Series and Parallel
ac Circuits
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15.1 INTRODUCTION

In this chapter, phasor algebra will be used to develop a quick, direct
method for solving both the series and the parallel ac circuits. The close
relationship that exists between this method for solving for unknown
quantities and the approach used for dc circuits will become apparent
after a few simple examples are considered. Once this association is
established, many of the rules (current divider rule, voltage divider rule,
and so on) for dc circuits can be readily applied to ac circuits.

SERIES ac CIRCUITS

15.2 IMPEDANCE AND THE PHASOR DIAGRAM

Resistive Elements

In Chapter 14, we found, for the purely resistive circuit of Fig. 15.1,
that v and i were in phase, and the magnitude

i =lhsnwt

+
>
Rgv = Vpsinwt

o—

FIG. 15.1
Resistive ac circuit.
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+
SQ§V = 100sin wt

o—

FIG. 15.2
Example 15.1.

In phasor form,
V=VypsSnotd V=V 20°

whereV = 0.707V,,..
Applying Ohm'’s law and using phasor algebra, we have

_ V00 _V o
R/6r R "~ b
Since i and v are in phase, the angle associated with i also must be 0°.

To satisfy this condition, g must equal 0°. Substituting 6z = 0°, we
find

VOV v
| = = foo—0 == 00
roo RIC=ER

so that in the time domain,
i = \/§<¥> sin ot
R
The fact that g = 0° will now be employed in the following polar

format to ensure the proper phase relationship between the voltage and
current of aresistor:

Zz=R £L0° (15.1)

The boldface roman quantity Zg, having both magnitude and an
associated angle, is referred to as the impedance of a resistive element.
It is measured in ohms and is a measure of how much the element will
“impede’ the flow of charge through the network. The above format
will prove to be a useful “tool” when the networks become more com-
plex and phase relationships become less obvious. It is important to
realize, however, that Zy is not a phasor, even though the format R2.0°
is very similar to the phasor notation for sinusoidal currents and volt-
ages. The term phasor isreserved for quantities that vary with time, and
R and its associated angle of 0° are fixed, nonvarying quantities.

EXAMPLE 15.1 Using complex algebra, find the current i for the cir-
cuit of Fig. 15.2. Sketch the waveforms of v and i.

Solution: Note Fig. 15.3:

100V ---—= v
[ 3
20A === - 2" om
0 ™ ot
2
FIG. 15.3

Waveforms for Example 15.1.
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v =100sinwt 0 phasor formV = 70.71V ~0°

V V20 70.71V ,0°
= = = =1414A L0°
Zr R2O° 50 20°

and i =V2(14.14) sn wt = 20 sin wt

EXAMPLE 15.2 Using complex algebra, find the voltage v for the cir-

cuit of Fig. 15.4. Sketch the waveforms of v and i. i = 4sin(wt +30°)
Solution: Note Fig. 15.5: —
i = 4sin(wt + 30°) O phasor form | = 2.828 A /.30° LT
V =1Zg= (I LO)(RL0®) = (2.828A £30°)(2Q £0°) 202 v
= 5.656V ~30°

and V = V/2(5.656) sin(wt + 30°) = 8.0 sin(wt + 30°)

FIG. 15.4
Example 15.2.

8V

Y,
0

30°»

FIG. 15.5
Waveforms for Example 15.2.

It is often helpful in the analysis of networks to have a phasor dia-
gram, which shows at a glance the magnitudes and phase relations
among the various quantities within the network. For example, the pha-
sor diagrams of the circuits considered in the two preceding examples
would be as shown in Fig. 15.6. In both cases, it is immediately obvi-
ousthat v and i are in phase since they both have the same phase angle.

y___¥<

(@ (b)

FIG. 15.6
Phasor diagrams for Examples 15.1 and 15.2.
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vV = Vpsinot

FIG. 15.7
Inductive ac circuit.

+

X, = 39% v = 24sinat

o—

FIG. 15.8
Example 15.3.

1c

Inductive Reactance

It was learned in Chapter 13 that for the pure inductor of Fig. 15.7, the
voltage leads the current by 90° and that the reactance of the coil X, is
determined by wL.

vV =V,SsnwtO phasor foomV =V 20°

By Ohm's law,
VvV £0° Vv

IZXLLGL:X_L 0 _OL

Since v leadsi by 90°, i must have an angle of —90° associated with it.
To satisfy this condition, 6, must equal +90°. Substituting 6, = 90°, we
obtain

V £0° V \Y%
I = — = — ° °© = — [/ — °
X 200 x (== 470

s0 that in the time domain,
i = \/é(l) sin(wt — 90°)
XL

The fact that 6. = 90° will now be employed in the following polar
format for inductive reactance to ensure the proper phase relationship
between the voltage and current of an inductor.

Z, = X 290° (15.2)

The boldface roman quantity Z,, having both magnitude and an
associated angle, is referred to as the impedance of an inductive ele-
ment. It is measured in ohms and is a measure of how much the induc-
tive element will “control or impede” the level of current through the
network (always keep in mind that inductive elements are storage
devices and do not dissipate like resistors). The above format, like that
defined for the resistive element, will prove to be a useful “tool” in the
analysis of ac networks. Again, be aware that Z, is not a phasor quan-
tity, for the same reasons indicated for a resistive element.

EXAMPLE 15.3 Using complex algebra, find the current i for the cir-
cuit of Fig. 15.8. Sketch thev and i curves.

Solution: Note Fig. 15.9:
28V E---— v
8ALf-———m————2 i 3
7 "' '/ >
0o i 7—27 ™ 3 2m gﬂ. wt
—» 90° e

FIG. 15.9
Waveforms for Example 15.3.
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vV = 24sinwt 0 phasor foomV = 16.968V ~0°

V \PA, 16.968V ~0°
=—_—= = = 5.656 A £ —90°
Z, X 290° 30 £90°

and i = V2(5.656) sin(wt — 90°) = 8.0 sin(wt — 90°)

EXAMPLE 15.4 Using complex algebra, find the voltage v for the cir-

cuit of Fig. 15.10. Sketch the v and i curves. i = 5sin(wt + 30°)
O——
Solution: Note Fig. 15.11:
+
i = 5sin(wt + 30°) O phasor form | = 3.535A £30° « =40 %V
V =1Z_ = (1 £0)(X_ £90°) = (3.535A ~30°)(4 Q2 £+90°) - —
= 14.140V 2120°
and v =V2(14.140) sin(wt + 120°) = 20 sin(wt 4+ 120°)
FIG. 15.10
Example 15.4.

%ﬁ 2 wt

FIG. 15.11
Waveforms for Example 15.4.

The phasor diagrams for the two circuits of the two preceding exam-
ples are shown in Fig. 15.12. Both indicate quite clearly that the volt-
age leads the current by 90°.

i
j Y
- '/_-Nead”]g
\ y
| b&w %‘OP/\'
l ~—16.968 A—— 5 3 e
L
] v X~ +
5.656 A
——T———I Leading
FIG. 15.12

Phasor diagrams for Examples 15.3 and 15.4.
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+

Xc = UYoC AR V = Vpsinet

FIG. 15.13
Capacitive ac circuit.

+
Xe =2Q A~ vV = 158not

FIG. 15.14
Example 15.5.

Capacitive Reactance

It was learned in Chapter 13 that for the pure capacitor of Fig. 15.13,
the current leads the voltage by 90° and that the reactance of the capac-
itor X¢ is determined by 1/wC.
vV =V,snwtO phasor foomV =V 20°

Applying Ohm’s law and using phasor algebra, we find

V/0° V

| = =—/0°—-§
Xc20c X c

Sincei leads v by 90°, i must have an angle of +90° associated with it.
To satisfy this condition, 6 must equal —90°. Substituting c = —90°
yields

VsO© v v
| =—~%2" Y Jo° — (—90°) = — £ 9Q°
Xoz—007  xg (X =5 0490

S0, in the time domain,
i = \Fz(l) sin(wt + 90°)
Xc

The fact that 6c = —90° will now be employed in the following
polar format for capacitive reactance to ensure the proper phase rela-
tionship between the voltage and current of a capacitor.

| Zc = Xe £—90° (15.3)

The boldface roman quantity Z, having both magnitude and an
associated angle, is referred to as the impedance of a capacitive ele-
ment. It is measured in ohms and is a measure of how much the capac-
itive element will “control or impede” the level of current through the
network (always keep in mind that capacitive elements are storage
devices and do not dissipate like resistors). The above format, like that
defined for the resistive element, will prove a very useful “tool” in the
analysis of ac networks. Again, be aware that Z is not a phasor quan-
tity, for the same reasons indicated for a resistive element.

