+vc =0 5 puF == v.
d dt i1) B
-
Taking Laplace transforms yields
1
I(s)=(5%10"°)(s¥,(s)-10) 1s) -10 (_40)400
= s)= =
4001 (s)+(sI(s)=0)+V,(s)=0 s +4005+2x10°  (5+200) +400°

SO

(1) =0 ¢ ™ sin (400r)u(1) A
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Section 14-8: Circuit Analysis Using Impedance and Initial Conditions

P14.8-1
1<0 2 kQ >0 2 kQ
MN
4 V(ﬁ) ¢:‘.L(o)=.o.ooz A ?C) 11L(s)-
6 6
I (s ;—0.010 ) ;—0.002S 003 .005
t 5542000  s(s+400) s s+400
(1) 2 mA t<0
1 =
g 3-5¢7 mA >0
P14.8-2
(<0 2 kQ (>0 2000
MA—2¢ ANA—2
sv(®) ke li©-=0.003 ©E 4000 553} 11(5)
- 0.015V
10 8
V(s)—— °
_ L(S) s N V;(S) +-LQ;(S) —'(—2()15) —~ 7 (S) _ 3
2000 4000 5s L o1 4000
15
8
Y, ()+0.15 15 ~0.005  0.002
L) =25 = 7 ao00) TOOPPE 4000
S| s+——— S+—
15 15

4000
1

i,(t)=5-3¢ 5 mA,t>0
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P14.8-3

t<0 1>0
by t

gy 2006 (D 2000 Q 0.5uF ==

0.004 A 'D 2000 ©Q v.(0)

o1
T
(9]
S
@
e

8
L0006 V()
s 2000 10°
Ss

=0

_6000 +500V,(s) +0.5s [Vc(s) - 8) =0
s

_8s+12000 12 4
s(s+1000) s s+1000

Ve(s)

V.()=12-4e"" V, t>0

P14.8-4
<0 2000 Q t>0 2000 Q
ANAN—2 cl) NN—2
.
_ 6
- + 15
12V D 4000 Q y.(0)=8 V f(f) 4000 Q % .
(_f V['(-'")
. 8
‘O

V(s)- 2

NAC) {0.5:)@@)_8):0
2000 4000 10 s

SOO(VC(S) — 6) +250V.(s)+0.5s (Vc(s) - 8) =0
s s

_6000+8s 4 4

V.(s)= =—+
)= (5+1500) s T 5+1500

v.()=4+4e"" V>0
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P14.8-5

t<0 40 >0 40
NA—e l N
IL(O)='] Al + ?
n v.(0)=6 V +) 6 £ 3
(— 10V C— §+3 %""“ Ve(s) (P =
6Q T

Node equations:

L) ) Ly )2 Sy ()4
s 6 s s+6 s+6
6 (6 6
- 0 (L C(S)+s+6J+1+zV(S)_z=O
4 S S ¢ 2

After quite a bite of algebra:
2
% (s) 65" +565+132

(s+2)(s+3)(s+5)

Partial fraction expansion:

44

1

6s° +56s+132 3 9 3

1% - — _
C(S) (S+3)(s+2)(s+5) s+2  s+3 " s+5

Inverse Laplace transform:
v (1) =44/3 e =9 +(1/3)e™ V
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P14.8-6

1
Cs
]
“ el "
) i
C=1uk O
R»=1KkQ R
Rk [ v, A
+ t + t
10
10 U(L:l V Vr.(f) 3 Vn(-")
o) o
time domain frequency domain

(given: v.(0)=5V)

Write a node equation in the frequency domain:

R R

10 ) , 10 sy 101?2 5—101?2
S = O(S)—5C+LS) = Vy(s)= ! = L : !
Ry R 1 1 s g1
Cs S S+@ ch

Inverse Laplace transform:

R Ry | _
v (f)=10—2+ 5-10—2 | RC 210-56719 v forrs 0
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P14.8-7

Here are the equations describing the coupled coils:

Writing mesh equations:

§:2(11(s)+12(s))+V1 :2(11(5)+12(s))+ 3s1i(s)+sl,(s)-9 = (3s+2)ll +(s+2)
s

= W)= 3(S]1(S)—2)+(S]2(S)—3)= 3s1i(s)+sl,(s)-9

= W(s)= S(Il(s)—2)+2(slz(s)—3)= sIi(s)+2sl,(s)—8

S

Vi(8) =V (s)+1y(s) = 3sli(s)+sly(s)=9=sl(s)+2sI,(s)-8+1,(s) = 251} —(s+1)],=I

Solving the mesh equations for I»(s):

I(s)

15s+8

35+1.6

Taking the inverse Laplace transform:

i (1) = 0.64e 0% +236¢7 9% A fort>0

P14.8-8
<0

o

+

(;)12\} 60Q v, (0) =

60 s

—\\/

time domain

12
B8V S

Mesh equations in the frequency domain:

55249542 (s+0.26)(s+1.54) s +026

6 Q

6 Q

O
2 L +
pp—

@ 6Q @ o +> V,(s)

S — J—
o

61,(s)+6(1,(s)~ 1, (5))+ 61, () + = =0

frequency domain

Il(s)=512(s)
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2 6 6
21,9461, () 1a(s))=0 = (6+;j12(s)—611(s)——
Solving for I,(s):
1
2 2 2 _E B 5
(6+gj12(s)-6(§12( )‘ij‘s = 1=y
2
Calculate for Vy(s):
1
1 6 1| 7 | 6 —2 4
V(s)==1I,(s)-2==| 2|22 %
O(S) 2 Z(S) B 2 S+l s +1 s
2 2

Take the Inverse Laplace transform:
v, (1)= —(4+2e_’/2) V fort>0
(Checked using LNAP, 12/29/02)

P14.8-9

<0

frequency domain

time domain

Writing a mesh equation:

—6(s+)
(4455)1(s)+304 220 = I(s)=—r—J=|34 3
S

s S(H“] s+
5 5

Take the Inverse Laplace transform:
i(t) = —3(1+e_0‘8t) A fort>0

(Checked using LNAP, 12/29/02)
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P14.8-10
Steady-state for t<O0: S
_|_
18V 3Q v0(0)=18V
From the equation for v,(?):
Steady-state for t>0:
v(oo)=6+126_2(oo):6 \ AN
From the circuit: R +
3 +
=——(18 () 18V 3Q v (0
()= (18) t o0
Therefore: 5

6=

R+3
0 —/\/\, o)
+

6 Q 1 L + 2Q 1 L
Cs T 5 Cs T
18
<+ s 8@ Vols) @ s V(s)
T G 2
SN _ I(s) S & _
QO O
1 18 6 -6
I(s)| 24— |[+—===0 I(s)=
(S)( +Csj s s () 1
S+—
2C
1 18 1 -6 18 -12 12 18 12 6
(5= c{ N ST
S+— S+— —
2C 2C 2C

Taking the inverse Laplace transform:

v, (t)=6+12¢"* V forr>0
= C=025F.

Comparing this to the given equation for v,(f), we see that 2 =—
(Checked using LNAP, 12/29/02)
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Section 14-9: Transfer Function and Impedance

P14.9-1
Rl
H(s)= Z; where Z, = Gs _ R and 7, = R,
Z]+Zz Rl R1C1S+1 RZCS+1
R+—
Cs
R +1
Let 7, =RC, and 7, =R,C, then H(s)= (7 s+1)
R (7,5+1)+(7; s+1)R,
Ry(7,5 +1) R,

enn=r,=r = Hs) (R+R,)(z,+1) R +R,

= constant, as required.

~.werequire R C, =R,C,

P14.9-2

LetZ =R+ Cl’ and Z, = R + Ls then the input impedance is
A

(R+IJ(R+Ls) LCs*+ (RC+ L] s+1
2(s) = 2z, \" Cs R
2
Z+Z, R+é + RilLs LCs® +2RCs +1
S

Now require : RC+IL3=2RC = L=RC then Z=R

P14.9-3
The transfer function is

Ry 1 AVAY.

R,Cs+l1 R, C

H(S)Z 2 LS _ 1 H1
IR T R TP +) R,
PR, Cs+1 R/ R,C =

Using R =2 Q, R, =8 Q and C=5F

— V. (s)

gives
H(S) _ 0.1
s+0.125
The impulse response is 4 (¢)=£ ~[H (s)|= 0.1e 120 (1) V.

The step response is
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0.1
s(s+0.125)

—1 —1

%—leO.S(l—eo'uSt)u(t) v
s s40.125

(Checked using LNAP, 12/29/02)
P14.9-4
The transfer function is:

12 _ 12
(S-|-4)2 s*+8s+16

H(s)=2£[12te™"u(r)]=
The Laplace transform of the step response is:

-3k
(s+4) s+4

e

H(S)_ 12 -
s _S<S+4>2 s

_|_

2

The constant £ is evaluated by multiplying both sides of the last equation by s (s + 4)

12:%(S+4)2—3s+ks(s+4):[%+k s’ +(3+4k)s+12 = k:—%
The step response is

:[Z—e‘” 3t—i—%}]u(l) \%

P14.9-5
The transfer function can also be calculated form the circuit itself. The circuit can be represented
in the frequency domain as

10 kQ R

_Tr’\/\/——/\/\/—
_/1\>f</ >__IYYY\___

+ + Ls +

+
Vi(s) Ci) (;Ts = V(9) V,(s) 5kQ §V0(s)

+

We can save ourselves some work be noticing that the 10000 ohm resistor, the resistor labeled R
and the op amp comprise a non-inverting amplifier. Thus

7 (5) =14 1o el

Now, writing node equations,
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Vels) = ils) (S)_Vi(s)-i-Cch(s)zo and —
1000 Ls 5000

Solving these node equations gives

1 [1+ R ]5000
H(S>:1oooc 10000/ L
[H 1 ][Hsooo]
1000C L

Comparing these two equations for the transfer function gives

{ﬁ# =(s+2000) or [s + ]: (s 4+5000)
1000C 1000C
[s+&LOO = (s+2000) or [s+¥] = (s45000)
1 R 5000 ]
1+ =15x10
1000C\" " 10000/ L

The solution isn’t unique, but there are only two possibilities. One of these possibilities is

St =(5+2000) = C=0.5uF
1000C

5000
s+ =(s+5000) = L=1H

—15x10° = R=5k0

1 [1 R ]sooo
1000(0.5><106) 10000) 1
(Checked using LNAP, 12/29/02)
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P14.9-6
The transfer function of the circuit is

R, 1
I+R,Cs R C
H(S):— R =—
! s+
R,C

The give step response is v, (1) = —4(1 —e " )u (#) V. The correspond transfer function is

calculated as

H(s)22{_4(1_6_250,)u(t)}:_(i_ 4 j: 1000 o <1000

S s s+250 s(s+250) 54250

Comparing these results gives

1 1 1

R,C 250C  250(0.1x10°)
L1000 = R=—t =L __joxo
R C 1000C 1000(0.1x10™°)

(Checked using LNAP, 12/29/02)

P14.9-7
AN o
60 +
( <i Vi(s)=5V,(s) £QT=Vs)
O

The transfer function is:
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The Laplace transform of the step response is:
V. (s)= 20 : :§+ -5 N —102
s(s+2) s s+2 (s+2)
Taking the inverse Laplace transform:
v, (1)= [5 —5¢7 (1+ 2t)} u(t) vV
(checked using LNAP 8/15/02)

P 14.9-8
4/\/\/ o
+ 60 +
1
C_f Vis)  49S V(s) <i>vb(s)=kva(s) 25 QT V(s)
—O O
From the circuit:
1 4 L
4 s 7 6C
H) = )|~ =~ @)
4+Ls 6+ | | s+ S+
Cs L 6C

From the given step response:

H(s) g 2 46 12
——==L|(2+4e7 -6 == - =
S [( e ¢ )u(t)] S+S+3 s+2 S(S+3)(S+2)
SO
12
H(s)=2 — =
(s) s(s+3)(s+2)
Comparing the two representations of the transfer functions let é:3 = C :% F,
4

Z=2 = L=2 H and 2x3xk=12 = k=2 V/V.

(Checked using LNAP, 12/29/02)

P 14.9.9
From the circuit:

14-32



R
S+—

V,(s) R+Ls L

H = = =
(V=35 “2rr+Ls L 12+R
L

From the given step response:

H(s)

N

0.5 05 s+2 s+2
=L/0.5(1+e™* =— = = H(s)=
ﬂ[ ( e )u(t)} +S+4 s(s+4) (S) s+4

Comparing these two forms of the transfer function gives:

R
L 2%2L 4 o L-6 HR=12 Q
12+ R
—4
L
(Checked using LNAP, 12/29/02)
P14.9-10
1 Mesh equations:
R4 Cs R
— VW M 11 1
1 l () = (R1+CS+CJ11( )~ L L (s)
v () 1) m W) RS Vels 1 1
= | R+R+— |1 —1
T o 0 ( i +Csj :(9) Cs 1 (5)
V(s)(lj
Solving for I(s): I,(s) = Cs
2 1 1
(Rﬁ} (2R+j - 5
Cs Cs (Cs)
Then V, (s)=R1,(s) gives
H(s)= V() _ RCs _ s
V(s)  [RCs+2][2RCs+1]-1 ARC+RC {
2RC| s + s+ -
2RR,C (2RR.C?)
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P14.9-11

12 0O 1H Let
AMNN—Y YA
R Lys l * R(éj R
X 9 )
+ _ Z = =
Vi(s) (_) Cs ’[ Rg V2(8) g R+i RCs+1
- Cs
Z, =R +Ls
Then
R
v,  Z, _ RCs+1 B R
. Z,+Z, R +Ls+ R L RCs*+(L,+RRC)s+R +R
RCs+1
1
o LC
Vi 2+(LXJFRXRC) R +R
L RC L RC
P14.9-12
Vin(s)

Node equations:

(Vl—Vm)sCl+Vl;eV°“‘=0 = (RCs+1)V,=RCsV, +V,,

1

£+V

out
2

+sC,=0 = V,=-R,C,sV,
Solving gives:

1
-R,Cs R,C,

Vo RRCCs +RCys+l o 1 o 1
RICI RIRZCICZ

N
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P14.9-13
Node equations in the frequency domain:

Input

from

DAC
channel

u—sC2V0=0 = V,=—sC, R, V,

2

After a little algebra:
(5)=y2 = &
V. sC,R,R,+sC,RR, +sC,RR, + R,

1

P14.9-14
L R 1 1
A — w0 e e
" - Vl(S) Ls+R+— s'+—s =
C_) Vg C o=V, Ky L LC
LH C,F R, Q H(s)
20 20
2 0.025 18 s2 495420 (s+4)(s+5)
20 20
2 0.025 8 S 445420 (s5+2) +4°
256 2.56
1 0.391 4 s*+45+2.56  (s+0.8)(s+3.2)
20 20
2 0.125 8 s +ds+4 (s+2)
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20

VA=) )

20

R ey

©)
2.56

H(s):(

s+0.8)(s+3.2)

20
(s+2)

d) H(S)z

20 20

)} =H(s)= ——— h(t)=(20e™-20e™ Ju(t

L {h(t)} = H(s) s o (£)=(20e e Ju(t)

L {step response} = A(s) _ 20 L e B SN
S s(s+4)(s+5) s s+4 s+5

step response = (1+4e‘5 ‘57 )u(t)

TR GO N o
E{h(t)}—H(s)—(S+2)2+42 h(t)=>5e sin 4t u(t)
H(s) _ 20 1 Ks+K,

L {step response; = = e
{ presp } s s(s* +45+20) s s7+45+20

20 =5 +45+20+s (K s+K, )= (1+K, ) + s (4+K,) + 20
—K, =-1,K,=—4
1

_ ——(4)
L {step response} = 1, ( (Zs)jz)42 + ( +§) ot
s (s+2) + s

step response = (1—6‘” (cos 4t + ; sin 4tD u(t)