EXAMPLE 15.5 Using complex agebra, find the current i for the cir-
cuit of Fig. 15.14. Sketch the v and i curves.

Solution: Note Fig. 15.15:

FIG. 15.15
Waveforms for Example 15.5.
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v = 15snwt O phasor notation V = 10.605V ~0°

_ V. _ Vs _ 10605V £0° _ ]
and i = V/2(5.303) sin(wt + 90°) = 7.5 sin(wt + 90°)

EXAMPLE 15.6 Using complex algebra, find the voltage v for the cir-
cuit of Fig. 15.16. Sketch the v and i curves. i = 6sin(wt — 60°)
—

Solution: Note Fig. 15.17:
i = 6sin(wt — 60°) O phasor notation | = 4.242 A /. —60° +
V=1Z¢ = (I £6)(Xc 2—90°) = (4.242A 2 —60°)(0.5 Q) 2 —90°) e
= 2121V ~—150°
and v =V2(2.121) sin(wt — 150°) = 3.0 sin(wt — 150°) o—————
FIG. 15.16
Example 15.6.

FIG. 15.17
Waveforms for Example 15.6.

The phasor diagrams for the two circuits of the two preceding exam-
ples are shown in Fig. 15.18. Both indicate quite clearly that the current

i leads the voltage v by 90°.
j j
et e
Leading
5.303A
AY . \rL\}\\\“/:f/‘\ .
10,605 V———> ' 00" 2™
| V .
| \
Leading B
[
@ (b)
FIG. 15.18

Phasor diagrams for Examples 15.5 and 15.6.
Impedance Diagram

Now that an angle is associated with resistance, inductive reactance,
and capacitive reactance, each can be placed on a complex plane dia-
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X, 090°

N+ 90°

-90° ROO +

b X 090°

FIG. 15.19
Impedance diagram.

Wy /000

R=40 X =80

FIG. 15.21
Example 15.7.

gram, as shown in Fig. 15.19. For any network, the resistance will
always appear on the positive real axis, the inductive reactance on the
positive imaginary axis, and the capacitive reactance on the negative
imaginary axis. The result is an impedance diagram that can reflect
the individual and total impedance levels of an ac network.

We will find in the sections and chapters to follow that networks
combining different types of elements will have total impedances that
extend from —90° to +90°. If the total impedance has an angle of 0°,
it is said to be resistive in nature. If it is closer to 90°, it is inductive in
nature; and if it is closer to —90°, it is capacitive in nature.

Of course, for single-element networks the angle associated with the
impedance will be the same as that of the resistive or reactive element,
as revealed by Egs. (15.1) through (15.3). It is important to stay aware
that impedance, like resistance or reactance, is not a phasor quantity
representing a time-varying function with a particular phase shift. It is
simply an operating “tool” that is extremely useful in determining the
magnitude and angle of quantitiesin a sinusoidal ac network.

Once the total impedance of a network is determined, its magnitude
will define the resulting current level (through Ohm's law), whereas its
angle will reveal whether the network is primarily inductive or capaci-
tive or simply resistive.

For any configuration (series, parallel, series-parallel, etc.), the
angle associated with the total impedance is the angle by which the
applied voltage leads the source current. For inductive networks, 6+
will be positive, whereas for capacitive networks, 6+ will be
negative.

15.3 SERIES CONFIGURATION

The overall properties of series ac circuits (Fig. 15.20) are the same as
those for dc circuits. For instance, the total impedance of a system isthe
sum of the individual impedances:

Zr=2,+2Z,+2Zs+ O+ Zy | (15.4)
| |
o —> Z, — zZ, — Zs —_— Zy
.
!
O
FIG. 15.20

Series impedances.

EXAMPLE 15.7 Draw the impedance diagram for the circuit of Fig.
15.21, and find the total impedance.

Solution: As indicated by Fig. 15.22, the input impedance can be
found graphically from the impedance diagram by properly scaling the



I

real and imaginary axes and finding the length of the resultant vector Z;
and angle 6+. Or, by using vector algebra, we obtain

Zi=2,+2,
= R/Z0° + X,_290°
—R+jX =40+j8Q

Z; = 89440 /6343

EXAMPLE 15.8 Determine the input impedance to the series network
of Fig. 15.23. Draw the impedance diagram.

Solution:

Zi=2,+2Z,+2s
R0+ X /90° + Xe £ —90°
=R+jX—jXc
SRAJ(X - X) =60 +]100 - 120)=60 |20
Z:=63250 / —1843°

The impedance diagram appears in Fig. 15.24. Note that in this
example, series inductive and capacitive reactances are in direct oppo-
sition. For the circuit of Fig. 15.23, if the inductive reactance were
equal to the capacitive reactance, the input impedance would be purely
resistive. We will have more to say about this particular condition in a
later chapter.

For the representative series ac configuration of Fig. 15.25 having
two impedances, the current is the same through each element (as it
was for the series dc circuits) and is determined by Ohm'’s law:

ZT221+ZZ

and | = — (15.5)

The voltage across each element can then be found by another applica-
tion of Ohm'’s law:

56
Vo =12, (15.6b)

Kirchhoff’s voltage law can then be applied in the same manner as it
is employed for dc circuits. However, keep in mind that we are now
dealing with the algebraic manipulation of quantities that have both
magnitude and direction.

E_Vl_V2:O

or | E=Vi+V, | (15.7)

The power to the circuit can be determined by

| P=FElcosf; | (15.9)

where 0+ is the phase angle between E and |.
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X =80

FIG. 15.22

Impedance diagram for Example 15.7.

R=60 X =100 X:=120

Z;—

+

FIG. 15.23
Example 15.8

4
X, =10Q

Xe-X =20 T .je +
[ _ _ T

FIG. 15.24

Impedance diagram for Example 15.8.

+ Vi o
Z;
|
+
E /\/ — Zz
Zy
FIG. 15.25

Series ac circuit.
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Now that a general approach has been introduced, the simplest of
series configurations will be investigated in detail to further emphasize
the similarities in the analysis of dc circuits. In many of the circuits to
be considered, 3 + j4 =5 £53.13°and 4 + j3 = 5 £ 36.87° will be
used quite frequently to ensure that the approach is as clear as possible
and not lost in mathematical complexity. Of course, the problems at
the end of the chapter will provide plenty of experience with random

values.
R-L
R=30 X =40 Refer to Fig. 15.26.
M /000>
+ t Vg — v - Phasor Notation
@e: 1414 sin wt [ e=1414snwt0 E =100V 20°
- Note Fig. 15.27.
i R=30Q X =4Q
FIG. 15.26 AN o0
Series R-L circuit. + Vg— + V| —
+
@ E=100V 2 0° I
FIG. 15.27
Applying phasor notation to the network of Fig. 15.26.
Zy
Z+=2,+2,=30Q2,0°+4Q0/90°=3Q+j4Q
and Zr =50 £5313°
j Impedance diagram:  See Fig. 15.28.
,,,,,,,, I
1 I
X =4Q | _ E _ 100V 20° _ _ .
S : | = . “ 50,5313 20A £ —-5313
v/
|
b= 53,13 Vg and V,
. > J .
"o30 " Ohm's law:
Ve=1Zg=(20A £—53.13°)(3Q 20°)
=60V £ —53.13°
FIG. 15.28 vV, i :3%),_\74(;(5)@75—53.13 )(4 Q) £90°)
Impedance diagram for the series R-L circuit - )
of Fig. 15.26. Kirchhoff’s voltage law:

Eosz_VR_VLZO
or E:VR+V|_



I

In rectangular form,

VR=60V £-5313° =36V —j48V
V. =80V £+36.87° =64V +j48V

and

E=Vg+V, = (36V —j48V) + (64V +j48V) = 100V +j O
— 100V £0°

as applied.

Phasor diagram:  Note that for the phasor diagram of Fig. 15.29, |
is in phase with the voltage across the resistor and lags the voltage
across the inductor by 90°.

Power: The total power in watts delivered to the circuit is

P+ = El cos 6+
= (100 V)(20 A) cos 53.13° = (2000 W)(0.6)
= 1200 W

where E and | are effective values and 6+ is the phase angle between E
and I, or

Pr=1I°R
= (20A)4(3 Q) = (400)(3)
= 1200 W

where | is the effective value, or, finaly,

Pr = Pgr+ P_ = Vgl cosfr + VI cos .
= (60V)(20A) cos 0° + (80V)(20A) cos 90°
= 1200W + 0
= 1200 W

where 6 is the phase angle between Vg and I, and 6, is the phase angle
between V| and I.
Power factor: The power factor F, of the circuit is cos 53.13° =
0.6 lagging, where 53.13° is the phase angle between E and |.
If we write the basic power equation P = EI cos 6 as follows:
P

cosf = —
El

where E and | are the input quantities and P is the power delivered to
the network, and then perform the following substitutions from the
basic series ac circuit:

P_I’R_IR

cosf = —=——= =

IR_R
El El E EI

we find Fo = cosBT=ZB

T

(15.9)

Reference to Fig. 15.28 also indicates that 6 is the impedance angle
6+ as written in Eq. (15.9), further supporting the fact that the imped-
ance angle 6+ is also the phase angle between the input voltage and cur-
rent for a series ac circuit. To determine the power factor, it is necessary

SERIES CONFIGURATION m 639

X

A<

Phasor diagram for the series R-L circuit of

N
FIG. 15.29

Fig. 15.26.
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<T>| = 7.07 sin(wt + 53.13°)

+VC_

FIG. 15.30
Series R-C ac circuit.

R=6(Q

o, = 53.13° +

Q

FIG. 15.32

Impedance diagram for the series R-C circuit

of Fig. 15.30.

/
/
\VVC

FIG. 15.33

Phasor diagram for the series R-C circuit

of Fig. 15.30.

1c

only to form the ratio of the total resistance to the magnitude of the
input impedance. For the case at hand,

R _30Q

F: 0:_:_
p = COS =0

= 0.6 lagging
as found above.

R-C

Refer to Fig. 15.30.

Phasor Notation
i =7.07sin(wt +5313°) 0 | =5A £5313°
Note Fig. 15.31.

RZGQ XC: SQ
I(
AN IC
| =5 /53.13° ++ Vr— + Ve—
IQ)E
_—
Zy
FIG. 15.31

Applying phasor notation to the circuit of Fig. 15.30.

Zy
Z:=2,+Z,=6Q/0°+8Q0/-90°=6Q—|80Q
and Z:=10Q / —53.13°

Impedance diagram:  As shown in Fig. 15.32.

E=1Z;=(5A £5313°(10 Q ~—53.13°) = 50V £0°

Vg and V¢
Ve=1Zg= (1 £60)(R £0°) = (5A £53.13°)(6 ) ~20°)
=30V £53.13°
Ve=1Z¢c= (I £6)(Xc£—90°) = (5A £53.13°)(8 2 £—90°)
=40V L -36.87°
Kirchhoff’s voltage law:
S.V=E-Vg—Vc=0
or E =VRr+ Vc
which can be verified by vector algebra as demonstrated for the R-L
: rcl:Dur:;sor diagram: Note on the phasor diagram of Fig. 15.33 that the

current | is in phase with the voltage across the resistor and leads the
voltage across the capacitor by 90°.



I

Time domain: In the time domain,
e=V2(50) sinwt = 70.70 Sin wt
Vk = V2(30) sin(wt + 53.13°) = 42.42 sin(wt + 53.13°)
Ve = V2(40) sin(wt — 36.87°) = 56.56 sin(wt — 36.87°)
A plot of al of the voltages and the current of the circuit appears

in Fig. 15.34. Note again that i and v are in phase and that v¢ lags i
by 90°.

FIG. 15.34
Waveforms for the series R-C circuit of Fig. 15.30.

Power: The total power in watts delivered to the circuit is

Pr = El cos6; = (50V)(5A) cos 53.13°
= (250)(0.6) = 150 W

or Pr=1°R= (5A)%6 Q) = (25)(6)
=150 W

or, finaly,

Pr = Pgr + Pc = Vgl cosfg + VeI cosfc
= (30V)(5A) cos0° + (40V)(5A) cos 90°
=150W + 0
= 150W

Power factor: The power factor of the circuit is
Fp = cosf = c0s53.13° = 0.6 leading
Using Eqg. (15.9), we obtain

R 60

E.=cosf = — = 222

A A AT YY)
= 0.6 leading

as determined above.

SERIES CONFIGURATION m 641
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j
X =70Q
X —Xc=4Q fj=—————- |
s/
2 |
|
A |
|
B =53.13°
* 1
R=3Q ¥
Xc=3Q
FIG. 15.37

Impedance diagram for the series R-L-C
circuit of Fig. 15.35.

R-L-C
Refer to Fig. 15.35.

R=30 X =70 X;=30Q
I(
AMW—T00 s

+ vy — + v
+ R L + ve

e= 70.7sinwt® il

FIG. 15.35
Series R-L-C ac circuit.

Phasor Notation Asshown in Fig. 15.36.

R=30 X =70 Xc=30Q
W——T——

+Vg — +V, —
+ VR Vi + Ve —

FIG. 15.36
Applying phasor notation to the circuit of Fig. 15.35.

Zy
ZT: Zl+ 22+Z3: RLOO +X|_ 490° + XCL—90°
—30+4j70-j30=30+]40
and Z: =50 /5313

Impedance diagram:  As shown in Fig. 15.37.

E 50V 20°
|=—=——""—--—-=10A £-5313
Zr 50 /5313 0 53.13
Vg, Vi, and V¢
Ve=1Zg= (1 £L6)(R £0°) = (10A £ —53.13°)(3Q £0°)
=30V £-53.13
Ve =1Z, = (I £6)(X_ £90°) = (10A £ —53.13°)(7 Q) £90°)
=70V »,36.87°
Ve=1Zc= (I £6)(Xc £—90°) = (10A £ —53.13°)(3 Q) £—90°)
=30V £—-143.13°

Kirchhoff’s voltage law:
ECVZE_VR_VL_VCZO
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or E:VR+VL+VC

which can aso be verified through vector algebra.

Phasor diagram: The phasor diagram of Fig. 15.38 indicates that
the current | is in phase with the voltage across the resistor, lags the
voltage across the inductor by 90°, and leads the voltage across the
capacitor by 90°.

Time domain:

i = V2(10) sin(wt — 53.13°) = 14.14 sin(wt — 53.13°)
Vr = V2(30) sin(wt —53.13°) = 42.42 sin(wt — 53.13°)
VL = V2(70) sin(wt + 36.87°) = 98.98 sin(wt + 36.87°)
Ve = V2(30) sin(wt — 143.13°) = 42.42 sin(wt — 143.13°)

A plot of al the voltages and the current of the circuit appearsin Fig.
15.39.

98.98 V
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/Vc

Vi
\

/QO \\
Ny AN
{3687 .
|'/53'13° TR

VR
FIG. 15.38

Phasor diagram for the series R-L-C circuit of

Fig. 15.35.

70.70V
4242V
1 -
1
-3 ot
1
i
J/
36.87 IR
—»{53.13° [<—

FIG. 15.39
Waveforms for the series R-L circuit of Fig. 15.35.

Power: The total power in watts delivered to the circuit is

Pr = El cosfr = (50 V)(10A) cos 53.13° = (500)(0.6) = 300 W
or Pr = 1?R= (10A)%3 Q) = (100)(3) = 300 W
or

Pr=Pg+ P+ Pc
= Vgl cosfOg + VI cosf, + VI cosbc
= (30V)(10A) cos0° + (70V)(10A) cos90° + (30V)(10A) cos90°
= (30V)(10A) + 0+ 0= 300W

Power factor: The power factor of the circuit is
Fo, = cosfr = cos 53.13° = 0.6 lagging
Using Eqg. (15.9), we obtain

R _ 3Q .
F,=cosf = Z—T = 5Q = 0.6 lagging
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15.4 VOLTAGE DIVIDER RULE
The basic format for the voltage divider rule in ac circuits is exactly
the same as that for dc circuits:

V, = (15.10)

where V, is the voltage across one or more elements in series that have
total impedance Z,, E is the total voltage appearing across the series
circuit, and Z+ is the total impedance of the series circuit.