107 107 o s
.C{h(t)}—H(s)—s+.8 Y h(t)=1.07 (" -e7)u(t)

-4 1
L {step response} = H{(s) 2.56 1y 3 .3

S - s(s +.8)(s+3.2) - s s+.8 s+3.2

step response = (1+;e‘3'2t—je"8’ju(t)

h(t)=4te ™ u(r)
step response = (1—(1+2t)e'2’ ) u(t)
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P14.9-15
For an impulse response, take ¥;(s)=1 . Then

3(s+2) A B B
Vo(s)= : Tt st
S(S+3—]2) (S+3+]2) s §+3—j2  s+3+)2
Where
A=sV,(s) o =462, B=(s+3-j2)V,(s) 3.5 =047£-119.7° and B =047 £119.7°
Then

0462 N 0.47 £-119.7° N 0.47 £119.7°
s s+3—j2 s+3+2

Vo(s)

The impulse response is

v, (£) = [0.462 +2(0.47)e ™ cos(21-119.7° )] u(t) v

Section 14-10: Convolution Theorem

P14.10-1

P14.10-2
2 2e”

f(t) = Z[M(t)—u(t—Z)] = F(s) =—

) )
4 _8e’2s 47

f*f=L"[F(s)F(s)]=L" {2 T }:4tu(z‘)—8(1—2)u(t—2)+4(t—4)u(t—4)

N S S
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P14.10-3

P14.10-4

h(e) f(t) = £ [H(s) F(s)] where H(s) =~ and F (s) =

s
SOH(S)F(S) = (IJ [ 1 j:A—i—Bz+C

2 \s+a) s s s+ta
Solving the partial fractions yields: 4=—1/a*, B = 1/a, C =1/a
Soh(t)*f(t)=_—1+£+ﬂ, 120

@ a &
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Section 14-11: Stability

P14.11-1
a. From the given step response:

s 4 s(s+100)
From the circuit:
R
(s)= R H(S): L
R+5+Ls s [ R+5)
s| s+
L
Comparing gives
R
-7 R=15Q
R+5 = L=02H
7 =100 e

b. The impulse response is

75
h =£-l — 75 —-100¢
(1) L+1oo} e Mu(r)

c.
75 3
H = = Z45°
(w)‘aﬁwo 71004100 442
3 15
V. =| —=/£45°|(540°)=—=2£45° V
(o) T4 5201
v, (#)=2.652 cos (1007 -45°) V
(Checked using LNAP, 12/29/02)
P14.11-2
The transfer function of this circuit is given by
H(s) o 5. -5 -10 20 20
=L(5-5 1+ 2t t)|=—+ + = = H{(s)=
s [( ¢ ( ))u( )] s s+2 (s+2)2 (s+2)2 (S) S(S+2)2

This transfer function is stable so we can determine the network function as

20 20

H(w)=H(s)

s=jw (S+2)2 - (2+]C())2
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The phasor of the output is

20 (5£45°) :%(54450) =12.54-45° V

V, (w) = 2
(2+/2) (2v2245°)

The steady-state response is
v, (t) =125 cos(2t - 45°) \Y

(Checked using LNAP, 12/29/02)

P 14.11-3
The transfer function of the circuit is H (s) =L _1[30te_5tu(t)J = ( 5)2 . The circuit is stable
s+
so we can determine the network function as
30 30
H(a)):H(S)S:/w: = . 2
: (S+5) o (5+]a))
The phasor of the output is
30 30
V (o)= 10£0°)=——(10£0°)=8.822-62° V
(@) (5+j3)2( ) (5.834310)2( )

The steady-state response is
v, (t)=8.82cos(31-62°) V
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PSpice Problems

SP 14-1
R1 2kOhm
My
V1 =-1
V2 =4 @w — 1
TD =0 - 1uF
TR =1ns
TF = 1ns -
PW = 4ms ?U
PER = 20ms
#- 00 (4 0119m 3 4427)
m
: = (24 01lm, 3. 3144)
_,—o—'—'_'_'_'_'_'_ _'_'_'_'_'___,_,—
28U+
(5.9957m, 656 347m) (26 003m,600 619m)
AU
L—_—— lu}
(9 0164m, -B39 234m)
=-2.8U T T T
s 18ms 2 8ms 3 8ms L 8ms
o U{C1:2) = U{U1:-+)
Time
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SP 14-2

TCLOSE =0
1 2
¥ X
R1 10k
V1o,
— g R3 C1
12%de T —
60k 2uF
R2
My ——
30K -0
&.8U —
———

(50.000m, 7 7728)

(100 000m, 7 9350)

7.6+

F.2U0+ T T
s L Ams 188ns 1% 8ms 288ms

o U{C1:2)
Time

w()=A+Be " fort>0
72=v0)=A+Be’ = 72=A4+B
= B=-08V

80=v(0)=A+Be ® = A=80V

_0.05 _ ln(8—7.7728j:_1.25878
T 0.8
_ 005

T=
1.25878

7.7728 = v(0.05) =8 — 0.8 ¢ 00/

=39.72 ms

Therefore
v(t)=8-0.8¢0072 fors>0
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SP 14-3

TCLOSE =10
3-31 )j 2
1
. L1
@ g R SmH
4mAdc 1k

}_.

L. OmA

(15 0000, 3. 7907m)
(100000, 3 4308m)

2 . BmA

(5.00000, 2. 4514m)

an T T T T
As Lus 18us 15us 28us 25us
o I{L1)
Time
it)=A+Be"'" fort>0
0=i(0)=A+Be’ = 0=A+B L
= B=-4x10" A
4x107° =i(0)=A+Be * = A=4x10" A

(551070
2.4514x107 =v(5x107) = (4x107) ~(4x107) e [sa07¢)

_5X104__m7(4—245h0x10%
4%x107°

J =-0.94894
T

5x107°
r= =5.
0.94894

269 us
Therefore

-6
i(f)=4—4¢ /5261070 g5
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SP 14-4

Make three copies of the circuit: one for each set of parameter values. (Cut and paste, but be sure
to edit the labels of the parts so, for example, there is only one R1.)

L1 R1 1.309
1—W2—/\N\/
0.25 i
V1=0
V2=75 @w g c1— 1
TD =0 _ R2 1.309
TR = 1us
TF =1us
PW = 5 %U "
PER =10
L2 R3 3
1_NN;V\2—/\N\{ -
V1=0
V2=75 @vz g c2— 1
TD=0 _ R4 1
TR = 1us
TF =1us
PW = 5 %U "
PER =10
L3 R5 1
1—W2—/\N\/
0.5 i
V1=0
V2=75 @vs g C3 — 0.125
TD =0 _ R6 = 4
TR = 1us
TF =1us
PW = 5 %U "
PER =10
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rF-rr===1===°3==°==

155 208s

18s

Ls
« U{C2

s

2)

v+ UW{C3:

2)

2)

o U{C1

Time

V(C1:2), V(C2:2) and V(C3:2) are the capacitor voltages, listed from top to bottom.
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SP 14-5

Make three copies of the circuit: one for each set of parameter values. (Cut and paste, but be sure
to edit the labels of the parts so, for example, there is only one R1.)

R1 1.309 L1

1 2
VY i 0.25

V1=0

V2=5 @w C1 — 1
TD =0 _ R2 1.309

TR = 1us
TF =1us
PW = 5 ===
PER = 10 0

V1=0

V2=5 @vz C2— 1 g
TD =0 _ R4 3

TR = 1us
TF =1us
PW = 5 ===
PER = 10 0

V1=0

V2=5 @va C3 —— 0.125 g
TD=0 _ RE = 1

TR = 1us
TF =1us
PW = 5 ===
PER = 10 0
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4.8y

---------------------

-1.8U

---------------------

---------------------

---------------------

as LS

o U{R4:2) - U{R2:2) ~ U{R6:2)

18s

Time

155 285

V(R2:2), V(R4:2) and V(R6:2) are the output voltages, listed from top to bottom.
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Verification Problems

VP 14-1
=0
O—
| D
n
Vs F 2= Vc(t) 60 il‘,qg(t)
L
v (t)=3£i (t):_6e‘2-1f_26—15.91
’ dt *
[ 14 2.1 -15.9¢
ic (1) =2 ve (1) =-0.092¢ " ~0.575e
Vi (t)=12—VL(l‘)=12+6e_2'”+2€“15'9’
12 - t)+v,. (¢
i (1) = L) g asge v o126
6
iR} (l‘) — Vc6(t) :1+0.548€_2'” +0-452€_15‘9t
Thus,

—124v, (£)+ v (£)=0 and iy, (1) =i (¢)+igs(2)

as required. The analysis is correct.
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VP 14-2

<
.+
=
]
71
N
™
=
=
o
@)
-
Mo
=
&
=
=

18 20
I1,(s)= 7 and 1,(s)= 3
§—= §—=
4 4
KVL for left mesh: 2+L 18 +6 18 20 =0 (ok)
s 2s 3 3 3
4 4 4
KVL for right mesh: -6 1—83—2—03 +3 203 -4 183 =0 (ok)
§—= s—— §—= §—=
4 4 4 4
The analysis is correct.
VP 14-3
. lim s+2
Initial value of 77 (s): s————=1 (ok)
§—>© s +s5+5
lim
Final value of I, (s): s _0 (k)
s—>0 s +s5+5
. lim —20(s+2)
Initial value of V¢ (s): s————=0 (not ok)
§—>x0 g (S +s +5)
. lim —20(s+2)
Final value of V¢ (s): §————~—=-8 (not ok)

s—>0 s(s2+s+5)
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Apparently the error occurred as V¢ (s) was calculated from 7} (s). Indeed, it appears that V¢ (s)

was calculated as 2> 1 . (s) instead of _2, L(s)+ 8 After correcting this error

S S S
20 s+2 8
Vo(s)=—22| 212 .2
C( ) S (s2+s+5j N
l 20(s+2
Initial value of Ve (s): e #ﬁ —8 (ok)
S —> 0 s(s +s+5) Ky

Final value of V¢ (s):

lim —20(s+2) 8
s—0 >

+—J ~0 (ok)

S(S2+S+5) S
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Design Problems

DP 14-1

+

L C
+
Vo Ct) 10 Vy kv, R Vo

Equating the Laplace transform of the step response of the give circuit to the Laplace transform

of the given step response:

kR
L 5
V — —
o (S) ) R (S + 4
ST s+ —
L LC
Equating the poles:
2
R, (Rj _4C
L L L
S, = =—410
’ 2
Summarizing the results of these comparisons:
£:4,R:L and k—R=5

2L JLC L

Pick L=1H, then k= 0.625 V/V,R=8 Q and C=0.0625 F.

DP 14-2

L C
+ +
Vo Ct) 10 Vy kv, R Vo

Equating the Laplace transform of the step response of the give circuit to the Laplace transform

of the given step response:
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10 10
V (s)= L = =
(5) 2 L (s+4)+4 s7+85+20

L LC

Equating coefficients:

=8, L=20,and k—R=10
LC L

~| =

Pick L=1H,thenk=125V/V,R=8Qand C=0.05F.

DP 14-3

Vo Ct) 10 Vy kv, R Vo

Equating the Laplace transform of the step response of the give circuit to the Laplace transform

of the given step response:

kR
A 5 5 10
V. s)=—% I~ (5+2) (s+4) s'+6s+8
ST+ s+ ——
L LC
Equating coefficients:
£:6,L:8,andk—R:lO
L LC L

Pick L=1H, then k=1.667 V/V,R=6 Qand C=0.125F.

DP 14-4
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Comparing the Laplace transform of the step response of the give circuit to the Laplace
transform of the given step response:

kR
A 5 5 10s+30
V (s)= L =
. (5) S2+5S+L¢(S+2)+(s+4) s’ +65+8
L LC

These two functions can not be made equal by any choice of &, R, C and L because the
numerators have different forms.

DP 14-5
a) Use voltage division to get
€
R, L
Vo(s) B SC2R2+1 5
he R R v R, l ‘
SC1R1+1 SC2R2+1 Input R2 CZ VO(S)
1 signal
s+ 5
— Cl ClRl
C+C,| .. R+R,

" RR,(C+GC,)

b) To make the natural response be zero, we eliminate the pole by causing it to cancel the zero.

1 R+R, L G_R
CR, R\R,(C+()) ¢ R,
coLletv()=u (@) = V(s :l. Then
s
s+
V,(s)= S R, K K
C+C, R +R, s L RHR,
$4 8+ +
R.R, (C+C,) R\R,(C+(,)

R, C R,
where K, = and K, =———-—
R +R, C+C, R/+R,

R R 1
v, ()= 4 G 2 eﬁ M(t)
R +R, C,+C, R, +R,

Then
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R 1R2 (Cl +C2) . .
where 7= T RiR To make the step response be proportional to the step in put, we
1+ 2
require
¢ R,
C+C, R/ +R,
Then
v, (f) = ul(t
() = 1+R2 ()
DP 14-6

The initial conditions are v,(0) =—0.4 V and i(0)
source transformation yields

= 0 A. Consider the circuit after = 0. A

T MV *
1Q 8¢ 20
h)
0.4 9& 0.4 (+ 8 o=
=NOR Q§ @ 1} 3 Ls Tv(—) 7)) 1,60) 1}
O— VO
. .
The mesh equations are
8 8 0.4
(2 szl (5)-21(5)=
8 8
1 Ls +—|L(s)=0
L s+ i)
Solving for 7, (s)yields
1.6
[2 (S) - 2
s (Ls"+4Ls +8)
Therefore, the characteristic equation is
s +4s+ 8 =0
We require complex roots with significant damping. Try L = 1 H. Then
I(s) = 21.6 _ %Jr —(3.2(s+4) _ 02 N —0.2(s+2) 0.8
s (s7+4s+8) s s"+4s5+8 s

Finally

i(t)=[0.2-02¢7 cos2 —0.4¢ ™ sin 2t Ju(r) A

(s+2)°+4  (s+2)°+4
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Chapter 15: — Fourier Series

Exercises

Ex. 15.3-1
Notice that fe-T)=ft-T)+ f,t=T)= f,(t)+ f,(t) = f(t)
Therefore, f{¢) is a periodic function having the same period, 7. Next
F(t)=k f,(t)+k, £,(2)
=k, {am +>(a, cos (nw,t)+b, sin (na, t))}

n=1

MS

[azo (ay, cos (na, t)+b,, sin (nw, t))}
n=1

=(k ay, +h, ay) +i( k a, +k,a,)cos (nw,t)+(k b1n+k2b2n)sin(na)ot))

n=

Ex. 15.3-1

f(t) = K is a Fourier Series. The coefficients are ap = K; a, =b, =0 forn> 1.