EXAMPLE 15.9 Using the voltage divider rule, find the voltage across
R=30 X =40 eachelement of the circuit of Fig. 15.40.
4

Wy I\ Solution:
+ Ve = 4+ - )
E - 100vm0°® Ve _2ZE _ (40 £-90(100V £07) _ 400 £ =90
A Zc+Zr 40 /-90°+3Q/0° 3-j4
400 / —90°
- 2L _goV £ —-3687°
= 5/—5313°
FIG. 15.40 v _ZfE_ (3Q/0)@A00V 209 _ 300£0°
Example 15.9. R Ze+Zg 50 /-5313° 5/-5313°

=60V £+53.13°

EXAMPLE 15.10 Using the voltage divider rule, find the unknown
voltages Vg, V|, V¢, and V, for the circuit of Fig. 15.41.

R=60 X =90 XCI; 170
? B00 €
+ + Vg — AT V.
E:SOVDSO"@ v,
: e
|
g

FIG. 15.41
Example 15.10.
Solution:
Vv ZgE (6Q 2£0°)(50V £30°)
R

T ZatZ +Zc 6Q0/0°+90,90° +17Q 2 -90°
300£30° _ 300/30°
6+j9-j17 6-8
300 £ 30°

= m =30V ~83.13

Calculator The above calculation provides an excellent opportunity
to demonstrate the power of today’s calculators. Using the notation of
the T1-86 calculator, the above calculation and the result are as follows:
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(6.£.0)*(50..30)/((6.2.0)+(9£.90)+(17 2 —90))
(3.588E0,29.785E0)

Ans » Pol
(30.000E0~£.83.130E0)

CALC. 15.1
v = ZE _ (9Q £90°)(50V £30°) 450V, 120°
Loz, 10Q / —53.13° 10 / —53.13°

= 45V £173.13°
_ZE (170 £-90°)(50V £30°) 850V ./ —60°

V
€z 100 / —53.13° 10 ~ —53°
=85V / —6.87°
V. = (ZL+ZJE (90 £90° + 17 Q £ —90°)(50V £ 30°)
! Zr 10Q / —53.13°
_ (84—-90°)(50 £30°)
10 / —53.13°
400 £ —60°
== 2 _ A0V /—6.87°
10 ~ —53.13° 0 68

EXAMPLE 15.11 For the circuit of Fig. 15.42:

C, = 200uF C, = 200 uF
Ri=6Q R, =40 L, =005H L, = 0.05H

W00
+ + -+ -+ -
VR 0 Ve
e = \/2(20) sin 377t @ ii
=
FIG. 15.42
Example 15.11.

Calculate I, Vg, V, and V¢ in phasor form.

Calculate the total power factor.

Calculate the average power delivered to the circuit.

Draw the phasor diagram.

Obtain the phasor sum of Vg, V, and V¢, and show that it equals the
input voltage E.

f. Find Vg and V¢ using the voltage divider rule.

Poo0oC

Solutions:
a. Combining common elements and finding the reactance of the

inductor and capacitor, we obtain
Rr=60+4Q0=100Q
Lr=005H + 0.05H =0.1H

_ 200 uF

2

Cr — 100 pF
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X, = wL = (377 rad/s)(0.1 H) = 37.70 Q
1 1 10°Q
=—= = = 26.530
Xe wC  (877rad/s)(100 X 10°°F) 37,700
Redrawing the circuit using phasor notation results in Fig. 15.43.

R=100 X _=37700 Xc I=/26-53 Q

AN—T00 IC
+ tVeg -  FV - + Ve —
E=20v0O0° @ Il
FIG. 15.43

Applying phasor notation to the circuit of Fig. 15.42.

For the circuit of Fig. 15.43,
Z+=R/Z0° + X_ £90° + Xc £—90°
=100 +j37.700 —j 26530
=100 +j1117Q = 15Q £ 48.16°

The current | is

E
| = — =
Z: 150 /4816°

The voltage across the resistor, inductor, and capacitor can be found

OV LO" g a3p ,—4816°

using Ohm’s law:
Ve=1Zg = (I £6O)(R £0°) = (1.33A ~—48.16°)(10 Q £0°)
= 13.30V £~ —48.16°

Vi =1Z, = (I £6)(X_ 290°) = (1.33A £ —48.16°)(37.70 Q ~£.90°)
= 50.14V £41.84°

Ve=1Zc = (I £6)(Xc £—90°) = (1.33A £ —48.16°)(26.530 £ —90°)
— 3528V £ —138.16°

The total power factor, determined by the angle between the applied

b.
Vi voltage E and the resulting current |, is 48.16°:
Fp = cos® = cos 48.16° = 0.667 lagging

i
2 - _R_100 _ i
e L or Fp = cosf Z " 150 0.667 lagging
N\ AN
X AAL8a N _¢. Thetotal power in watts delivered to the circuit is
© // E
Ja16 L * Pr = El cos = (20 V)(1.33A)(0.667) = 17.74 W
VR/ d. The phasor diagram appearsin Fig. 15.44.
e. The phasor sum of Vg, V|, and V¢ is
E = VR + VL + VC
= 13.30V £ —48.16° + 50.14V ~£41.84° + 35.28V ~ —138.16°

Ve
FIG. 15.44
E =13.30V ~—48.16° + 14.86V ~,41.84°

Phasor diagram for the circuit of Fig. 15.42.
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Therefore,

E = V/(13.30V)? + (14.86 V)2 = 20V
and O = 0° (from phasor diagram)
and E =20 20°

fove = ZeE _ (100 £0°)(20V £0°) _ 200V £0°
Zt 150 »48.16° 15 £ 48.16°

— 133V £ —48.16°
_ ZcE _ (2650 £—90°)(20V £0°) _ 5306V, —90°
Z: 150 £ 48.16° 15 £ 48.16°
= 3537V ~—138.16°

Ve

15.5 FREQUENCY RESPONSE OF THE
R-C CIRCUIT

Thus far, the analysis of series circuits has been limited to a particular
frequency. We will now examine the effect of frequency on the response
of an R-C series configuration such asthat in Fig. 15.45. The magnitude
of the source is fixed at 10 V, but the frequency range of analysis will
extend from zero to 20 kHz.

R
MA
+ 5kQ +
e
E:10VDO°® Zt Cc == 00LuF v
f:0to20kHz — -
FIG. 15.45

Determining the frequency response of a series R-C circuit.

Z: Let us first determine how the impedance of the circuit Z+ will
vary with frequency for the specified frequency range of interest.
Before getting into specifics, however, let us first develop a sense for
what we should expect by noting the impedance-versus-frequency
curve of each element, as drawn in Fig. 15.46.

At low frequencies the reactance of the capacitor will be quite high
and considerably more than the level of the resistance R, suggesting that
the total impedance will be primarily capacitive in nature. At high fre-
guencies the reactance Xc will drop below the R = 5-k(} level, and the
network will start to shift toward one of a purely resistive nature (at
5 kQ). The frequency at which X; = R can be determined in the fol-
lowing manner:

1
= =R
XC 27rf1C
and f, = L (15.11)
L= .
27RC X = R
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e

5kQ
0
MWy
R=5kQ
—
Z; =

—y . =_1  5kQ
T~ %= 701

R<Xc R>Xc

FIG. 15.46

The frequency response of the individual elements of a series R-C circuit.

which for the network of interest is

1

f = S (BKO)(0.0L uF)

= 3183.1Hz

For frequencies less than f;, X > R, and for frequencies greater than f;,
R > X, as shown in Fig. 15.46.

Now for the details. The total impedance is determined by the fol-
lowing equation:

Zr=R-]X

and Zr=7: /0= VR + X £—tan ! % (15.12)

The magnitude and angle of the total impedance can now be found
at any frequency of interest by simply substituting into Eq. (15.12). The
presence of the capacitor suggests that we start from a low frequency
(100 Hz) and then open the spacing until we reach the upper limit of
interest (20 kHz).

f = 100 Hz

1 1
~ 27fC  27(100 Hz)(0.01 pF)

= 159.16 k()

Xc

and Z; = VR + X2 = V(5k0)? + (159.16 k)2 = 159.24 k)

_; 159.16 kO _

a1
5 KO tan™ " 31.83

with 6= —tan_l% = —tan
= —88.2°
and Z:=159.24 k) » —88.2°

which compares very closely with Z¢ = 159.16 k) £ —90° if the cir-
cuit were purely capacitive (R = 0 2). Our assumption that the circuit
is primarily capacitive at low frequencies is therefore confirmed.
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1 1
~ 27fC  27(1 kHz)(0.01 pF)

and  Zr = VR + X2 = V(5 kQ)? + (15.92 kQ)? = 16.69 kQ
i Xe L g1 15:92KQ

Xe = 15.92kQ

with 01 = R 5KQ
= —tan 13.18 = —72.54°
and Z+= 16.69kQ £ —72.54°

A noticeable drop in the magnitude has occurred, and the impedance
angle has dropped almost 17° from the purely capacitive level.
Continuing:

f= 5kHz. Z;=593kQ ~£-3248°
f=10kHz: Z;=525kQ L-17.66°
f=15kHz:. Z;=511kQ ~2—-11.98°
f=20kHz: Z;=5.06kQ £—9.04°

Note how close the magnitude of Z; at f = 20 kHz is to the resistance
level of 5 k(). In addition, note how the phase angle is approaching that
associated with a pure resistive network (0°).

A plot of Z; versus frequency in Fig. 15.47 completely supports our
assumption based on the curves of Fig. 15.46. The plot of 61 versus fre-
quency in Fig. 15.48 further suggests the fact that the total impedance
made a transition from one of a capacitive nature (f+ = —90°) to one
with resistive characteristics (0 = 0°).

Zr (kQ)
20

Circuit capacitive

15

10

R = 5k Circuit resistive

1 1 1 1 1 -
o 1 5 10 15 20 f (kHz)

FIG. 15.47
The magnitude of the input impedance versus frequency for the circuit of
Fig. 15.45.
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1 5 10 15 20 f (kHz)
I -

0°

Circuit resistive
—30°

—45°-

—60°-

Circuit capacitive

-90°

FIG. 15.48
The phase angle of the input impedance versus frequency for the circuit of
Fig. 15.45.

Applying the voltage divider rule to determine the voltage across the
capacitor in phasor form yields

Vo= _ZcE
Zrt+ Zc
_ (X £-90°)(E £0°) _ XcE£—-90°
R—jXc R=]Xc
_ XcE £—90°
VR + X [—tan ' Xc/R
— — XCE o -1
or Vo=V L0 = ﬁ/—% + tan (XC/R)
The magnitude of V¢ is therefore determined by
XcE
Ve =—TF—5 15.13
VR (15139
and the phase angle 6 by which V¢ leads E is given by
1 Xe 1 R
= — ° + l— = — - B
Oc 90° + tan R tan e (15.14)

To determine the frequency response, Xc must be calculated for each
frequency of interest and inserted into Egs. (15.13) and (15.14).

To begin our analysis, it makes good sense to consider the case of
f = 0 Hz (dc conditions).
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f=0Hz

1 1
= ==0 very lar
Xe 27(0)C 0 very large value

Applying the open-circuit equivalent for the capacitor based on the
above calculation will result in the following:

Ve=E =10V 20°
If we apply Eqg. (15.13), we find

X¢>>R
and \/R2+Xéz\/%=>(c
XE XcE
d Ve = = =E
. CTVRIR %
with Oc = —tan_lﬁ = —tan 10=0°

verifying the above conclusions.

f=1kHz Applying Eq. (15.13):
1 1

Xe = 2aC T @mLx 10 HO0L X 10 °F) — 92k
VR + X2 = V(5 kQ)? + (15.92 k)% = 16.69 k)
and Voo XE _ (1592k0)10) _ 4y,

VR + X2 16.69 k()
Applying Eq. (15.14):
1 R _ a1 5kQ

fc = —tan -
¢ c 15.9kQ
= —tan 10.314 = —17.46°
and Ve =953V £ —17.46°

As expected, the high reactance of the capacitor at low frequencies has
resulted in the major part of the applied voltage appearing across the
capacitor.

If we plot the phasor diagrams for f = 0 Hz and f = 1 kHz, as shown
in Fig. 15.49, we find that V¢ is beginning a clockwise rotation with an
increase in frequency that will increase the angle 6 and decrease the
phase angle between | and E. Recall that for a purely capacitive net-

—_— 6 = 90°
—>VC GC:OO
f = 0Hz

FIG. 15.49
The phasor diagram for the circuit of Fig. 15.45 for f = 0 Hzand 1 kHz
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work, | leads E by 90°. As the frequency increases, therefore, the
capacitive reactance is decreasing, and eventualy R >> X with 6c =
—90°, and the angle between | and E will approach 0°. Keep in mind
as we proceed through the other frequencies that 6. is the phase angle
between V¢ and E and that the magnitude of the angle by which | leads
E is determined by

| 0= 90° — DD (15.15)

f =5 kHz Applying Eg. (15.13):
22fC  (27)(5 X 10°HZ)(0.01 X 10 °F)

Note the dramatic drop in X from 1 kHz to 5 kHz. In fact, X¢ is now
less than the resistance R of the network, and the phase angle deter-
mined by tan™'(Xc/R) must be less than 45°. Here,

X = 3.18kQ

Ve = XcE - (3.18 kQ)(10V) _ 537V
VR +X2  V(5kQ)?+ (3.18kN)?
. 4R ;1 5kQ
th = —tan ' — = —tan*
with B = —tan =5~ =~ T 500

= —tan ' 156 = —57.38°

f = 10 kHz
Xe=159kQ  Ve=303V  0c= —72.34°

f = 15 kHz
Xe=106kQ  Ve=207V  0c= —78.02°

f = 20 kHz
Xe=79578Q  Ve=157V .= —80.96°

The phasor diagrams for f = 5 kHz and f = 20 kHz appear in Fig.
15.50 to show the continuing rotation of the V¢ vector.

6c = -80.96"

Ve f = 20kHz

FIG. 15.50
The phasor diagram for the circuit of Fig. 15.45 for f = 5 kHz and 20 kHz

Note also from Figs. 15.49 and 15.50 that the vector Vg and the cur-
rent | have grown in magnitude with the reduction in the capacitive
reactance. Eventualy, at very high frequencies X will approach zero
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ohms and the short-circuit equivalent can be applied, resulting in V¢ =

0V and 6c = —90°, and producing the phasor diagram of Fig. 15.51. Vg 6 00
The network is then resistive, the phase angle between | and E is essen- VcOov T E 6cO-90°
tially zero degrees, and Vg and | are their maximum values.

A plot of V¢ versus frequency appears in Fig. 15.52. At low fre- = very high frequencies

quencies Xc >> R, and V¢ is very close to E in magnitude. As the FIG. 15.51
The phasor diagram for the circuit of Fig.
15.45 at very high frequencies.
Ve

Network capacitive

Network resistive

of 1 5 10 15 20 f (kHz)

FIG. 15.52
The magnitude of the voltage V. versus frequency for the circuit of Fig. 15.45.

applied frequency increases, X decreases in magnitude along with Ve
as Vr captures more of the applied voltage. A plot of 6. versus fre-
guency is provided in Fig. 15.53. At low frequencies the phase angle

6 (phase angle between E and V)

0 5 10 15 20 f (kHz)
_30° Network capacitive
—60° e ¢ (f)

Network resistive

—90°

FIG. 15.53
The phase angle between E and V ¢ versus frequency for the circuit of
Fig. 15.45.
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between V¢ and E is very small since V¢ = E. Recdl that if two pha-
sors are equal, they must have the same angle. As the applied frequency
increases, the network becomes more resistive and the phase angle
between V¢ and E approaches 90°. Keep in mind that, at high frequen-
cies, | and E are approaching an in-phase situation and the angle
between V. and E will approach that between V¢ and I, which we
know must be 90° (I leading V).