Ex. 15.3-2

f(t) = Acosmyt is a Fourier Series. a; = A and all other coefficients are zero.
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Ex. 15.4-1

[ T

Set origin at t = 0, so have an odd function; then @, = 0 for n = 0,1, . . . Also, f(t) has half wave

symmetry, so b, =0 for n = even. For odd n, we have

b, = j f(t) sin na)ot) dt =— 2IT/Sln(nw0 )dt+ '[/sm(na)ot) dt

= TJ.OA sin na)ot) dt

= (l—cos(na)OT)):i n=13,5,...
2znf, T nrw

Finally,

451 .

f(@®) = —Y~sin nwt; noddand o, =4 rad/s

T nn

Ex. 15.4-2
T=r, 0= =2
T
a,= 0 foralln

odd function with quarter wave symmety => { -
b, =0 n = even

-2t
nid T
7% 0<t< %

6
— T T

2 % <t < A

= §J.O% f(?) sin noyt dt where f(t) =

Thus b, = _—224 iz sin [mj
7o n 3

o f) = 20 5 L (””j sin (2nf)
" 3
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Ex. 15.4-3
a) is neither even nor odd. f{¢) will contain both sine and cosine terms

1 :
b) — wave symmetry = no even harmonics

c) average value of (t)=0=ap =0

Ex. 15.5-1
T=2s, wozzl=ﬁ rad/s
T
_ 1 2 — jnut _ 1 1 —jnxmt 1 2 _jnzt
Cn - EJ-O f(t)e dt —EJ.OQ dt —EL e dt
— —]n;z+1+e Jj2nx _e—jn;z' - l_e_ﬂm
T ] = e
2 n odd
C =4 jnrx
0 neven
Finally,
f(t) = 2[@ m+lej3m+1615m+ _efjm_lefﬂm_leijM_‘“ :|
Jr 3 5 3 5
Ex. 15.5-3
J.A —Jfl)om dt T e—jZﬂ'nl‘/T / 1 [e_j”n/z _eJ””/2]
—Jj2zn —T/ —j2rn
n—1
(- 1)( : )
— n odd
wn
C, = 0 n even , n#0
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Ex. 15.6-1

Use the ¢

‘stem plot” in Matlab to plot the required Fourier spectra:

% Fourier Spectrum of a Pulse Train

A = 8; % pulse amplitude

T = 4; % period

d = T/8; % pulse width

pi = 3.14159;

w0 = 2*pi/T; %Fundamental frequency
N = 49;

n = linspace(-N,N,2*N+1);

X = n*w0*d/2;

% Eqn.15.6-3. Division by zero when n=0 causes Cn(N+1) to be NaN.
Cn = (A*d/T)*sin(x)./X;
Cn(N+1)=A*d/T; % Fix Cn(N+1); sin(0)/0 =1

% Plot the spectrum using a stem plot
stem(n,Cn,"filled™);

xlabel ("n");

ylabel("|Cn]");

title("Fourier Spectrum of Pules Train with d = T/8%);

Fourier Spectrurm of Pules Train with d = T/3
3 T T T T T T T T T

ICnl

-1 1 1 1 1
-A0 -40 -30 =20 -10 0 10 20 30 40 a0

Fourier Spectrum of Pules Train with d = T8
1 T T T T 'ﬂ' T T T T

|Cn

05 1 1 1 1
-a0 -40 -30 -20 -10 0 1a 20 a0 40 50
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Ex. 15.8-1
T-19:3

% o, =4 rad/s
v é ._r: ]j:a.‘fm}' 0

No1( . nm) . . 1. 1 . 1 .
v,(1)=3.24 ¥ —|sin—— |sinnwt =3.24| sin4t——sinl12+_——sin20¢/———sin 28¢--
=l N 2 9 25 49

From Example 15.4-1:

odd n

The network function of the circuit is
1
V(o)  jec 1 1
V, (o) R+ 1 1+ joCR 1+ jow4
joC
Evaluating the network function at the frequencies of the input series

H(n4) =‘; n=13,5...
1+ jl6n

H(n4)
0.062£-86°
0.021.£-89°
0.012.£-89°

0.0009.£-89°

N L W =B

Using superposition

v, (£)=3.24 ((0.062)sin(4t—86°)—0'021

sin(12 t—89°)+ 0.012 sin(20 t—89°)— 0.0009 sin(28 t—89°)- .
25 49

v, (1) =(0.2009)sin (4 -86°) - (.00756)sin (121 —89°)
+(0.00156)sin (202 —89°)—(5.95x10°* )sin (281 -89°)---

Discarding the terms that are smaller than 25 of the fundamental term leaves

v, () = (0.2009)sin (4 —86°) —(.00756)sin (127 —89°)
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Ex. 15.9-1
@) =eu()

—(a+ja))t @

1

F — o jot — © _at ja)td — —
(@) Lof(l‘)e dt .[Oe e’dt —(a+ja))‘0 P

Ex. 15.10-1

Fif(at)={" f(at)e ™ at

letr=at = z‘=z

a
.T-{f(at)} = Jm f(r) gotlag L =ljw f(r)eij(’”/”)fdr :lF(ﬂj
- a a°“* a a
Ex. 15.10-2
1 *® jot _ 1 or —

f(0)=-[ (225(w)4)e dt—Z_[of (275 (w) A) dt = 4

Ex. 15.11-1

.7:_1{5(60—600)} =ij-i5(a)—a)o)e-’”tdt =iej“’°’

Take the Fourier Transform of both sides to get: ~ JF (ej @f ) =210 (a) -, )

F{Acoswyt} = ]—"{A(ﬁj} = ;(]—"(ej“’°’)+ f(e’j‘"‘)’ )) = %(2#5(60 ~w,)+275 (0+®,))

= A6 (0 -, )+ And (0 + @,
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Ex. 15.12-1

a) 120 1207 14400
Vv = Vv = =
n(@) 24+ jo = Val(@) 24* + w* 576+ w*
ri lwfﬂlz‘
i
' ] A )
- 44 -2 o <4 4%
b) B »
szl 144002 dw:mooo(im_l(ﬁn 300 ]
77 576+ w T 24 24 0
48
W;ut:l ) 144002 da):14000[itanl(ﬂn =613 1]
7% 576+ r (24 24)),,
n=@x100% _613 x100% = 20.5%
in 00
Ex. 15.13-1
fr(t)=te™
f(t)=te" = [ (~t)=—te"
Fr(s)=—— and F(s)=—
(s+a (s+a)
Then F(w)=F"(s) +F (s) = ! 2| il 2|
=e = (s+a) » (s+a) o
s=jw s=—jw
1 1 —j4aw
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Problems

Section 15.3: The Fourier Series

P15.3-1

T=2s = o= 22” = rrad/s and f(t)=t> for 0<¢<2.The coefficients of the Fourier

series are given by:

a, = ;joztzdtzé

2

a, = —Iztz cosnt di = —2 5
290 nr

b, = gj-ztz sin nz t dt = —4
270 nr
4 4 N1 © 1

. t)=—+—),—C0S nwtt—— ), —SIn nxrt
f() 3 7Z'2r12=:1n2 7Z'n§17’l
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P15.3-2

T T
a, = 2 I“cos (nzgtj dt +J.T22 cos (nzﬂtj dt
7|70 T i T
T
1] . ( 27[) 4 ) ( 27[)
—|sin | n—t¢ + 2sin| n—t
nr T o T

nlﬂ{(sin(nzﬂj—OHZK(sin n;z)—sin(nzﬂjﬂ

T
2

T
4

1
(-n"3t
nr 2 nz
0 even n

ENL

2 : T 2z
b, = T['[O sin (nzzfrt)dt + _[%22 sin (nth dt}

T
1 ( 27 j‘* ( 27 ]
——|cos | n—t + 2 cos | n—t
nr T 0 T

= b {(2cos (l’lﬂ)—l)—COSm:I
nrw 2

r
2

T
4

- n is odd
nr
= 2 n=2,6,10,...
nr
0 n=4g812...
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P15.3-3

0 T °T —-

a, = average value off(t) :%

f(t)=A(1_%j for 0<t<T

T 0 T T T L 0 T 7o T |

T
cos|n—t |+ n—t (Sm| n—-t
_24 o_l T T T

T T (nz;z]z ]

- m[cos(%ﬂ) —cos(0)+2nz sin(2nr) - 0]

=0

b, ZEJ.TA(I_LJ Sin(nz—ﬂtjdtzﬁ J-Tsin(nz—ﬂtJdt—lJ.Ttsin(nz_ﬂ-tjdt
T 0 T T T 0 T T o T

( 27?) ( 2 ) ( j
sin| n——t |=| n—-t|cos| n—-t
=2A 0 1 T T
ni
L T )
=5 _2 5 [(sin(2n7r)—sin(0))—(2mz cos(2n7r)—0)]
n'r
_ A4
Cnr
A4 & A4 . 2
f(l)—5+n:1 Emn[n?zj
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P15.3-4
T=2s, o, :277[ =7 rad/s, a, =average value off(t) =1,
f(t)=t  for 0<¢<2

cos(nzt)+(nzt)sin(nrt) ’

a :%I;tcos(nﬁt)dt =

n 2
(n7) :
1
= cos(2nm)—cos(0)+2nx sin(2nz)—0
——[cos (2n7) ~cos(0) (207)-0]
=0
. 2
2 2 . sin(nzt)—(nxt)cos(nrt
bn=——I tsin(nzt)dt = (n70)~( 2) (n71)
2 (n)
0
1 . .
= sin(2nr)—sin(0))—(2nr cos(2nr)—0
L[ (sin(20m)sin(0)) - (20 cos(20) ~0)]
2
nr
= 2. 2r
flt)=1-) ——sin| n—t
() ;; nrx T
Use Matlab to check this answer:
% P15.3-4
pi=3.14159;
A=2; % input waveform parameters
T=2; % period
wO=2*pi/T; % fundamental frequency, rad/s
tF=2*T; % Final time
dt=tf/200; % time increment
t=0:dt:tfF; % time, s
a0=A/2; % avarage value of input
v1=0*t+a0; % initialize iInput as vector
for n=1:1:51 % for each term in the Fourier series ...
an=0; % specify coefficients of the input
series
bn=-A/pi/n;
cn=sqgrt(an*an + bn*bn); % convert to magnitude and angle form

thetan=-atan2(bn,an);

vl=vil+cn*cos(n*wO*t+thetan); % add the next term of the input
Fourier series
end
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plot(t, vi, "black®) % plot the Fourier series

grid

xlabel ("t, s°)
ylabel("f(©)")
title("P15.3-4%)

25 : : : : : : :

fit)
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Section 15-4: Symmetry of the Function f{7)

2z

15.4-1 T=4s = o,= =Z radss.
4 2

The coefficients of the Fourier series are:

a, = average value of v, (£)=0

a, =0 because v4(?) is an odd function of 7.

b, =%j:(6—3r)sin(n%tJdt

=3J.4sin(nzt]dt—irtsin(nztjdt
0 2 290 2

4 4
—Cos ngt
2 3 1 . b T T
=3| ———%| —=| ——sin| n—t |—~| n—t |cos| n—t
2\ n°m 2 2 2

r
i
2 A 0
6 6
=E(_1+COS(2W[))_ o ((sm(Zn;r)—O)—(2n7rcos(2n7r)))
e
R

The Fourier series is:

v, (z):i £sin(n%t]

=1 7T

P15.4-2

b (1) =, (t-1)-6=-6+3 Esin(ng(t—l)j:—mi Esin(n%t—n%J

n=l1 nrw n=1 nrw

15-13



P15.4-3

T=6ms= 0006s — o = 2% 10007

@ .006 3
The coefficients of the Fourier series are:
3x2

2 1

a, = average value of v, (t) = o = 5 A%

b, =0 because v,(?) is an even function of ¢.

a,=2 L
(0.006j

=2000 not cos[n 10007 tj dt—(2><106)rtcos(n 10007 t) dt
3 0 3

rad/s =% krad/s

[ —3000t)c0s(n 10(;0” tj dt

0

0

(10007 oo
SIS 000 10007 10007 10007
=2000 ; 10007 - 0% 12 (cos(n 3 t]+(n 3 tjsm(n 3 tjj
3 9

=2000

sz (150 (55 o 5 o))
e (5 1))

P15.4-4

1 & 18 nr 1000z 2
:——+Z — 1—cos| — | |cos| n t—n—
2 ‘Snrw 3 3 3
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P15.4-5

Choose t, =—7

27 _

T=2r, w,= 1

2r
average value: a, =0
2 ¢r .
b, =?J.O f(2) sin ne, t dt

a, = 0 since have odd function

b, = ij” tsinnt di
2w

_l{sin nt t cos nt};Z
x| n? n .
b _l{ﬂﬂ}: 5
7|1 1
b, =-1
b,=2/3
P15.4-6
)
—_— 2 ————————
1]
| | | | | |
7 6 5 4 3 -2 1 0 1 2 3 4 5 6 7 -
t(s)
_"|—

T=8s, w,=r/4 rad/s

b, =0 because f () is an even functon

(2><2) —2x1
a, =average=~————=1/4

a, :%Io%f(t) cos n @, t dt
:% DOIZ cos n%t dt—jlzcos nzt dt}

4

2 . nT . N«

=—|3 sin—-sin —
nﬂ[ 4 2 }

a, = .714, a, = 955, a, = .662
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P15.4-7

0, =20, r="

w
T
O (20 24
a, =—j72,f) A coswt dt = =~
T % v/
20 (30
a,===[?" 4 coswt cos 2nwt dt
i

20

_2wA| sin(2n-1)ot sin(2n+1)ot 20
) 22N 2(2n+1)o

T

T

20

sin(2n—1)% sin(2n+l)g

24 .
Cx| 2l 2+l

:ﬂ(iﬁ_l){(wﬂ) sin(2n-1) Z-(2-1) sin(zn_l)ﬂ
:_m cos(nr)

_ 441"

- 72'(4n2 —1)

b, =0 due to symmetry

P15.4-8

T=04s, = a)0:2;[=57r rad/s

A cos w,t 0<t<.1
f(@) =40 A<t<3
A cos oyt 3<t< 4

Choose period —.1 < ¢ < .3 for integral

|
a, = leACOS ot =Alx

2l
a, = ?I_lAcosa)Ot cos nw,t dt
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a, =5A.|‘jlcos2 w,t dt = 124

.1
a, = SAI_lcosa)ot cosna,t dt

n

SAEI%[COS Sz(l+n)t+cos Sz(1-n)t] dt

24 cos (nm/2)

a - n=zl

b =0 because the function is even.

P15.4-9
a, = 0 because the average value is zero
a, =0 because the function is odd
1
b, =0 for even due to 2 wave symmetry
Next:
. (nrx nrw 8
8 sin| — |—4nm cos | — forn = 1,5,9, ...
T/4 . 2 2 n* r’
b, :I il SI (naw, t) dt = — = q
- nm
-—— fJorn = 3711, ..
nr

Section 15.5: Exponential Form of the Fourier Series

P15.5-1

2 : . . .
T'=1 = w,= Tﬂ = 2r, the coefficients of the complex Fourier series are given by:

1 el ‘ . 1 jrt _ _—jrt .
C, :—J. Asin(zt)e fz’””dt:j Al ety
1o 0 2

i l(e_jyz(Zn—l)t 3 e—jﬂ(2n+1)t)dt

y e—j;z'(2n—l)t e—j;z'(2n+1)t ! 24
2j| —jm(2n-1) —jx(2n+1) | a(4n® 1)

L . .
where we have used ¢*/27" =1 and /" = /7.
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P15.5-2
2r 27
1 —J—nt 1 —‘]7}1[
C, :lj' (étje T dtzij te T dr
T\T 72’0

tZ
? _L vdu . Take u=tand

1

Recall the formula for integrating by parts: Ltz udv=uv

2
B

t
dv=e T dt.When n#0, we get

5 T
Al T" 1 T -itnt
e _
_ T
Co=3| =27 * "2z joe dt
—j—n j—n
T o T
T
Al Te /27n e_]im
CT| —j27n (.27, jz
j—n
T 0
A Te—j27rn e—j272'n_1
T —j2rn (.27, )2
j—n
T
. A
2rn
Now for n = 0 we have
1T A4 A
v=—| —tdt==—
T0T 2
Finally,
A A1 jn—t
t)==+j— > —e
f() 2 2r =0
n#0
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P15.5-3
d/2

2 . .
—jn—:t jn—=d —jn—=d
C—A dl2 —jn7tdt_Ae r _Ale T e T
"Trdan® T\ _2x| TT| 2 o an
/ T 1_g/ / T / T
T T
jn—d —-jn—d
_Aje T —e 7
nr 2j

P15.5-4
—~ 1 " T .
C, :?LZ* (a f(t—ty)+b)e " ar

Let r=¢t—t;,thent=71+¢,.