A plot of Vg versus frequency would approach E volts from zero
volts with an increase in frequency, but remember Vg # E — V¢ due to
the vector relationship. The phase angle between | and E could be plot-
ted directly from Fig. 15.53 using Eqg. (15.15).

In Chapter 23, the analysis of this section will be extended to a much
wider frequency range using alog axis for frequency. It will be demon-
strated that an R-C circuit such asthat in Fig. 15.45 can be used as afil-
ter to determine which frequencies will have the greatest impact on the
stage to follow. From our current analysis, it is obvious that any net-
work connected across the capacitor will receive the greatest potential
level at low frequencies and be effectively “shorted out” at very high
frequencies.

The analysis of a series R-L circuit would proceed in much the same
manner, except that X, and V,_ would increase with frequency and the
angle between | and E would approach 90° (voltage leading the cur-
rent) rather than 0°. If V| were plotted versus frequency, V, would
approach E, and X would eventualy attain a level at which the open-
circuit equivalent would be appropriate.

15.6  SUMMARY: SERIES ac CIRCUITS

The following is a review of important conclusions that can be derived
from the discussion and examples of the previous sections. The list is
not all-inclusive, but it does emphasize some of the conclusions that
should be carried forward in the future analysis of ac systems.

For series ac circuits with reactive e ements:

1. Thetotal impedance will be frequency dependent.

2. Theimpedance of any one element can be greater than the total
impedance of the network.

3. Theinductive and capacitive reactances are alwaysin direct
opposition on an impedance diagram.

4. Depending on the frequency applied, the same circuit can be
either predominantly inductive or predominantly capacitive.

5. At lower frequencies the capacitive elementswill usually have the
most impact on the total impedance, while at high frequencies the
inductive elements will usually have the most impact.

6. The magnitude of the voltage across any one element can be
greater than the applied voltage.

7. The magnitude of the voltage across an element compared to the
other elements of the circuit is directly related to the magnitude
of itsimpedance; that is, the larger the impedance of an
element, the larger the magnitude of the voltage across the
element.

8. The voltages across a coil or capacitor are alwaysin direct
opposition on a phasor diagram.

9. The current isalwaysin phase with the voltage across the
resistive elements, lags the voltage across all the inductive
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elements by 90°, and leads the voltage across all the capacitive
elements by 90°.

10. Thelarger theresistive element of a circuit compared to the net
reactive impedance, the closer the power factor isto unity.

PARALLEL ac CIRCUITS

15.7 ADMITTANCE AND SUSCEPTANCE

The discussion for parallel ac circuits will be very similar to that for
dc circuits. In dc circuits, conductance (G) was defined as being equal
to YR The total conductance of a parallel circuit was then found by
adding the conductance of each branch. The total resistance Ry is sim-
ply /Gr.

In ac circuits, we define admittance (Y) as being equal to 1/Z. The
unit of measure for admittance as defined by the SI system is siemens,
which has the symbol S. Admittance is a measure of how well an ac cir-
cuit will admit, or allow, current to flow in the circuit. The larger its
value, therefore, the heavier the current flow for the same applied
potential. The total admittance of a circuit can also be found by finding
the sum of the parallel admittances. The total impedance Z of the cir-
cuit is then 1/Y ; that is, for the network of Fig. 15.54:

| Yr=Yoi+ Yo+ Yg+ O Yy | (15.16)

Yr 1 1 1 1
_ Yl_z1 Y2-22 Y3—23 YN-ZN
T "

FIG. 15.54
Parallel ac network.

or, sinceZ = 1Y,

11 1 1 1
1 _ 1. 1.1 ot
Z. 7, 7, Z Zn (15.17)

For two impedances in parallél,

1_1 1
Zy Z, Z,
If the manipulations used in Chapter 6 to find the total resistance of two
parald resistors are now applied, the following similar equation will
result:

ZT _ leZ

== 15.18
Z,+ 7, ( )
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| Be 0 90°

GO0

¥ B, 0-90°

FIG. 15.55
Admittance diagram.

For three parallel impedances,

Z.Z,74
Z2Zy+ 2523+ 224

y (15.19)

As pointed out in the introduction to this section, conductance is the
reciprocal of resistance, and

1 1
Zr RLO°

= G £0° (15.20)

Thereciprocal of reactance (1/X) is called susceptance and isamea-
sure of how susceptible an element is to the passage of current through
it. Susceptance is also measured in siemens and is represented by the
capital letter B.

For the inductor,

1 1 1

vo=t=_—1t _ 1, o 15.21

FTZL 0 X 4900 X, (15:21)

Defining B, = xi (siemens, S) (15.22)
L

we have Y, =B £-90° | (15.23)

Note that for inductance, an increase in frequency or inductance will
result in a decrease in susceptance or, correspondingly, in admittance.
For the capacitor,

1 1 1
Vo= 2= 1 1 o 15.24

€ Ze  Xel-90° X %0 (15.24)

Defining Be = % (siemens, S) (15.25)
we have Yc = Be £90° | (15.26)

For the capacitor, therefore, an increase in frequency or capacitance
will result in an increase in its susceptibility.

For parallel ac circuits, the admittance diagram is used with the
three admittances, represented as shown in Fig. 15.55.

Note in Fig. 15.55 that the conductance (like resistance) is on the
positive real axis, whereas inductive and capacitive susceptances are in
direct opposition on the imaginary axis.

For any configuration (series, parallel, series-parallel, etc.), the angle
associated with the total admittance is the angle by which the source
current leads the applied voltage. For inductive networks, 61 is
negative, whereas for capacitive networks, 6+ is positive.
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EXAMPLE 15.12 For the network of Fig. 15.56:
a. Find the admittance of each paralel branch.

b. Determine the input admittance.

¢. Calculate the input impedance.

d. Draw the admittance diagram.

Solutions:
a Y= GO =L, 00— -1 Lo
R R 20 Q)
=005S20°=005S+j0
_ o =L a1 o
Y, =B_~-90 XLL 90° = 5q £~

—01S/-90°=0-j018S
Yr=VYr+ Y. = (005S+j0)+ (0—j01S)
—005S—j01S=G—|B

C Zr=— = 1 - 1
"7 Yr 005S-j01S  0.112S/—63.43°
= 893 Q 6343
or Eq. (15.17):
7 ZpZ,  _ (200 £0°)(10Q £90°)
Tzt 27, 200 +j10Q
2000 £90° o
= 2236 /26577 893 Q /6343
d. The admittance diagram appears in Fig. 15.57.

Yr=005S500°

/6343 *
1

I

I
0.112S

Y, = 01S0-90° !

3 |

FIG. 15.57
Admittance diagram for the network of
Fig. 15.56.

EXAMPLE 15.13 Repeat Example 15.12 for the parallel network of
Fig. 15.58.

Solutions:
a Ya=Gr0° =+ 00 =— /00
R R 50
=02S40°=02S+j0

ADMITTANCE AND SUSCEPTANCE m 657

Y1
—

- R§ZOQ ngloQ

O

FIG. 15.56
Example 15.12.

O

Yr
R§5£) ngsn Xe =< 20 Q)

Z7
—
O

FIG. 15.58
Example 15.13.
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1 1
Y, =B £-90° = — /—-90° = — /—90°
Lot X, 80
=0125S/,-90°=0—-j0125S
1 1
Yo =Bec290° = — £90° = —— £ 90°
cm e Xc 200

— 0.050S2+490° =0+ 0050S
b. Yr=Yr+ Y.+ Yc
—(02S+j0)+(0—j0125S) + (0+j0.0509)
—02S—j0075S = 02136 S £ —20.56°
1

7= — 4.68 Q /20.56°
C ZT= 021365, 2056 08 0-56

, ZrZ,\Zc
,- T ZRZL + 2 Zc + ZrZc
_ (5Q £0°)(8Q £90°)(20 Q ~ —90°)
tYe (5Q £0°)(8Q £90°) + (8 £90°)(20 Q £ —90°)
Ye_ o + (50 £0°)(20 Q £ —90°)
_ 8000 £ 0°
02136 S 40 £/ 90° + 160 2. 0° + 100 / —90°
T Yo _ 800 () _ 8000
160 +j40 —j 100 160 — j 60
_ 800
170.88 / —20.56°
FIG. 15.59

Admittance diagram for the network of = 4.68 ) £20.56°
Fig. 15.58. d. The admittance diagram appearsin Fig. 15.59.

T 20.56°

=<
|
D
|

On many occasions, the inverse relationship Y = 1/Z; or Z; =
1Y+ will require that we divide the number 1 by a complex number
having a real and an imaginary part. This division, if not performed in
the polar form, requires that we multiply the numerator and denomina-
tor by the conjugate of the denominator, as follows:

VI 1 ( 1 )((4Q—j69)>:4—j6

"z, 40+j60 (40+j60/\40—-j60)) £+6
_4 s .6
and YT—528 1528

To avoid this laborious task each time we want to find the reciprocal
of a complex number in rectangular form, a format can be developed
using the following complex number, which is symbolic of any imped-
ance or admittance in the first or fourth quadrant:

1 _ 1 a+jb _alljbl
a, * b (alijb1)<a11jbl> a3 + b?

1 . b,
a*jb  al+ b Ja§+b§

or (15.27)

Note that the denominator is simply the sum of the squares of each
term. The sign is inverted between the real and imaginary parts. A few
examples will develop some familiarity with the use of this equation.
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EXAMPLE 15.14 Find the admittance of each set of series elements

in Fig. 15.60.
R 10 Q)
Y X 40
R 60Q
T’
(a (b)
FIG. 15.60
Example 15.14.
Solutions:
aZ=R—-jX=60-j80
Eq. (15.27):
1 6 . 8
Y = = +
60-j80 62+ @7 (67 + (87
__6 . 8
= 100>t 700°
b.Z=100+j4Q+(-j01Q)=100 +j39Q
Eq. (15.27):
vo1_ 1 _ 10 _ 3.9
Z 100+j39Q (102 + (397  (10)*+ (3.9)2
10 .39

= 1521 11150 ~ 0087S—10034S

15.8 PARALLEL ac NETWORKS

For the representative parallel ac network of Fig. 15.61, the total imped-

[ [
ance or admittance is determined as described in the previous section, |,'—> l ' l ’
and the source current is determined by Ohm’s law as follows:

=5 —Ev, (15.28)
Zt s
Since the voltage is the same across parallel elements, the current FIG. 15.61
through each branch can then be found through another application of Paralld 'ac nétwork
Ohm’s law: '
E
l,=—=EY; (15.29a)
Z,
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Kirchhoff’s current law can then be applied in the same manner as
employed for dc networks. However, keep in mind that we are now
dealing with the algebraic manipulation of quantities that have both
magnitude and direction.

|_|1_|2:0

. @50

The power to the network can be determined by

| P=Elcost | (15.31)

where 0 is the phase angle between E and I.
Let us now look at afew examples carried out in great detail for the
first exposure.

R-L
Refer to Fig. 15.62.

L a
+ #iR w‘-
e = \/2(20) sin(wt + 53.13°) R<=3330Q X K250
=
FIG. 15.62

Parallel R-L network.

Phasor Notation Asshown in Fig. 15.63.

| = 10A00°
L a
—
+ | Y7 VIR P
E = 20V [ 53.13° R§ 3330 X Q250
— —
Zg
.
FIG. 15.63

Applying phasor notation to the network of Fig. 15.62.

Y+ and Z;
YT = YR + Y|_
1 1
— ° 4+ _ ° — o+ _ o
G £0°+ B £—-90 3330 20 250 £—90
=03S2£0°+04S2.-90°=03S—-j04S
=05S2£-5313
1 1
Zt =20 £5313°

Y,y 05S/-5313°
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Admittance diagram:  As shown in Fig. 15.64.

]
GO0 =03S00°
VI L
5313° | +
1
1
1
B, 0-90° = 0.4S0-90° Y; = 05S0-53.13°
:
1
!
1
A
FIG. 15.64

Admittance diagram for the parallel R-L network of Fig. 15.62.

| = z£ — EY; = (20V £53.13°)(0.5S £ —53.13°) = 10A ~0°

T

Ir and I

o= E/0
R£0°
= (20V £53.13°)(0.3S £0°) = 6A ~53.13°

_ EZ#6
LTOX 290°
= (20V £53.13°)(0.4 S £ —90°)

=8A L —36.87°

= (E £0)(G L0°)

= (E £6)(B, 2 —90°)

Kirchhoff’s current law: At node a,
| —lg—1_.=0
or
I =1g+ 1,
10A £0° =6A £53.13° + 8A L—36.87°

i E
10A 20° = (3.60A +j4.80A) + (6.40A — j4.80A) =10A +jO
[
and 10A £0° = 10A £0°  (checks) 7
Phasor diagram: The phasor diagram of Fig. 15.65 indicates that
the applied voltage E is in phase with the current | ; and leads the cur- 53.13°
rent I by 90°. P T .
Power: The total power in watts delivered to the circuit is
P, = El cosf;
= (20V)(10A) cos 53.13° = (200 W)(0.6) I
=120W
V2 FIG. 15.65
or Pr=1?R= -2 =V3G = (20V)%0.39S) = 120W Phasor diagram for the parallel R-L network

R of Fig. 15.62.
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or, finaly,

PT = PR + PL = EIR COSGR + EIL COSOL
= (20V)(BA) cos0° + (20V)(8A) cos 90° = 120 W + O
=120W

Power factor: The power factor of the circuit is
Fp = cosfr = c0s53.13° = 0.6 lagging
or, through an analysis similar to that employed for a series ac circuit,

P_EIR_EG_G _G
El E IV Yy

cosf; =

and Fo = cosfr = s (15.32)
Yr

where G and Y7 are the magnitudes of the total conductance and admit-
tance of the parallel network. For this case,

03S
05S

Impedance approach: The current | can also be found by first find-
ing the total impedance of the network:

ZeZi (3330 £0°)(250Q £90°)

Fp = cosb; = = 0.6 lagging

7= =
T Za+Z, 333Q0.0°+25Q,90°
__8325,90° _ o
~ 2164 2368 24033
And then, using Ohm’s law, we obtain
E 20V £53.13°
|=—=——""-—"-—-=10A 20°
Zt 20 £53.13°
R-C
Refer to Fig. 15.66.
a
) i Jie
i = 14.14sn et e R§ 1670 X7 =<1250
FIG. 15.66
Parallel R-C network.
Phasor Notation As shown in Fig. 15.67.
Y+ and Z¢
Yr=Yr+ Ye=G L0+ BeL90° = —=— /0° + —=— /907
TR TC ¢ 1.67Q 1.25Q
=06S/0°+08S290°=06S+j08S=10S,5313
Zt 1 1 =1Q £ -53.13°

T Y; 10S/5313



#'R ‘IC
| = 10A00° E R§ 1.67Q X~ 1.250Q
FIG. 15.67

Applying phasor notation to the network of Fig. 15.66.

Admittance diagram:  As shown in Fig. 15.68.

Y7 = 1S05313°
Bc090° = 08S090° f-----------

53.13°

GO0 =06S00°  +

FIG. 15.68
Admittance diagram for the parallel R-C network of Fig. 15.66.

| 10A £0°
E=lZ;=—=—"""_ =10V ~-53.13°
T Yy 1S/53.13°

Ir and I¢
Ig = (E £6)(G 20°)
= (10V £ —-53.13°)(0.6 S 20°) = 6A ~—53.13°
lc = (E £6)(Bc £90°)
= (10V £—-53.13°)(0.8 S ~£90°) = 8A ~36.87°
Kirchhoff’s current law: At node a,
| — IR - IC = 0
or Il =lg+ ¢
which can also be verified (as for the R-L network) through vector
algebra.
Phasor diagram: The phasor diagram of Fig. 15.69 indicates that
E isin phase with the current through the resistor | z and lags the capac-
itive current |- by 90°.
Time domain:
e = V2(10) sin(wt — 53.13°) = 14.14 sin(wt — 53.13°)
ir = V2(6) sin(wt — 53.13°) = 8.48 sin(wt — 53.13°)
ic = V2(8) sin(wt + 36.87°) = 11.31 sin(wt + 36.87°)
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36.87° \
» L
53132 0+
I R
E
FIG. 15.69
Phasor diagram for the parallel R-C network

of Fig. 15.66.
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A plot of al of the currents and the voltage appears in Fig. 15.70.
Note that e and ig are in phase and e lags i by 90°.