~ 1 pt,+T, —j 4
&=L [T a2y e)e I
=% ;":T_td(af(Z')—i-b)e_jna)“Te_jnw”t"dT
—jhal, _ .
_e . J-ttO_"'tT td(af(z')'Fb)e_]anTdT

_i 1 pt,+T—, _i _i 1 ¢t+T-t,, _;
Z(ae J”%%)_J’“ /f(r)e Jna)"rd2'+(e J"%&)_J'“ "he IOt gy
T L=, T L=,

t+T—t —jna, Tt 0 n#0
But IO "'be_”a’ordrzb{e } :{ SO

0L —j n a)o b =0
L=,

~

CO =aC0 +b
and

—~

C,=ae’"™C, nz0
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P15.5-5

2_7[ T 2><2—2(1><1)

T=8s, w,= =— rad/s, C, = average value =
r 4 8

The coefficients of the exponential Fourier series are calculated as

C, :l '[71 —lxeijT[ a’t+j1 2><e7j7t dt+J.2 —lxeijTt dt}
8 -2 -1 1

-1 1 2

—j%t —j%t —j%t
= —1xZ +2x2 +(—1)>< ¢
8| _nx _nx _nx
J 4, J 4, J 4|,

and
1_ -1 -y 1 -, 2 -
C_n:—I —lxe 4 dt+.[ 2xe ¢ dt+J. —lxe * dt}
8| J -2 -1 1
-1 1 2
e e JEE
1 4 4 4
=—| —1x +2x +(—1)><e
8 " jnx i i
4 -2 4 -1 4 1
:2] Hejn‘t ejn;)_z(ejnf_eﬂf]_'_[en;_enfﬂ
nw

The function is represented as

=G Fie, e S, e
n=l1 n=-1

1
4
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This result can be checked using MATLAB:

fit)

pi = 3.14159;
N=100;
T = 8; % period
t = linspace(0,2*T,200); % time
c0 = 1/4; % average value
w0 = 2*pi/T; % fundamental frequency
for n = 1: N
C(n) = -J*((exp(+i*n*pi/4)-exp(+J*n*pi/2))-2*(exp(-J*n*pi/4)-
exp(+3*n*pi/4))+(exp(-3*n*pi/2)-exp(-J*n*pi/4)))/(2*pi*n);
end
for i=1:length(t)
f(i)=cO;
for n=1:length(C)
() =F)+C(M)*exp@*n*wO*t(1))+C(n)*exp(-j*n*wO0*t(i));
end
end
plot(t,f,"black™);
xlabel("t, sec");
ylabel ("f(1)");
25 T T T T T T T
T
156+ .
1 - ]
05 .
|:| - ]
05+ .
1k 4
_1 5 1 1 1 1 1 1 1
0 2 4 B g 10 12 14 16
1, sec
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Alternately, this result can be checked using Mathcad:

f(i) =

.643

.685

.745

.807

.856

1.88

872

.831

767

.693

.628

.589

.589

.633

N:=15 n:=1,2..N m:=1,2..N
T:=8 o= ZE
T
d:=l i:=1,2..400 t.:=d-i
200 1
-1 1 2
J —l-exp(—j-n-oyt) dt + J 2~exp(—j~n~co-t) dt + J -1 exp(—j-n-w-t) dt
C = -2 -1 1
n T
—1 1 2
J —1~exp(j~m'co~t) dt + J 2~exp(j~m'co~t) dt + J -1 exp(j~m'c0~t) dt
Cm — 2 1 - 1
N N
(i) == Z Cn-exp(j~n~(o-ti) + Z Cm-exp(—l-j-m-co-ti)
n=1 m=1
Cn - Cm a
2 N \N\A R D.357 0.357
D.477 D.477
D.331 D.331
0 0
(i) (A 7] 0.199 D.199
D.159 D.159
D.051 D.051
5 ! ! | 0 0
100 200 300 400 0.04 0.04
i 0.095 D.095
0.09 0.09
0 0
0.076 0.076
D.068 0.068
D.024 D.024

717

.825
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P15.5-6
The function shown at right is related to the
given function by

1(t):-ﬂq(t+1)—6

(Multiply by —1 to flip v; upside-down; subtract 6
to fix the average value; replace ¢ by #+1 to shift
to the left by 1 s.)

From Table 15.5-1

()= 3 LACY w5 SO

n=—o nrw n=—o nr

Therefore

n=-—00 n 72. n=-—00

()=-6-3 J6(=1)" mien_ 5 [j6(—1) ejn2je,-n2t

The coefficients of this series are:
C =6 and C,=—2L ") ">
This result can be checked using Matlab:

pi = 3.14159;

N=100;

A = 6; % amplitude

T = 4; % period

t = linspace(0,2*T,200); % time

cO0 = -6; % average value

w0 = 2*pi/T; % fundamental frequency

for n = 1: N

C(n) = (-J*A*(-D™n/n/pi)*exp(+j*n*pi/2);
D(N) = (HJ*A*(-D)™n/n/pi)*exp(-j*n*pi/2);
end

for i=1:length(t)
T(i)=cO0;
for n=1:length(C)
() =F)+C(N)*exp@*n*wO*t(1))+D(n)*exp(-j*n*wO*t(i));
end
end

plot(t,f,"black™);
xlabel ("t, sec");
ylabel("f(t)");
title("p15.5-6%)



-10

-12

-14
0
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P15.5-7
Represent the function as

(Check: f(O)zO, f(l):l—e‘szl, f(2)=e"5—e_5=0)

T=2s, w, =27ﬂ =7, also C,= average value :%

The coefficients of the exponential Fourier series are calculated as

_Il(l—e’“)e’j"’” dt+j12(e*5(’*l) _e*S)efjnn-t dt}

Y0

1
2
Lt —jnrt Ly —jnrt 5 (2 —(5+jnm)t 52 —jnrt

) (Ioe dt—J-Oe e dt)+(e L e dt—e L e dt)

1 2

e—jnﬂ't |1 —(5+jnzz)t

1 ] —(5+jnz)t P —jnxt |2
A~ . - . + e . _e .
2 —]I’lﬂ"o —(5+]n7r)‘0 —(5+]n7r)‘1 —]nﬂ"l
1|[e’"=1 e’e /" -1 @ M2 _ oSenm) a2 pminn
—— - +| e —e

2|\ —jnrx —(5+jn7z) —(5+jn7z) —jnrw

1 e—jnlz _1 e—S e—jnﬂ _1 e—S e—j2n7r _e—jnﬂ . e—jnzzZ _e—jnﬂ
=— - + —e

2|\ —jnrx —(5+jn7z) —(5+jn7z) —jnrw

1
2 —jnrw —(5+jn7z) —(5+jn7r) —jnr

The terms that include the factor e =0.00674 are small and can be ignored.

iffera ey
Cn—zl( —inn _(5+jn72)J [(5+jn7r)]]

1 1

— — - odd n
=sjnx S+ jnrx
0 even n
> odd n
=(jnz)(5+jnr)
0 even n
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This result can be checked using Matlab:

pi = 3.14159;

N=101;

T =2; % period

t = linspace(0,2*T,200); % time

cO = 0.5; % average value

w0 = 2*pi/T; % fundamental frequency

for n = 1:2:N
if n == 2*(n/2)
C(n) = 5/((+i*pi*n)*(5+j*pi*n));
= 5/((-J*pi*n)*(5-3*pi*n));

for i=1:length(t)
T(i)=cO0;
for n=1:length(C)
F()=F)+C(N)*exp@*n*wO*t(1))+D(n)*exp(-j*n*wO*t(i));
end
end

plot(t,f,"black™);
xlabel ("t, sec");
ylabel("f(t)");
title("p15.5-7%)
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Section 15-6: The Fourier Spectrum

P15.6-1
Average value = 0 =q,=0

\qf_—/
half —wave symmetry = 1@

ay :; om (—?t]cos(nz;ztjdt:— 4

bn:i 0T/2 —4—At sin| n
T T T

n C,=\a’+b’ 9n=tan1[b

1 1.509-4 -57.5
2 0 0
3 0.434-4 -78.0°
4 0 0
5 0.257-4 -82.7
6 0 0
7 0.183-4 -84.8°

(cos(nr)-1)

4 (l—cos (n 7[))
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P15.6-2
Mathcad spreadsheet (p15_6 2.mcd):

N := 100 n:=1,2.N T:==32 030:=2%
Calculate the coefficients of the exponential Fourier series:
T T
4 2
4 ( t ) 4 27 )
Cl =— 16— — 3 expl—j-n-w0-t) dt C2 =—. sin| —-t ; expl—j-n-w0-t) dt
| (162 ferkinand | s 22 fopleinan)
), )x
3.— -
16 4
ES T \
4 4 21
4 16t . C4 ::—-[ sin[—-t exp(—j-n-0-t) dt
C3 ==—. 11— — expl—j-n-w0-t) dt n
= ( ™) pl-i ) TJ T )
J11~— 7
16 4

C :=Cl +C2 +C3 +C4
n n n n n
Check: Plot the function using it's exponential Fourier series:
N N
ti=di  f(i) = Z Cn~exp(j~n~(00~ti) + Z cn~exp(—j-n~mo-ti)

n=1

=—  1:=1,2..400
200
n=1

f(i) 0

-5
10 20 30
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Plot the magnitude spectrum:

1.5

That’s not a very nice plot. Here are the values of the coefficients:

| C

n|

arg(Cn)«

1.385

180 _

T

0

-115.853

0.589

-90

0

22197

0.195

-24.775

0

-113.34

0.139

106.837

0

66.392

0.082

-78.232

0

-69.062

0.039

-48.814

0

109.584

0.027

90.415

0

-25.598

1.226-10 -3

78.14

0

63.432

163.724

10
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P15.6-3
Use Euler’s formula to convert the trigonometric series of the input to an exponential
series:

v.(¢)=10cos t+10cos 107 +10 cos 1007 V

—t —t —-10¢ —10¢ —100¢ —100¢
_10l e e _te T e te
2 2 2
=5 45" +5¢" +5e" +5€' " + 5™
The corresponding Fourier spectrum is:
| .,
5 180
‘ 90
-—o o e o e
-100 -10 -1 | 110 100 " -100 -10 -1 I 1 10 100 n
Evaluating the network function at the frequencies of the input:
o, rad/s H(w)| /Z H(w), °
1 1.923 -23
10 0.400 -127
100 0.005 -174

Using superposition:
v, (t) =19.23 cos (t —23°) +4.0 cos (IOt —127°) +0.05 cos (IOOt —174°) A%

Use Euler’s formula to convert the trigonometric series of the output to an exponential
series:
J(=23°) | —j(t-23°) j(100-127°) | ~j(10¢-127°) 7 (100£-174°) o (1007-174°)

+4.0° re +0.05% \%
2 2

=19.23¢"" e +4.0 /e +19.23¢’ ¢/ +19.23¢ 7 e/ + 4.0 /1°19.23¢ 7 /!

+e

v, (£)=19.23%

Cnl A
5 1180

190
, 110 100
-100 -10 -1 ' | ‘

| | n
-100 -10 -1 |1 10 100
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P15.6-4
2r 1
T'=1s, wy=——=2r rad/s, C,=—
T 2

f(t)=1-t  when 0<t<ls

The coefficients of the exponential Fourier series are given by

11 _idxn 1 n 1 "
Cn:IIO(l_t)e j2r tdt:'[Oe j2r tdt_J‘Ote j2r tdt

Evaluate the first integral as
_ 1 :
—j2rnt e—]Zﬂ'n_l

J‘le_jb[ntdt=e_ _ : -0
0 —j2nn 0 —j2nn

To evaluate the second integral, recall the formula for integrating by parts:

.[zlz _J.lzvdu .Take u=tand dv=e/?>*""dt . Then

1 1 4

te—jZﬂnt !

1 L
' +— I e /2T gy
—]27711‘0 j27nn?0

1 .
Iote j2rnt dt:

. . 1 . ,
e—]Zﬂ'n e—]Zﬂ'nt| e—]Zﬂ'n e—]Zﬂ'n_l ]

Therefore
% n=0
Cn = _ h
J n+0
2rn

To check these coefficients, represent the function by it’s Fourier series:

__+ Z{ ]27rnt+ J e—jZ;znt}

2rn 2xn

Next, use Matlab to plot the function from its Fourier seris (p15 6 4check.m):

pi = 3.14159;
N=20;

% period

T=1;
t linspace(0,2*T,200); % time

Ti2mn (aanBl  —j2zn (iaan) 2
(]27[71) ‘0 Jsrn (]27rn) Tn
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cO
wO

1/2; % average value
2*pi/T; % fundamental frequency

for n = 1: N
C(n) = -3/(2*pi*n);
end

for i=1:length(t)
T(i)=cO0;
for n=1:length(C)
() =F)+C(N)*exp@*n*wO*t (1)) -C(n)*exp(-j*n*wO*t(i));
end
end

plot(t,f, "black®);
xlabel("t, sec");
ylabel ("f(t)");

15 T T T T T T T T T

This plot agrees with the given function, so we are confident that the coefficients are
correct. The magnitudes of the coefficients of the exponential Fourier series are:

Finally, use the “stemplot” in Matlab to plot the Fourier spectrum (p15_6_ 4spectrum.m):
i = 3.14159;
iinspace(—N,N,Z*N+1);

Cn = abs(1/(2*pi)-/n); % Division by 0 when n=0 causes Cn(N+1)=
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Cn(N+1)=1/2; % Fix Cn(N+1); C0=1/2

% Plot the spectrum using a stem plot
stem(n,Cn,"-*k");

xlabel("n");

ylabel ("|Cn|");

|:|5 T T T * T

0.4

0.3

ICnl

0.2

0.1

0
20 -14 -10 ] 0 g

tiﬁii*********TTTTT TTTTT*********&iiif
20
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Section 15.8: Circuits and Fourier Series

P15.8-1
The network function of the circuit is:
100
Vo) jo 1
H(a’):v(w): 00 . .o
i 10+— 1+j—
jo 10

Evaluating the network function at the harmonic frequencies:

1 20 20

H(n—j = = - = Z—tan™ (ﬂj
2 1+j% 20+ jnr 400+ n® 72 20

From problem 15.4-2, the Fourier series of the input voltage is

vc(t):—6+i £sin(n%t—n%j

n=1 T

Using superposition, the Fourier series of the output voltage is

v (l‘):—6+i 240 sin(nzt—(nz+tan_l (ED)
° t nrA400+n® 7’ 2 2 20

P15.8-2
The network function of the circuit is:
R2
H(o)= Vv, (o) _ 1+joCR, ' ja)Clel
VI(CU) Rl+# (1+]CC)C1R1)(1+]Q)C2R2)
joC

Jj@(10°°)(2000)
(1+(10°°)(1000))(1+ j 0(10°°)(2000))

Lo
_ 500
(] [0
I+ — |1+ —
( 11000)( Jsooj

Evaluating the network function at the harmonic frequencies:
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in2®
H(n 10007 3

O o

From problem 15.4-4, the Fourier series of the input voltage is

] & 18 nrw 1000 7 27
t)=——+ 1—cos| — | | cos t—n—~
w()="3 ,,Z_:‘nzﬁz( (3)) (n 3 "3)

Using superposition, the Fourier series of the output voltage is

| & ISX‘H("IO(;MJ 1000 2 1000
Vb(f):_§+z 2 2 (l—cos(%ncos(nTﬂt—nTﬂ+LH£n 3”

n=1 n7w

P15.8-3

When @ =0 (dc)

—sz—%(z) = R=25kQ

When @ =100 rad/s

135°= Z/H(w)=180°—tan™' (@CR) = tan(45°)=(100)C(25000)
= (C=04 pF

‘ 25000 ‘
10*

=3.032
1+ j(400)(0.4x106)(25000)‘

¢, = (5)|H (400) = (5)

0, =45°+ ZH(400) = 45°+180— tan ™' (400x 0.4x10"* x25000) = 149°
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P15.8-4
When @ =0 (dc)
5=H,(2) => H,=25 VIV

When @ =25 rad/s

_450:4H(a)):—tan_] [gJ = tan(45°)=§ = p=25 rad/s
p p
¢, =(5)|H(100)|=(5) 22 303
.100
1+]75

6, =45°+ ZH(100) = 45°—tan™" (%) =-31°

P15.8-5

R

H(Ct)): 0(a)) = 2
V. (a)) R +R,+joCRR,
When @ =0 (dc)
R
» 375 R :(2.25)}32 =(2'25j(500)=3oog
R +R, 6 3.75 3.75

When @ = 1000 rad/s

R R
—20.5°=4H(w):—tanl(a)C 1 2] = tan(20.5°)=(1000)C[—(300)(500)J
R, +R, 800

= C=2 yF

500
“ens [80o+j(3000)(2xlo6)(5‘)0)(3 OO)J(

54450) =2.076£-3.4
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P15.8-6

Rather than find the Fourier Series of v(¢) directly, consider the signal v(¢) shown above.
These two signals are related by
v(t) =v(-1)-6

since v(¢) is delayed by 1 ms and shifted down by 6 V.

The Fourier series of v(¢)is obtained as follows:

T'=4ms = o, = 2zradians Z rad/ms
4 ms
a, = 0 because the average value of V() = 0

~ 1 ¢4 . V4 N .
b, = EIO (6—3t) sin {nztjdt because v (#)is an odd function.

3 4
- 3jo4sin(n7;t) dt—EJ.o tsin(n;rtjdt

4
T
—cos| n_t |,
2 3 1 ) .4 nr T
=3—— 4 =< || 55 |sin|n_t|-| —t|cos| n_t
T 0 2 nrw 2 2 2

e
2 4 .
= i(—1+cos(2n7z))— L((sin(2n7z)—0)—(2nzz —cos(27z)—0)) _12
ni n*r? ni
Finally, 5 = 3 12 sin n%t
n=1 NJT

The Fourier series of v(¢)is obtained from the Fourier series of v (¢) as follows:

o o0
Wr) = —6+zlzsin,/2f(t_1) _ 6+ 3 nsin( n;[t—nﬁj

n=1 N n=] 17 2

where 7 is in ms. Equivalently,
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T n=11N

0= -6+ 28 Lol oZ10107)

where ¢1s in s.

R %
Next, the transfer function of the circuit is H(s) = = L
> R 1
—+Ls+R S +—s+
Cs L LC
jort
- i
The network function of the circuit is H(w) = 1 L R - ; 102 J@ TR
R . (10° -~ 0 )+10* jo
LC L
We see that H(0) = 0 and
/ j 90—tan”™' 20"’; 5
H(n a)o)= H(n72[103j: ( Jj20nz 1 el( 400-n*7 )

22 . =
400-n"7 )+]20n7z \/(400_’127[2 )z  200n 2

sin| n710% —n=+90° —tan™! _ 20nm
2 2 4

00—n’7?

1

T n

M8

Finally, v, ( t) -

1 n(400-°7 ) + 40007
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P15.8-7
Rather than find the Fourier Series of v(¢) directly, consider the signal v(¢) shown below.

These two signals are related by  v(¢) = v(1-2)-1

Let's calculate the Fourier Series of v(¢), taking advantage of its symmetry.

T=6ms = @,= 2rrad _ 2 rad/ms
6 ms 3
3.2
. 2 1
a, = average value of v(¢)= o = EV

b, =0 because v(¢) is an even function

a,=2 (2.[01 (3—31‘) cos n%t dt]

a = 2j1cosn£ta’t—2rtcosn£tdt
0 3 0 3

1

sinn— = -
=2 - (cosn”Hntsinnt}
T onr 3
3 9 0
6 . & 18 i 6 . =& 18 b
= —sinn_—| —— cosn——1|+—sinn—| = - cosn—-—1
nr 3 nrz 3 nr 3 nrz 3

SO
. I © 18 Vd Vd
v(t)=—+ ———| 1-cosn— |cosn—t
® 2 2 I’lzﬁz( 3) 3

0
v(t)=7(1-2)-1= —; + 3 igz(l—cos 7137[) cos(n;zt—nzﬂj

n=1 nmw 3
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where 7 is in ms. Equivalently,

1 = 18 nr /A 2r
ty=——+2 5| 1-cos— |cos| n-10"t—n—
== 227{2( 3) ("3 "3)

n=1

where fis in s.

The network function of the circuit is:

R’
H(w) = I+jo C,R, jo CR,
R+ 1 (1+ja)R1C1 )(l+ja)R2C2)
JoC,

Evaluate the network function at the harmonic frequencies of the input to get.

. T

H(naw,) = H(n73[103j: 3 5
(1+jn§j(l+jn3ﬂj

The gain and phase shift are

T
ni
H _ 3 _ nr
‘ (”a)o )‘ \/{1_,_”297[2 j{1+4n;ﬂ2] \/(9+n2”2)(9+4n27[2)

LH(na) ) —90 —| tan™" anrtan_1 nz—ﬁ
0 3 3

The output voltage is

18| 1-cos ™% |cos| n£10%t—n 2z —90" —tan"' - —tan™! nz—”
3 3 3 3 3

t) =
VO( ) ! n’r? \/(9+n27z2)(9+4n27r2)
Att=4ms =0.004 s

Ms

n

18 l—cosﬂ cos 114—”—112—7[—9O°—tan‘1 nz—tam_l nz—ﬁ
3 3 3 3 3

! n’r’ \/(9+n27z2)(9+4n27r2)

Ms

v, (.004) =

n
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Section 15.9 The Fourier Transform

P15.9-1
Let g(¢)=e"u(t)—e"u(-t). Notice that f(¢)= 1in%g(t). Next

; o o 10
G(w):I we_“te"j“”dt—,[o e“edt = R I
0 oo —(a+ja))‘0 (a_jw)‘fw

e 7

. . . 2jo 2
Finally F(®)=1lmG(w)=1 ==
inally F (@) =lim G (o) =lim =05 =~

P15.9-2

oA 4

Ae—(a+ja))t ®
—(a+ jo) Ca+jo

—(a+ja))

F (a)) = J.:: Ae “u (t) e dt = J:O Ae e’ dt =

0

P15.9-3
First notice that

2
Then, from line 6 of Table 15.10-2: .7-"{]‘1(1)} = [—A;)(gj Sa? (afj = [_Af J Sg2 (wTj

2
From line 7 of Table 15.10-2: }"{f(t)}:]-"{jtﬁ(t)}zja) FLA(0)} =—jo A4T ) (GJT)

2
ATzsm(4j 44 . o2 oT
This can be written as:  F { f()} = - jo = ——sin (4)
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P15.9-4

— 0 7 _]C() t
First notice that: F 1{5((0—(0 )}:L 5((0—(0 )e Jwtda):Le 0
0 2w > 0 27

Therefore ]—'{e_j‘””’} =276 (w—,). Next, 10 cos 50r =5 " +5 7.
Therefore  F {10 cos 50t} = F {5 &’ |+ F {5 e/} = 1025 (0~ 50) + 1075 (0 + 50) .

P15.9-5
—jot 2
F(ow)= —2]12 e dt = _26. . 'i(e"jz“’ —e ) = 'i((cos 20— jsin 20)—(cos @ — jsin a)))
—-Jo | Jo Jo
= ﬂ(cos @ —cos 2m) +£(sin @ —sin 2w)
@ ®
P15.9-6
B —
5 A o Al e Al 1
F(a))zj0 Ete j tdt_EL—ja) - (—]a)t—l)}o _E_ — (]@B—l)—;}
Al —Be 8 P ]
ZE t—3 __2:|
| Jjo o
P15.9-7
F _[° —Jot g 1 —jet dy — e 2 e’ 1 = 1 j2e -j20 1 Jjo —jo
e O e Fis aton GO laon A
2 1
:g sin 2@ —sin @
@
P15.12-1

i, () =40 signum(z)

Lo)= 2 |-

jo ) Jjo

I(w) 1
H(e)= [(0) 4+jo

1 80 20 20
4+ jo jo jo 4+ jo

I(0)=H (o)L (0)=

. i(1)=10signum (1) —20 e *u(¢)
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P15.12-2
i, (t)=100cos3r A

I (w)=1 007[[5 (- 3)+5(a)+3)]

1
H(w)= 1)
(60) 4+ jo
I(w)zlooﬁ{g(a"ité(mfi)}
jo
(1) = 1907 [~ S(@=3)+8(@+3)] [ e o
2 Y= 4+ jo PRI
= 1()|:e‘/(3t—36.9) n ej(3t—36.9):|
=10 cos (3r-36.9)
P15.12-3
V(t)= 0 cos 2t AAA
2
Vio)-0[5(0+2) 500 2] O
i i(1)
Y(w)_2+1w !
[(@)=Y(0)V (o)
107[5(w+2)+5(0-2)]
B 2+ jo
i(z)—lo”j‘” S(0+2)+6(0-2)] L [ e
g = 2+ jo - -2 2412

=5/ 1 =5 cos (2 -45) A
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P15.12-4

v(t)=eu(-t)+u(t)

7[5(60)

¢ © ot g 0 (it g e(l—jw)to {
F{eu(—t)}—'[_weu(—t)e t—j_wee t_l—ja)‘_w_l—ja)
1
F =70 —
[u() =m0+
SV (w)= ! +7z§(a))+L
l-jo Jjo
L) |
21 J'la) 1 H (o) = 2+j1a) __1
B 2+]a) 1+ 3+ja)
2 jo 2+ jw
11 1
()=l (o) |- 2 2
3+ jo|1-jo jo | 3+jo 1-jo jo 3+ jo
a {M} L 2(O) gy L
3+jo 2r =3+ jo 6

v, (1)= —ée‘3tu(t)+%etu(—t)+% signum(t)+%

P15.12-5
15

5+ jo

W= (15 u(r)) de=["(15¢* ) dr =225 1

v, (t)=15¢"u(t) V = V(w)=

1 1
__JjoC _ _RC
H(w)=—"—=—7"=
— —+tjo
joC RC
C=10 uF. Try R=10 kQ. Then
10 15

V(@)

= X
10+ jo 5+ jo

300 300

2 2
Wﬁlr D, Db dw:ljw( —— zjda):IS J
70\ 10+ jo 5+ jo 70\ 25+ 100+w
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P15.12-6

()=

)= )-8} = 355 ) +-L |- 550+
V(@)= (1) since 5(0)¢ " =5(0)
gl ) e

Next jiw:jiwma(a)) 76 (@) to writ

r.0)=[5( (o) -w5(0)- Lo Lo - mto)- L]
Gl mm e w)-5)

v, (1) =8u ()-8 u(r)~(8u(t=1) -8 u(t-1)
8(1—e Y (t)-8(1—eNu(t-1) v
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PSpice Problems

SP 15-1
Vin 1 0
R1 1 0

.tran 0.01 5
.four 0.2 v(1)
. probe

.end

pulse (25 5 0 0 0 4 5)
1

FOURI ER COVPONENTS OF TRANSI ENT RESPONSE V(1)

DC COVPONENT = 8. 960
HARMONI C FREQUENCY
NO HzZ)

1 2. 000E- 01

2 4. 000E- 01

3 6. 000E- 01

4 8. 000E- 01

5 1. OOOE+00

6 1. 200E+00

7 1. 400E+00

8 1. 600E+00

9 1. 800E+00
SP 15-2
Vin 1 0 pul se
R1 1 0 1

.tran 0.1 1
. four 1 v(1)
. probe

.end

000E+00

FOURI ER
COVPONENT

419E+00
030E+00
061E+00
935E+00
000E- 02
182E+00
704E+00
537E+00

. 954E-01

ORPrRPrPORRON

NORVALI ZED

COVPONENT

. 000E+00
. 127E-01
.473E-01
609E- 01
. 078E- 02
. 593E-01
. 297E-01
.072E-01

. 207E-01

(1-1-0.5100 1)

FOURI ER COVPONENTS OF TRANSI ENT RESPONSE V(1)

DC COVPONENT = 1.299

HARMONI C  FREQUENCY
NO (H2)

. 000E+00
. 000E+00
. 000E+00
. 000E+00
. 000E+00
. 000E+00
. 000E+00
. 000E+00
. 000E+00

OCO~NOUITRWNE
OCO~NOUITRARWNE

Verification Problems

437E-02

FOURI ER
COVPONENT

. 364E-01
. 180E- 01
. 117E- 01
. 585E- 01
. 264E-01
. 051E-01
. 972E- 02
. 817E- 02
. 916E- 02

ONORPFPRFPNWO

NORMALI ZED
COVPONENT

. 000E+00
. 996E- 01
. 326E-01
. 490E- 01
. 987E-01
. 651E-01
.410E-01
. 228E-01
. 087E-01

PRRPRRPRNWAR

PHASE
(DEG

P RRPRRPRORRRE

. 253E+02
. 606E+02
. 642E+02
. 289E+02
. 360E+01
. 217E+02
. 570E+02
. 678E+02

. 325E+02

PHASE
(DEG

RPRRPRPRPORMNR

. 7T7T7E+02
. 679E+00
. 730E+02
. 366E+00
. 683E+02
. 407E+01
. 636E+02
. 880E+01
. 588E+02

NORMAL | ZED
PHASE( DEG)

'
NNWWNNNWO

. 000E+00
. 528E+01
. 894E+02
. 542E+02
. 189E+02
. 600E+00
. 168E+01
. 930E+02

. 578E+02

NORMAL| ZED
PHASE ( DEG)

RPRRRPRORARO

. 000E+00
. 823E+02
. 682E+00
. 870E+02
. 376E+00
. 917E+02
. 409E+01
. 965E+02
. 883E+01
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VP 15-1
f()=2+ cos; = a, =2, a, =1and all other coefficients are zero.
The computer printout is correct.

VP 15-2
Table 15.4-2 shows that the average value of a full wave rectified sinewave is
24 where 4 is the amplitude of the sinewave. In this case a0:2(400)

7 Vs
Unfortunately the report says, "half-wave rectified." The report is not correct.

=255.

Design Problems
DP 15-1
For sinusoidal analysis, shift horizontal axis to average, which is 6 V.
Now we have an odd function so a,=0
T=rns,w,=2r/r=2radls
2x2
=T
Need third harmonic :

IOT/z f(¢)sin na,t dt

/2
0

b= [ sin 6t di = —cos il *= 0.424
TJ0

67
v](t) = 0.424sin(6t)=0.424cos(6t—90°) vV = V](a)) = 0.4242-90°

7, = =L =) for third harmonic
oC 6C
. 16
.. transfer function is H(3w,) = g
_J
16
6C

V,(@) =H(3w,)V,(0) = (HBw,)| LH3aw,)) (0.424£-90)

Choose ‘Vz(a))‘Z 1.36 = so ‘H(3a)0)‘ =32
This requires C = LF Then H(3w,) = L =3.2/64.9°
205 16— ;34

.. third harmonic of vz(t): 1.36sin(61+64.9°) V
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DP 15-2
Refer to Table 15.4-2.

N
v (t)——A— > —A( 21 }cos(Zna)Ot)
T n=17%7 \4n"-1

In our case:

v.()=—~- Z —

T =1 T

360 640 [ > Jcos(2n377t)
4n“ -1

Let v,(t)=v,, + S v, (1) and vy(t)=v., + > v, (1)
n=1 n=1

We require ripple < 0.04 - dc output

N
max(Zvon(t)) <004 v, = |0 <0.04v,

n=1

but v, =v,, because the inductor acts like a short at dc.

. . S R
Next, using the network function of the circuit gives V_ = (—J V,,.

R+ jw,, L
For n=1:
OIZLi V51:+ VSl , but VSl 2@ SO V01 :1(640)
R+ jo,L 1+j377L 7(3) 1+ 3771\ 37
We require =y, = 360 1 640 _ 04(360)
4 JI+(377) L 37 r

Solving for L yields L >1.54 mH
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DP 15-3
From Table 15.5-1, the Fourier series can represent the input to the circuit as:

vs(t):l+ie'j“’°'+ie"”°'+ o 5 e/
T 4 4 evennzzﬂ(l_n )
. o Z R
The transfer function of the circuit is calculated as V,,;=——"—~V, where Z = —————
7, +Z, I+ joRC
So
L
ﬂz = LC
V oo ]
s o) +(jo)—+—
(Joy+(jo) =+
The gainatdc, ®=0,1s 1 so
v =y = 1
o0 s0 T
Forn=1
1 1 1 1/LC 1
Vol :7‘)00 :7‘}50 = A~ = =
20 20 207 207

o o)

We are given ®=8007 and R=75 kQ. Choosing L=0.1 mH yields C=0.1 F
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Chapter 16: Filter Circuits

Exercises
Ex. 16.3-1
T,(s) = —
T(s) = T, S _ 1 _ 1250
1250 s 41 s+1250
1250
Problems

Section 16.3: Filters

P16.3-1
Equation 16-3.2 and Table 16-3.2 provide a third-order Butterworth low-pass filter having a
cutoff frequency equal to 1 rad/s.

1

B9 = et rse
Frequency scaling so that w,= 27100=628 rad/s :
H (s)= 1 : _ 26283 __ 2427673152
(S“j((sj +S+1] (s+628)(s*+6285+628")  (s+628)(s”+6285+394384)
628 628 ) 628
P16.3-2

Equation 16-3.2 and Table 16-3.2 provide a third-order Butterworth low-pass filter having a
cutoff frequency equal to 1 rad/s and a dc gain equal to 1.

H,(5) = ——
(s+D(s"+s+1)

Multiplying by 5 to change the dc gain to 5 and frequency scaling to change the cutoff
frequency to o, = 100 rad/s:

H ()= 5 ~ 5100° ~ 5000000
L (S+j (Sj2+s+l (s+100)(s>+100s+100%)  (s+100)(s>+100s-+10000)
100 100) 100
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P16.3-3
Use Table 16-3.2 to obtain the transfer function of a third-order Butterworth high-pass filter
having a cutoff frequency equal to 1 rad/s and a dc gain equal to 5.

_ 5s°
(s+1)(s* +s+1)

H,(s)

Frequency scaling to change the cutoff frequency to @, =100 rad/s

3
5 > 3 3
100 5-s 5
HH(S): 5 = 2 N 2
s (S s ) (HI00)S"+100s+100%) — (s+100)(s” +1005-+10000)
—F — |
(100 j 100) 100
P16.3-4

Use Table 16-3.2 to obtain the transfer function of a fourth-order Butterworth high-pass filter
having a cutoff frequency equal to 1 rad/s and a dc gain equal to 5.

5-s*
H (s)=
n (%) (5°+0.7655+1) (57 +1.8485+1)
Frequency scaling can be used to adjust the cutoff frequency 500 hertz = 3142 rad/s:
s 4
5(3142]
H, ( ): 2 2
S 140768 S e ||| =2 | 41848 2 |41
3142 3142 3142 3142
5-s*

" (57+2403.65+31427) (57 +5806.45+3142°
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P16.3-5
First, obtain the transfer function of a second-order Butterworth low-pass filter having a dc gain
equal to 2 and a cutoff frequency equal to 2000 rad/s:

2 8000000

H, (s) = =

(5) sV s s°+28285+4000000

+1.414 +1
2000 2000

Next, obtain the transfer function of a second-order Butterworth high-pass filter having a
passband gain equal to 2 and a cutoff frequency equal to 100 rad/s:

2
o 5 .
100 ) 2.

s V g ~ 52+141.45+10000
— | +1.414) — |+1
100 100

HH(S) =

Finally, the transfer function of the bandpass filter is

~ 16000000-5
(s2+141.4s+10000) (s2+2828s+4000000)

P16.3-6
250 ’
17 250000 5>
Hy(s)= 4~ 350 (2 :
420512500 | (57+2505+62500)
1
P16.3-7

First, obtain the transfer function of a second-order Butterworth high-pass filter having a dc gain
equal to 2 and a cutoff frequency equal to 2000 rad/s:

2
" ) z
2000 ~ 2s

¢ V g 5242828 5+4000000
+1.414 +1

H,(s)=

2000 2000

Next, obtain the transfer function of a second-order Butterworth low-pass filter having a pass-
band gain equal to 2 and a cutoff frequency equal to 100 rad/s:
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2 20000

¢V ¢\ s>+141.45+10000
— | +1.414| — |41
100 100

HH(S):

Finally, the transfer function of the band-stop filter is

2S2(52+141.4s+10000)+20000(52+28285+4000000)
(s2+141.4s+10000)(s2+2828s+4000000)

_ 25"4+282.85°+400005> +565600005+810"
(s2+141.4s+10000)(s2+2828s+4000000)

H,(s)=H, (s)+H,(s)=

P16.3-8
250 ?
s 4(s2+62500)2
H, (s) =4-4 250 = 2
4720640507 | (57+2505+62500)
]
P16.3-9
2
2 4
1, (s) = 4 25250 - 4250 2
S+ 542507 (s 1+250 5462500
P16.3-10

s° 4.5
H, (s)=4 =
n(s) 24200507 | (57+2505+62500)
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Section 16.4: Second-Order Filters

P16.4-1
The transfer function is
K
Vi(s) RC
T(S) - VO - S 1
s(s) gps b
RC LC
SO
K=1,w, _ L and L=&:>Q=RCa)0 =R\/E
LC RC QO L

P16.4-2
The transfer function is
1
T(S) _IO(S) — LC 1
I(s) o, s, L
RC LC
SO
1, @ = and =% = 0= RCo, =R\E

Pick C = 1uF then L = 12 =25H and R:Q\/Z:3535 Q
Cwy C
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P16.4-3
The transfer function is

Pick C = 0.01 yF, then
1

=, =2000= R =50000 =50 kQ
RC

o _ Ly RILp - R _g333~ 83340
o RrRC\"TR

P16.4-4
Pick C =0.02 uF. Then R, =40 kQ, R, =400 kQ and R,=3.252 kQ.

P16.4-5
Pick C, =C, =C =1 uF. Then

10°
RIRZ ’

R R
! =% o 9= 2L R= L
RC 0 R, Q

6
Inthiscase R, =R, and R, = 10
1000

and

=1000=1 kQ
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P16.4-6

VO(S)_ 1 Va(S)
R,+—
C,s
Vols)=V, (s
LI s)70) -0
The transfer function is:
r(s)=2b) a
Vi(s) o4 + !
RZ CZ R1R2C1C2
Pick C,=C,= C = 1 4F. Then ——— = @ and = o= P2 L proror
1 2 HE. CJRR, 0 RC 0O R, 1 2-

In this case R, =R, = R and $=a)0:>R=IOOOQ.
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P16.4-7

R Ls " — —
v (s) Cs LC
Cj) Vi(s) I — Vils) T(S): ; = 1
Cs B Vi) [s+Rr— s2+—s+ﬁ
s

When R=25Q,L=102 Hand C=4x10"° F, then the transfer function is

25x10°
T(S): 2 6
s +25005+25%10
SO
@y = 25%x10° = 5000
and
k= G = 20 _ 05
@, 5000
The scaled circuit is
25 Q 02H
— AAA—YY Y

P16.4-8
W
a R,
R'I C'IS

—WN———t——%—

Cys
Vils) Vols)
o 4+ o

The transfer function of this circuit is
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_VO(S) _1+R2C2s B C,

2
Cs ° [RC ch RRCC

100 puF 500 uF

Pick k£ = 1000 so that the scaled capacitances will be =0.1 uF and

=0.5 uF

Before scaling (R,=20 Q, C,=100 F, R,=10Q and C,= 500 uF )

(s) _ —100s
s*+700s+10°

After scaling ( R,=20000 Q=20 kQ, C,= 0.1 uF, R,=10000 Q=10 kQ, C,= 0.5 ,uF)

—100s
T - SYW
( ) s7+700s+10°

P16.4-9
This is the frequency response of a bandpass filter, so

From peak of the frequency response

®,=2px10x10° =62.8x10° rad/s and k=10 dB=3.16
Next

‘g = BW = (10.1x10°=9.9x10%) 27 = (0.2x10%)27 =1.26x10° rad/s

So the transfer function is

3.16(1.26)10%s ~ (3.98)10°s
s2+(1.26)10°5+62.8.10%  s>+(1.26)10°5+3.944.10"

T(s) =
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P16.4-10

(a) \Y/ ( ) Z sz]a)IC
H(a)) =9 T2 where Z, = R, — J_ and Z, = 2
V() Z, oC, Ry 1
2 .
joC,
‘o R,C
H(a)) @ T where @, =;, W, = !

AR fG  RG
o, W,

1 1
w, = , O, =
b T RrcC’ T R,C,
C
© jo R,C, o R,C, R,
‘H((t))‘ = |- o = p :(()l R2Cl :R—
0+2% | (1+0 — 1
P16.4-11
N
nCs
mR
R +
+
+
O v (CI- 377 Vol

Voltage division:

1
Vo(s)=—S5 1(s), = Vi(s)=(+sRCW,(s)
0 1 1 ’ 1 0
R+—
Cs
KCL:
Wl VWV nyynes=0
mR R
Combining these equations gives:
Vs L+SC+ £+s2nRC2 _ N
mR m mR
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Therefore

V(@) 1 1
H (w)= = 2,22 2
Vs(a)) 1+s(m+1)RC +nm R C’s
1- +i ——
o,) 7 0w,
1 Jmn
where @, =——— and O =
¢ Jmn RC Q m+1
P16.4-12
a1
Cys
a N
R Cqs
AMA—¢
+
+
@)t V()
+ o
R L L — 1 Ky
LAG ICs R, CusHl R C,
Vo) . 1L RCs+l (o 1
1 B — + + s+
Cs Cys RC, R,C,| RR,C,C,
where
1
0w, =———=70.7 krad/sec=2x(11.25 kHz
’ \’R1R2C1C2 / ( )

1 1
+

BW= % —
Q Rl Cl R2 C2

=150 k rad/s =27(23.9 kHz)
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P16.4-13

R, R,C
1 = H(s)=V°(S) - 1 272 :

ZACH RN NS S S

R] Cl Rl R2 Cl C2

Comparing this transfer function to the standard form of the transfer function of a second order
bandpass filter gives:

1

®, =—— =10"rad/sec
’ V Rl RZ Cl C2 /
BW = LI 10° rad/sec
R] Cl
@,
= =10
0 BW
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P16.4-14

Node equations:

WA AC S AU I AO = ACI
R R

SS(VS(S)—VO(S))+ VS(S);K(S) =0

Solving these equations yields the transfer function:

o , (2 1 1
| V (S) S +(a+aj Rics +(RC)2
- H(s)=-2"1=

V.(s) ml 1
a) RC (RC)2

We require 10°= RIC Pick C= 0.01uF then R =1000 Q. Nextat s=jo,

The specifications require
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P16.4-15

Node equations:

a a

R2 R]

csv s _ g
R

Ve Vi g

R, 1
1+— o=
7(s) ( RJRC

R, 1 1
+ 2 S +——
R, ) RC R°C

=41.67 krad/sec

“=Re” (1.2x10°) (20x10°)
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Section 16.5: High-Order Filters

P16.5-1

This filter is designed as a cascade connection of a Sallen-key low-pass filter designed as
described in Table 16.4-2 and a first-order low-pass filter designed as described in Table 16.5-2.

Sallen-Key Low-Pass Filter:

C
o—AMN l AA— b
+ R R B
+—WA—
vi(1) C= (A-TR v,
3
O _T_ - o
MathCad Spreadsheet (p16 5 1 sklp.mcd)
c
The transfer function is of the form T(s) =----------------- .
sh2+bs+a
Enter the transfer function coefficitents: a= 6282 b =628
Determine the Filter Specifications: @ :=+/a = 20 09 =628 Q=0.707
b
Pick a convenient value for the capacitance: C:=0.1-10 6
Calculate resistance values: R := b A=3— 1 R =1.592x 104 R-(A - 1) =9.331x 1()3

C-og
Calculate the dc gain. A =1.586
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First-Order Low-Pass Filter:

-

MathCad Spreadsheet (p16 5 1 1stlp.mcd)

-k
The transfer function is of the form T(s) =-------- .

Enter the transfer function coefficitents: p =628 k:=0.5p

Pick a convenient value for the capacitance: C:=0.110 6

Calculate resistance values: R2:= L Rl := L R1=3.185x 104 R2=1.592x 104

Cp C-k

P16.5-2
This filter is designed as a cascade connection of a Sallen-key high-pass filter, designed as

described in Table 16.4-2, and a first-order high-pass filter, designed as described in Table 16.5-
2.

The passband gain of the Sallen key stage is 2 and the passband gain of the first-order stage is
2.5 So the overall passband gainis 2 x2.5=15

Sallen-Key High-Pass Filter:

O
oy ==

[
oy o=

 J
| +
+
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MathCad Spreadsheet (p16_5 2 skhp.mcd)

A sh2

The transfer function is of the form T(s) =----------------- .

s"2+bs+a
Enter the transfer function coefficitents: a = 10000 b =100

. . e 1800
Determine the Filter Specifications: o ::\/3 Q:=— wo = 100
b
Pick a convenient value for the capacitance: C:=0.1-10 6
Calculate resistance values: R = L A=3- l R=1x 105
C o
Calculate the passband gain. A=2
First-Order High-Pass Filter:
o—A—]|
Ry C R;
vi(2)
° T
MathCad Spreadsheet (p16 5 2 1sthp.mcd)

-ks
The transfer function is of the form T(s) =-------- .

s+p
Enter the transfer function coefficitents: p =100 k=25
Pick a convenient value for the capacitance: C:=0.110 6
Calculate resistance values: R1:= L R2:=kR1 Rl=1x 105

Cp

Q=1

R-(A—1)=1x 10’

R2=25x 10°
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P16.5-3
This filter is designed as a cascade connection of a Sallen-key low-pass filter, a Sallen-key high-
pass filter and an inverting amplifier.

Sallen-Key Low-Pass Filter:

C
o—A W l NA—9 *
+ R R _
G VAVAY
vi(2) C == (A - TR Vo (t)

-

MathCad Spreadsheet (p16_5 3 sklp.mcd)

c
The transfer function is of the form T(s) =----------------- .

s"2+bs+a
Enter the transfer function coefficitents: a:=4000000 b :=2828
Determine the Filter Specifications: o ::\/3 Q= =20 w( = 2 X 103 Q=10.707

b

Pick a convenient value for the capacitance: C:=0.1-10 6
Calculate resistance values: R := L A=3- 1 R=5x 103 R-(A - 1) =2.93x 103

C o
Calculate the dc gain. A =1.586
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Sallen-Key High-Pass Filter:

l M\

R

o]
.
+

P!
!
|

+

°3

MathCad Spreadsheet (p16_5 3 skhp.mcd)
csh2
The transfer function is of the form T(s) =----------------- .
sM2+bs+a

Enter the transfer function coefficitents: a = 10000 b:=141.4
Determine the Filter Specifications: o ::\/; = 20 wp=100 Q=0.707
b

Pick a convenient value for the capacitance: C:=0.1-10 6

Calculate resistance values: R := L A=3- 1 R=1x 105 R-(A - 1) =5.86x 104

C oo
Calculate the passband gain. A =1.586

6
Amplifier: The required passband gain is _L6d0” =4.00. An amplifier with a gain equal to

141.4x2828

245.(1)5 =1.59 is needed to achieve the specified gain.
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P16.5-4
This filter is designed as the cascade connection of two identical Sallen-key bandpass filters:

Sallen-Key BandPass Filter:

AA%AY
R
o— A\—4—— :
+ R C _ +
—A—
vi(1) C = 2R§ (A-NR V(1)
3

MathCad Spreadsheet (p16 5 4 skbp.mcd)

cs
The transfer function is of the form T(s) =--------------—-- .
sh2+bs+a
Enter the transfer function coefficitents: a:= 62500 b :=250
. . I ()
Determine the Filter Specifications: o ;:\/3 = o( = 250 Q=1
b
Pick a convenient value for the capacitance: C:=0.1-10 6
Calculate resistance values: R := b A:=3- 1
C-og Q
R:4><104 2-R=8><104 R-(A—l):4><104

Calculate the pass-band gain. A.Q =2
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P16.5-5
This filter is designed using this structure:

low - prss filter

Wp= 105 | @ =0707

h'moh pass F trer
W=2000 , Q=000

Sallen-Key Low-Pass Filter:

-

MathCad Spreadsheet (p16 5 5 sklp.mcd)

c
The transfer function is of the form T(s) =----------------- .
sh2+bs+a

Enter the transfer function coefficitents: a := 10000 b:=1414
®Q

Determine the Filter Specifications: ¢ :=\/a = wg=100 Q=0.707

Pick a convenient value for the capacitance: C:=0.1-10 6

Calculate resistance values: R=——7 A:=3- 1 R=1x 1()5 R-(A — 1) =5.86x 104
C-og
Calculate the dc gain. A =1.586

16-21



Sallen-Key High-Pass Filter:

NN
l R
—| I :
- C C _ N
— AN N—
vi(1) R§ (A-MR v,

MathCad Spreadsheet (p16_5 5 skhp.mcd)

csh2
The transfer function is of the form T(s) =------------—-—-- .
sM2+bs+a
Enter the transfer function coefficitents: a:=4000000 b :=2828
. . e o . 1800) 3
Determine the Filter Specifications: () :=+/a =— og=2x 100 Q=0.707
b
Pick a convenient value for the capacitance: C:=0.1-10 6
Calculate resistance values: R := b A=3- 1 R=5x 103 R-(A -1)=2.93x 103
C o
Calculate the passband gain. A =1.586

Amplifier: The required gain is 2, but both Sallen-Key filters have passband gains equal to 1.586.

The amplifier has a gain of 2 5 = 1.26 to make the passband gain of the entire filter equal to 2.
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P16.5-6

This filter is designed as the cascade connection of two identical Sallen-key notch filters.

Sallen-Key Notch Filter:

2C
Il
‘ 1
¥ R R 3 °
——
C C ._'\/V\/_
vi{) A-DR v,

N | =
AAAY
=

2
| + . ;

MathCad Spreadsheet (p16 5 6 skn.mcd)

c(s"2 + a)
The transfer function is of the form T(s) =----------------- .
s"2+bs+a
Enter the transfer function coefficitents: a:= 62500 b :=250
. . I ®Q
Determine the Filter Specifications:  gj:=\Ja Q:=— wp=250 Q=1
b
Pick a convenient value for the capacitance: C:=0.1-10 6 2.C=2x 10 7
Calculate resistance values: R := b A:=2-— 1
C-og 2:Q
R
R=4x 10" ;:2><104 R-(A—l):2><104

Calculate the pass-band gain. A =15

Amplifier: The required passband gain is 4. An amplifier having gain equal to

is needed to achieve the required gain.

4 g
(1.5)(1.5)
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P16.5-7

(a) Voltage division gives:

(b) Voltage division gives:

(c) Voltage division gives:

Doing some algebra:

(d)

divider.

i (S):V1 (s) R R Cs
! Vs(s) R, 1 1+R,Cs
S
Hb(s):VZ(S): Lo
Vl(s) R,+Ls
i ()= 20 RiI(R;+Ls) Ls
V. (s) C1S+Rl|\(R2+Ls) R, +Ls
R x(R,+Ls)
i) tal)_RrRarls) | Ls
Vs(s) 1 Rlx(R2+Ls) R,+Ls

Cs R, +(R2 +Ls)
R R,Cs+R/LCs’ Ls
= X
R R,Cs+R LCs*+R,+R,+Ls R,+Ls

R, Cs(R,+Ls) Ls
= X
R LCs*+(R R,C+L)s+R +R, R,+Ls
R/ LCs’

R LCs*+(R,R,C+L)s+R, +R,

H (s)#H, (s)xH,(s) because the R,,Ls voltage divider loads the CL’ R, voltage
s
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P16.5-8

H(s)= 100 y 20
j— 1+ > 1+ —
2007 20,0007 207 20007
3 2000
- — P— [P —
207 2007 20007 20,000 7
lﬁ* T
overall
io? 3
Gran, loo +
o ¢
' -
- + : : | ! — F(4;)
| 1o leo to* ro* 0% l0°
P16.5-9
(a) The transfer function of each stage is
Rox L
Cs
PRI . S
H() 2 Cs 2 Cs 1+R2CS Rl
S )=— = — = — - —
‘ R, R, R, 1+R,Cs
The specification that the dc gain is 0 db = 1 requires R, =R, .
The specification of a break frequency of 1000 rad/s requires =1000.
2
Pick C=0.1 uF. Then R, =10 kQ so R, =10 kQ.
B (L ey
H(w)= X = |H(10,000)= =—=-40.1dB
1472 14 1+10>) 101
1000 1000
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PSpice Problems

SP 16-1
528 6287628 |
| =+ 698 vs v BiEs T EogaE . heal_outaut
. ||
1 c3 100n
C1 100N
R R2 i AL ?
RE 1597
- R5
1582k  15.9% s Y _
31 84k
V1 c2 J’* OPAMP Cu 7. output
“vac 100n = U1
Ty +
~J0vidc | A DPL,EMP
R4 R3
1582k  15.8%
——
-0
1.20 - - ;
A.8U E E D\\ E
8.4 i i i
(511
1.8HZ 18Hz 188HZ 1.8KHz 18BKHZ
o W(IDEAL_OUTPUTY < U{OUTPUT)
Frequency
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SP 16-2

%5 Ve |
output <<—
R1 100k n |
RE 250k
B ) R5 C3
A e | |
100n  100n oUL——"YWh—] )
100k 100N
v R2 l_'+ OPAMP o
™vac 100k U1
““ovide A t—DPAMP
U2
R4 =i
100k 100k

au
1.08Hz 3.08Hz 18Hz 38Hz 1868Hz 388Hz 1.8KHz
o W{IDEAL_OUTPUT) - U{OUTPUT)

Frequency
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SP 16-3

4000 4000
iddeal_output
Seridi #0000 | s v 2o aonomg 7 A0
A
R1 100k
-
1 o2
100n  100n
1
ol oo
| output £<—
100k 586k ARy
-? R10 15.9k
. 9
1 b —e
C3  100n 10k g
OPaMP
i 3
ak

2.80-

(12 092 2 0000) (418 980,2 0000)
(70.514,3 9301)

N

ay

-

T
1.8Hz 18Hz

T
188Hz

o U{IDEAL_OUTPUT) « U{OUTPUT)

Fregquencuy

T
1.8KHz

18KHz
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SP 16-4

50075 5007 s |
| &%=z + 25075 + 62500 wo+ ks rBosmn 0 deal output
output <<
R2 =¥
iy Ay
40K A0k
=§ 1 =T 3
‘ I ) 4 I }
A0k 100n A0k 100n
o[l . ol
2 AMP C4 AMP
_— + 1 — + L2
100n 100n
41 R340k RO 40k
TNIYac
6” Ol = § =4
a0k a0k
= =Is|
A0k A0k
-0
c.8u
(39.715,4.0018)
(24 582 ,2 0006) (h4 5281 9919)
25U+
au T " T T T Qﬂ_—l_—'"
1.8H=z 3.8H=z 18H=z 308H=z 188Hz 308H= 1.8KH=z
o U(IDEAL_OUTPUT) -« U{OUTPUT)
Frequency
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SP 16-5

72t

(| %= + 2$257s + 4000000

20000
| 5= + 1#1.= + 10000

"y

i
c1 CZ
100n 100n

GFTWG 8k

I Adt—
3 100n 10k

R4 RE
100k 100k

100k

58 .6k

u]
2.8U ——
(72 790,189 &15m)
(20 9835,1 0000) (241 430,1 0000)
1.8U+
au T T T
1.8Hz 108H=z 1861z 1.8KHZ 18KHz

o U(IDEAL_OUTPUT) -« U{OUTPUT)
Frequency
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SP 16-6

2t(z*z b 62500) 2%zt b 625000 _
=%z + 260% + 62500 P T
|1 11
B 11
R1 RZ  C3 200n RE R7 CB 200N
s A
Ll oamk 40k - 40k 40k - R11
ol oy i f ot
— AP = LhAP 10K
oy b LM c4 c5 b uz
100N 100n 100n
R4 20K RI 20k
Ra
41 20k
(E§J1Vac RS R10
Ovdc
40K 40K
-0

output L

F12

17.78k

OPLMP
U3

5.8u

2.50

au
1.8Hz

o UW(IDEAL_OUTPUT)

18H

z

« WEOUTPUT)

188Hz

Frequency

1.8KHz
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SP 16-7

@

200 0 100 2 50 0
® o) @
AS) L L3 L
C o c ® c Z
—1 E 5 1
Vs 7 O ac 1
RL 7 6 200 e N
R 7 1 100 TS e
R3 7 2 50 | RN !
L1 6 5 10m | Wi i
L2 1 3 10m | | i ‘
L3 2 4 10m | 7 |
CL 5 0 1u | f
2 3 0 1u | !
C3 4 0 1u can i
5 BOHz 1. 0HKz s.aquI
.ac dec 100 100 10k S Udb{1) © “dﬁ(f:)
. pr obe requUERCY
.end e J
SP 16-8
30 pF
IL
1Y

Vs 1 0 ac 1
RL 1 2 100
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Cl 2 3 0.2u
R2 3 4 200k
2 3 4 50p
J0) TPA3-97
Xoa5 3 0 4 FGOA
a‘_. e R -
.subckt FGOA 1 2 4 :
’I‘?inodesl i gt egOiOE order - + 0 r_u.mau\.s!.f-ff[it;:i;;_m_m
E 3 0 1 2 100k e '
Ro 4 3 1k L
.ends FGOA C
WD R
.ac dec 100 1k 100k 1.z 10kHz 1L
. gagbe i T ] Frequency
SP 16-9
a
L
Vs 88 ke,
Amplifier H E-J.aﬁd mH @
@
e -+ Bnin Rr
; == midrange treets:
ad | LH.J H.!‘.t
— o
Vs 1 0 ac 1 e -
L1 1 2 2.5m (#) SP15-15 |
Rw 2 0 8 b ~ !
C2 1 3 34.82u = e
L2 3 4 0.364m : ,—7‘;{’ ¢ !
Rnr 4 0 8 X o o, - |
C3 1 5 5u ! o o . :
R 5 0 8 4 )
Vo -~ N
.ac dec 100 10 100k ¢ g S
. probe ! S
.end L !
_b“.|.¢...._... e - _____||
1BHz 1. BHHz 1BBHHzi
O Udb{2) < Udb(&) % Bdb{5} ,
Frequency i

Bw=4.07k - 493 H; ~ 3600H,

Verification Problems
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VP 16.1
_100 _

@, =+10000 =100 rad/s and ‘gzzs = 0 425
This filter does not satisty the specifications.
VP 16.2
®, =~10000 = 100 rad/s, ag =25 = Q:@:4 and kz;zz 3
This filter does satisfy the specifications.
VP 16.3
1) 20 600
@, =400 =20 rad/s, —2=25 = Q0="—"=08 and k=——=1.5
¢ / 0 Q 25 400
This filter does satisfy the specifications.
VP 16.4
10 25 750
w, =625 = 25 rad/s, 2 =625 = O=—"—"-=04 and k=—"=1.2
‘ / 0 0 62.5 625

This filter does satisty the specifications.

VP 16.5
12

@, =144 =12rad/s and 2 =30 = 0 = = = 04
’ 0 30

This filter does not satisfy the specifications.
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Design Problems

DP 16.1

27(100.10%)

C =100 pF is specified so R, =

DP 16.2

2

N

RC

AC RN
R,C RR,C’

RR,C?

4

2

(100x107"%) (27x10x10%)

and 27(10.103) = BW = a(;o _

=318 kQ and R=#= 1.6 kQ

RC’w

1 1 t
; M - I SR H
i - I ;
Hd S T I8 O T
— . e IS
: - : T T - H .
- : - i : - [
! 1 : ————— e LT
— : : ]
! S : — )
- ' _-F'H__.-F""I" T I it
i t  THE T e : S ae
—d g IunisaesTiE
: — —frid i St
—%t i e
i ki R ; + - e
= e W ——
...... . ! r— : — o aaa T
= 1= R e e S
i [N NN REELLM
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DP 16.3

Choose w, =0.1, w,= 2, w;,=5, @, = 100 rad/s. The corresponding Bode magnitude plot
is:
4
20leq (W] {5
1- o
-do
-3 4
=40 |
-850 : 4 t —t— .'H Hf]
ool .0l el 1 e

Minimum gain is —46.2 dB at f,, = 0.505 Hz
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Chapter 17- Two-Port and Three Port Networks

Exercises

Ex. 17.4-1
R, R,
R = RaRe 25000000
R,+R,+R_~ 250

R, R, _(125)125) _

L= = 1250
R, +R,+R, 250
R R
L RuR_100025) o
R, +R,+R. 250
Ex. 17.5-1
1
Y. =-Y. =
12 21 21
1 1 1 3
Y11+le E 11 E ( ﬁ) - E
1
Y+, =105 = 1/22—105—(—211):1/7
1 _1
y - |41 "2
1 1
21 7
A 42 (21+10.5) I I
Zn = 7ole-0 T Tapiars - 189 o AAM _
4 10.5(63) i
Z :—2 _ = :9Q
2 [2‘11—0 73.5 105Q  V, CT I,
V.
2122221—71‘1]=0=6Q o
2

18 6
Since I=IO—'5 I, ,then V| = 4210.5) IL,=6I, = Z=
73.5 73.5

17-1



Ex. 17.6-1

Iy =16 A I, =16 A
— ~— _Il _1
+ 40 + Yll Vl_g
V1:1VC) Vi (2/3)V, V,-0 Y. L1 167
- - v '
14 =0,0567 A I, =0944 A
a0 2Q . !
)’12:72:0.0567
1
Yzz=72=0.944
Ex. 17.7-1
=08 g0 L I,=6i, V,= 9+D)i =104, V, = 1i
h22:Q=6—Z.=0.6S
Vv, 10i
h, = - L _ g
Vv, 10i
Vi=1i
I, = +5 = &i
9 9
1,= 5i—5:ﬁi
o o ? ?
= > Therefore
4 i
h,= — = =09Q
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Ex. 17.8-1

2/ -l 2/ 1
Y= Hs s and AY=— 1 _-lg o 7 SOA s =[12 6}

30 3 4

= = = =
—110 % 75 50 30 %0 %5

Ex. 17.8-2
2/5 1
(-1/10)  (-1/10)| [4 10
1 1/30 2/15 | |1/3 4/3
(-1/10)  (-1/10)
Ex. 17.9-1
1 12 1 0 1 3
T, = , T, = and T, =
0 1 1/6 1 0 1
1 1271 o0 3 1271 37 [3 21
TaTch: Tc: =
0 1(1/61 1/6 1|0 1| [1/6 3/2
Problems

Section 17-4: T-to-T1 Transformations

P17.4-1

a a o A a

1.2+ (1+2) || (3+3)

3.720
b
10)(6
( )_( ) =30
10+6+4 (4)(10) )
b — =28
10+6+4
(6)(4)
10+6+4
bo
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d O a
0.8+ (142.4) || (3+2.4)
= 2.886 Q
b
02 5 4 g @Wa2 .9
12+4+4 17:4+4 .
4)(4
W0 g0
12+4+4
b o
P17.4-3
I L
R A 22 2
M ANN—o0
+ +
V. v 21205 22114 v, Ry
—z, 1 I -
I, = o 4, = % = 2 (forward current gain)
Int R, 1, Zp+R,
|4 1,+z,1 z, A 1 ' .
R;, == AR =z, - %12 Z (input resistance)
1) 1 I, (Zzz R,

Vv, AR,
Vy=—I, R, = AR I and V, = R, I, = A, =2
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P17.4-4

First, simplify the circuit using a A-Y transformation:

R, =R IX=5]20=40
3

Mesh equations:

30 =187-101,
50 =107/-201,
Solving for the required current:
‘30 —10‘
50 -20 —
= = 100 = 0.385 A
18(-20) — (-10)10 —-260
P17.4-5
800 Q 800 Q
AV M
440 Q
o +— WV
200 Q 200 Q
1000 Q 1000 Q 2200 Q 2200 Q 1000 Q
R, (a) R, {b)
283.87 Q

A'A
687.5Q %

C &
R?DOQ%
O

R, (c)

673.85Q

o .
22000 % 971.37 Q_%
O

R, (d)

17-5



Section 17-5: Equations of Two-Port Networks

P17-5-1
Z1 -2y Zyy — Z
S VAYAY, AMN—o0 Z,=6Q
128 30 Z,~Z,=12Q = Z, =180Q
Lo = 7 6
1 Z,~72,=3Q = Z, =9Q
o o
yoo L] 1 O o so I
YN, 14 —AMW ANN—o0
12:i = EL = ls:Y21 (i) Vi o8 VZC)
Vil (64127, 21
Yzzzl—z =I/2/7 = 18
Moo % 7
1 _1
[ 4
RV
wANL,
P17.5-2
20 20

| . _[2i4 -
TJ'“Q -4 42
o O
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Y, = and Y, :172
=0 n ¥,=0
and L+[2+1? = bV,
1 1 G2
SO
I =(G~(b-1)G,)V. =1V, and I, = (b-1)G, V, =3V,
Finally
Y, =-1S and Y, =38
Next
I I,+1 -
— ,=——" and V,=—"
~ G3 2
+
V1 =0 ]1
Y, = =-G,=-18§
— Vz
O =0
]2
Y= 2| =G,+G =4S
VZ
¥,=0
P17.5-4
Y=Yy Using Fig. 17.5-2 as shown:
-Y,=-Y,,=01S or ¥,=Y,=-01S8S
Yq1+ Y15 12 21 12 21
Y, =02-Y,=03 S
Y, = 0.05 -, = 0.15 S
P17.5-5
—Yq5 = - ¥y Y, =-10 uS=Y,,
Y, +Y,,=13.33 1S
Y, =23.33 uS

Y,+Y, =20 4S = Y, = 30 uS
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Z, = d =3+j3-j2 = (3+j) Q
1, 5L=0
z,= " = 72h_ _hoa
]1 L=0 ]1
- I
. h-0 39 <
s .
Z]2_12 . =-j2 Q + i3Q +
v, j2Q VZC)
Vs
222:7 = —]2 Q _ T —
L, o 5
P17.5-7
— - Zi1-Z Zoy - Z
Z,-72, =4 4l 11~ 412 22 ~ 421
= Z,=4+V =
2,-2,, = A N 40 25 Q
2s5°+1 Zig = L= (s Q
Zy,—Zy,=2s = Z,=2s+VY =
2 4o s 2 s A P T
o O
P17.5-8
Given:
s+1 ]
Y=| s
-1 s+l
Try a & circuit as shown at the right.
Y, =-1s
YHZL—H = Yn"'le:S;H_lzl
s s

Y,+Y,, =(+)-1 ==
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P17.5-9

Given: Try :
742542 1
7 = s*+s+1 s7+s+1
1 5741

s +s+1 s +s+1

From the circuit, we calculate:
1

. a(RﬁLS) . R,+Ls LCR,s*+(R,R,C+L)s+R,+R,
yA— +— —+ =
! 1L+R2+LS ""1+R,Cs+LC5s’ LCs*+R,Cs+1
S
Comparing to the given z,,yields:
LC=1 c 1o
k.=l R -10
LCR, =1 Lz_lH
R R,C+L=2 C_IF
R +R,=2 B

Then check z,,, z,, and z,, . The are all okay. If they were not, we would have to try a different

circuit structure..

P17.5-10

It is sufficient to require that the input resistance of each section of the circuit is equal to R,, that

1s
R

R
£

Pc— Yy

Ko

Riw = R,
Then

Ro=w = R = R+\4R*+4(2R*) = R+BR = (\3-DR

3R+R,
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Section 17-6: Z and Y Parameters

P17.6-1

" RR, 7,

1, =—1
Vz_ Rz [2 = ]225
2
)722:172 :L
I/Z v, =0 2
P17.6-2
v, =(1+3)i, =4i
o = [
v, =31,
therefore
z,=4Q and z,,=3Q
v, =3(ai, +1,)
=0 =
v, =3(ai, +i,)+2i,
therefore

z,=3(1+a) and z, =543«

Finally,

Z:F 3(l+a)}
3 543a
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P17.6-3
Treat the circuit as the parallel connection of two 2-port networks:

The admittance matrix of the entire network

“
—_—
+ 9y can be obtained as the sum of the admittance
1 .
Ve 10 . Vo matrices of these two 2-port networks
= = 10 2s —s +2s —s

+ O

2 1

—-s 2 2—s 1+2s
l‘] 1

—e

2s+1 s
s—2 2s+1

332

[V]@}: v
V(s)

s—2 1| -6 -1.25 7.25
Ny = 2 _ 1176, 7125,
s(3s°+65+1) 3 s+1.82 s+0.184

+65+1

S v =
S v |-

SO

Taking the inverse Laplace transform

v, (t) = ;[—6—1.25 e 1725 | >0

17-11



P17.6-4

1.
KVL: 5(11—\/1)+2vz+vz—v1 =0

+ O

KCL: i, —v,=4v,+2v,

i, =5v,+2v,

i, =3y, —6v2}

KVL: v, :1v1+lvl-|-5v1 :Ev1
2 2

1%
KCL: i, =é+5v1 =2v,+5v,

. 13 1
1222(?v1j+5v1=18v1 = Z12:EQ
and

2
i2:2v2+5(6v2j:2.769v1 = 2,,=0361Q
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P17.6-5

..M
KCL: i, +i,=—
Rl

KVL: —-R,i,-bv,+0-v,=0

Then
1 1 1 R,+R,(b+1
12——b+ v, and i = —+b; v]:;()vl
2 Rl RZ R1R2
SO
i b+l i, R,+R (b+1)
y21:_:__ and y“:—:—
Vi R, Vi R R,

1
KVL: R2i1+V2:0 = i]=—R—V2

2

1
KCL: v, =R, (i,+i,)=R, (—R—v2]+R3 i

2
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Section 17-7: Hybrid Transmission Parameters

17.7-1
I I
- 20 19 < 4 34 4 5
B=—1 ==—=68Q since -,=—-—="1V,
5|, 5 24410 34
D= L =10+4=1.4 since [, =-— 10 I,
-L|,, 10 10+4
A= 4 :B=1.2 since szﬁ :
v, 10 1042
c=h 1_ois
Vol 10

17.7-2
V,=0
SO
Vl =(Ri +R1 ”Rz)ll
therefore
h,=— =R+R,|R,=600kQ
"r,=0
KVL:
R] i
I,+ I, =—4—1,
R +R, R,
therefore
1
hzl_Tz =—( R1+R 1 )=-1 ¢
Hy,<0 o 1 H
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SO
Vv
]zziz
R |I(R,+R,)
therefore
L 2172 :R0+R1+R2: ;4
C N, R(R*R)
Next,
Rl
V1: L@
R,+R,
therefore
h _E = Rl :l
SN, R+R, 2
P17.7-3
I,> Compare : to
+ - V,=nV, Vi=hd +h,V,
Vi AT I,=—nl, I,= h,I,+h,V,

1
hn“R
2R,
R,
V§:>M2:
2R,
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Iy
—+“ 15\(/)\52\’ I,=0.1v andv=9501,
+ sol,=951,
Vi 95022y 0.1y
- . hy=— =50+950=1000 Q
L 7
1
hy=" =95
[l
V,=0
I,=0 = v=0 11_:__0 - L
e
—A\WV
v ¥ + *
hy=— =0
2=y . vV, 9500 2, o1y 210kQ v,
I o . <
hy,=-2 =10"§
V21|=o

Section 17-8: Relationships between Two-Port Parameters

P17.8-1
Start with

Il :YIII/I+)712I/2

Y parameters: {
I, =Y, +1,V,

and H parameters: {

Vl = h11[1+h12 Vz
]2 = h21[1+h22 Vz

Solve the Y parameter equations for ¥, and 7, to put them in the same form as the H parameter

equations.

_YnV;:Il"'leVz
_Yzl V1+12 = Yszz

_Yll 0 Vl _ -1
-Y,, 1|/ 4] |o
_Yll 0 B -1 le

_Y21 1 0 Yzz

Y,

a0

I]
v,

v [-x, o] [-1
L||-%, 1] |0

Y,

17-16
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P17.8-2
ZZZ le 6 2

) AZ AZ 14 14
First AZ =(3)(6)—(2)(2)=14. Then Y= =
(3)(6)—(2)(2) 7. 7 5 ;

AZ AZ] L 14 14

P17.8-3

1
. %o Y, | _[10 4
First AY =(0.1)(0.5)—(0.4)(0.1)=.01 S. Then H = = .
Y, 4 0.1
Y,

P17.8-4
1Y,
, Y, Y, 2 08
First AY = (0.5)(0.6) — (=0.4)(=0.4) S. Then H = -
Y, AY| [-08 0.28
Yll Yll

Section17-9: Interconnection of Two-Port Networks

P17.9-1
3Q —v. =-1
Y,=Y, = S
46 A ob 12 = A y_y
Yzzzo_Yzl:yS Y = 3 3
1 Q . ' _yy
N+¥, =18 = ¥, =4S 3/3
C O O C
1Q
a b =Y, =-18 % -1
=1 =3 Y, =
2 0 30 No+r,=)p8 = p=3s BT 3
Y21+Y22:%S = Yzz:%s
CO OC

S| K| | T H
R A2
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i 20 40 i Admittance parameters: Transmission parameters:
A\ AAMN—O
' i 10 -6 8 44
-6 8 110
0 0 44 44 6 6
20 4 Q)
0 —AMY AN\ O
60 20 -12
Yy —y+y=|4 H
=0 O P -12 16
20 40 44 44
—o— A\, AN—o—
6 Q
2Q 4 Q 2 Q 4 Q
—AW AN 00— AN\, AAN—o 108 792
_ | 36 36
6 Q 6Q Te=TT=1 g 144
36 36
o O O 0
P17.9-3
1
v _ PR G+G, -G,
iy 41+s -G, G,+G,
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Verification Problems

V., =50 75 I,=151,
175+75
Zn:5 =15Q
12 1,=0
i1 125 O i
° I = 1,1 7, =0.0287
50 125
w(ﬁ 50 Q 75 Q v =0
- - YH—II/1 =28 mS
e h 1 v,=0

VP 17-2
I1 17220
2 Q 015 20

Vi=(2+0.25) I, Z,,=2+0.25=0.2 (s+10)
=
v, V,=(0.1s)] Z,=0.1s

I1-0 I,
20 20
0.1s ~
+ N 2N I + Z,=2+02s and Z,=0.ls
Vi 0.28 02s Vo Iy
. _

AZ =(2+0.25)(2+0.25)—(0.15)(0.15) = 0.01(35> +80 s +40)
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N
B
N

2(s+10)  0.1(35°+805+40)

T= Z, Z, _ S Ky
1 Z
b Zy 0.1s 2(s+10)
Zzl Z21 s

This is not the transmission matrix given in the report.

Design Problems

DP 17-1
R, R,
5| a o ‘\/W
14 0« (14)(20) Ry + (Ry+2) || (R.+20)
12+20+R _R,

(14) R
12+20+R
bo

We will need to find R and R, by trial and error. A Mathcad spreadsheet will help with
the calculations. Given the restrictions R <10 Q and R, <10 Q we will start with

R=10Qand R, =10 Q:

R1:=10 R:=10
14-20 14R R-2
a=—————— Rb:i=— Rec:= R0
14+ 20+ R 14+ 20+ R 14+ 20+ R

(Rb + 2)-(Rc + 20)
Rb + 2+ Rc+ 20

Rin = 14.279

Rin:=R1 +

The specifications cannot be satisfied. R and R, are at their maximum values but

R, needs to be larger. Reducing either R or R, will reduce R, .
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DP 17-2

Need V', +V, for balance
RV R,V
R+R R+,
v <+) 1 3 2 4
- R,V RV o
R +R, R,+R,
o . R, R,
Dividing (1) by (2) yields: —=—.
R, R,

DP 17-3

Vl :h11[1+h12V2

and V,=-I,L,R, = IL,=h,I,-h,R, I,

12 :h2111+h22V2

Next
1_2:h21 1 = A1:I_L:_I_2:_h21 !
| 1+h,, R, 1, 1, 1+h,, R,

We require

1 79 R,

79=80 ———| => —|1+ S =1 = R =1013kQ=1kQ
1+h,R, 80 80x10

Next

V.
]2:_R_2:h21]1+h22V2 = V;(h22+1/RL):_h2111

L
Substituting this expression into the second hybrid equation gives:

hlz (_h21)

],
(V)

Ry, = hy,—h, R hy (since hy << %3 )
L

14 :hllll

The input resistance is given by

Finally
R, =45-(5x10")(10°)80)=5Q < 10Q
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DP 17-4

v,=8 -2 _1|=21, = z,=2] =20
4412 I

1l r,=0

Similarly Z,, =2 Q

Thévenin: Z, = Z,, =4 Q so for maximum

power transfer, use R, =4 Q

(VSJZ )
P =2/ _893W=V =378V
4

Two-port network
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DP 17-5

The circuit consists of 4 cascaded stages. Represent each stage by a transmission matrix

using:
o T o
f Z(s) f {1 Z(s)} ' ’ 1 0
T= Vals) Yis) [ Vals) TZ{ }
V4 (s) Vo (s) 01 Y(s) 1
_ ) — 5
o O
L'|S
o I( o 1 1 L s
+ + ; >
1 T, =| Cs | | | T =| L,C,s+l
Vi(s) Cys Vy(s) 0 1
_ _ Vils) 1 VM 0 1
O O CzS
o o
O O o » O
+ + + +
1 0 1 0
L2S _
V1(6) V) | T=|__Css V.6 §RL Vo | T=| L
1 L,C,s+1 R,
_ TCgS _ _ _
o O 0 3 O
1+ L Cs Css L C,s
X
L,C,C,s’+C,s R L,C;s+R, L,C,C,s’+C,s
T=T,T,T.T, =
Css |
R, L,C,s+R,
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