FIG. 15.70
Waveforms for the parallel R-C network of Fig. 15.66.

Power :
P; = El cos# = (10 V)(10 A) cos 53.13° = (10)%(0.6)
=60W
or Pr = E°G = (10 V)%(0.6 S) = 60 W
or, finaly,

P; = Pr + Pc = Elg cos 6 + El cosfc
= (10V)(6 A) cos0° + (10 V)(8 A) cos 90°
=60W

Power factor: The power factor of the circuit is
F, = c0s53.13° = 0.6 leading
Using Eq. (15.32), we have

Fo = cosfr = YE = % = 0.6 leading
T .

Impedance approach: The voltage E can also be found by first
finding the total impedance of the circuit:

 ZeZc (1670 £0°)(1.25Q £ —90°)

T Ze+Ze 167Q2L0°+1.25Q £—-90°
2,09 2 —90°

209 ,-36.81°

=160 £-5319°

and then, using Ohm'’s law, we find
E=1Z;:=(10A 20°)(1Q £~ —53.19°) = 10V £~ —53.19°

R-L-C
Refer to Fig. 15.71.
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i = 707sinat a

+ {ir i Jic
e = V2(100) sin(ut + 53.13) R§ 3330 X 1430 X F=3330
=

FIG. 15.71
Parallel R-L-C ac network.

Phasor notation:  As shown in Fig. 15.72.

I = 50A00°
— a
+ #IR ‘IL L'c
E = 100V [ 53.13° RS 3330 X Q1430 X, ==3330
=
FIG. 15.72

Applying phasor notation to the network of Fig. 15.71.

Y, and Z;
Yr=Yr+ Y +Ye=G L0 + B £—-90° + Bc £90°
1 1 1
= £0° + £—90° + ———— £90°
3330 0 1430 % 3330 %

—03S/0°+0.7S/,-90° + 0.3S £90°
—03S-j07S+j03S
—03S—-j04S=05S,-5313°

1 1

= =—71"""7"-=2Q 25313
Yr 05S2-5313°

Zr

Admittance diagram: As shown in Fig. 15.73. J

Bc 0 90° = 0.3S090°

E

| = = =EYr=(100V £5313°)(0.5S £ ~5313°) = 50A £0° GO0° =03s00°
T T
5313 | *

Ir, I, and I¢ i
B, - B i
Ir = (E 260)(G £0°) ,
= (100V £53.13°)(0.3S £0°) = 30A £53.13° l ;

I = (E £6)(B, 2—90°) | N | Y1 = 05S00-531%°

— (100 V £53.13°)(0.7S 2 —90°) = 70A ~ —36.87°

lc = (E £0)(Bc £90°) YB 0-90° = 0.7S0-90°
= (100 V £53.13°)(0.3S £ +90°) = 30A £143.13°

FIG. 15.73
Admittance diagram for the parallel R-L-C
I —Ig=1 = 1c=0 network of Fig. 15.71.

Kirchhoff’s current law: At node a,
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j or I = IR + ||_ + IC
E Phasor diagram: The phasor diagram of Fig. 15.74 indicates that
the impressed voltage E is in phase with the current 1 through the
Ir / resistor, leads the current |, through the inductor by 90°, and lags the
RN current | of the capacitor by 90°.
| N Time domain:
c 53.13° S
> i = V2(50) sin wt = 70.70 sin wt
A 36.87° S ir = V2(30) sin(wt + 53.13°) = 42.42 sin(wt + 53.13°)
4 <, / i, = V2(70) sin(wt — 36.87°) = 98.98 sin(wt — 36.87°)
0\7/ . ic = V2(30) sin(wt + 143.13°) = 42.42 sin(wt + 143.13°)
I A plot of al of the currents and the impressed voltage appears in
Fig. 15.75.
FIG. 15.74

Phasor diagram for the parallel R-L-C
network of Fig. 15.71.

wt

FIG. 15.75
Waveforms for the parallel R-L-C network of Fig. 15.71.

Power: The total power in watts delivered to the circuit is

Pr = El cos# = (100 V)(50 A) cos 53.13° = (5000)(0.6)
= 3000 W
or P; = E°G = (100 V)?(0.3 S) = 3000 W
or, finaly,
PT = PR + PL + PC
= Elgcosfr + El_cos6, + ELccosfc
= (100 V)(30 A) cos 0° + (100 V)(70 A) cos 90°

+ (100 V)(30 A) cos 90°
=3000W+0+0

= 3000 W
Power factor: The power factor of the circuit is

Fp = cos 6t = c0s53.13° = 0.6 lagging
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Using Eqg. (15.32), we obtain

Fp = cosfr = YE = % = 0.6 lagging
T .

Impedance approach: The input current | can also be determined
by first finding the total impedance in the following manner:

A ATAS

Zr = =2Q £5313°
22, + 2\ Zc+ ZrZc
and, applying Ohm’s law, we obtain
| E _ 100V £5313 _ 50A /0°

" Z; 20 /5313

15.9 CURRENT DIVIDER RULE

The basic format for the current divider rule in ac circuits is exactly
the same as that for dc circuits; that is, for two paralel branches with

impedances Z, and Z, as shown in Fig. 15.76, — 1y 7,
I,
Z,lt Zs
l,=———"=5— o l,=——"—"—- 15.33
Tz, + 2, 2Tz, + 2, (15.33) e,
Z,
FIG. 15.76

EXAMPLE 15.15 Using the current divider rule, find the current
through each impedance of Fig. 15.77.

Solution: o—
g = Zdy  _ (40 £90°)(20A £0°) _ 80AL90° | = 20A L0O° l'R
ZatZ, 3Q/0°+40/90° 5/5313 RZ30 X
= 16A ~/36.87°
I = Zelt (30 £0°)(20A £0°) _ 60AL0° o
Zr+Z, 5Q £53.13° 5/53.13° FIG. 15.77
= 12A £-53.13° Example 15.15.

EXAMPLE 15.16 Using the current divider rule, find the current
through each parallel branch of Fig. 15.78.

I = 5A L 30°
Xc T
|(
AN
20
FIG. 15.78
Example 15.16.
Solution:
| = Zelr (20 /2-90°)(5A £30°) _ 10A~—60°
RL Ze+Zrt —j20+10+j80Q 1+j6
10 A 7~ —60°

= m = 1.644A ~—140.54

Applying the current divider rule.

"

40

CURRENT DIVIDER RULE m 667
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Zrdr  (1Q +[8Q)BA £30°)

I = =
" ZpL + Z¢ 6.08 () £ 80.54°
_ (8.06 £.82.87°)(5A £30°) _ 40.30A L112.87°
6.08 ~.80.54° 6.083 ~ 80.54°

= 6.625A £32.33°

15.10 FREQUENCY RESPONSE OF THE
PARALLEL R-L NETWORK

In Section 15.5 the frequency response of a series R-C circuit was ana-
lyzed. Let us now note the impact of frequency on the total impedance
and inductive current for the parallel R-L network of Fig. 15.79 for a
frequency range of zero through 40 kHz.

4 mH

000,

| = 100 mA (J0° Q) v, R§ 200 L
f:0to20 kHz

FIG. 15.79
Determining the frequency response of a parallel R-L network.

Z: Before getting into specifics, let us first develop a “sense” for the
impact of frequency on the network of Fig. 15.79 by noting the imped-
ance-versus-frequency curves of the individual elements, as shown in
Fig. 15.80. The fact that the elements are now in parallel requires that
we consider their characteristics in a different manner than occurred for
the series R-C circuit of Section 15.5. Recall that for parallel elements,
the element with the smallest impedance will have the greatest impact

R
2200
XL
0 f
_ 220Q |a-------
. L = 4mH .
Zr RS 2200 L% X, = 2mfL i
i
I
J L
0 «— fz — f
= X <R = X >R
FIG. 15.80

The frequency response of the individual elements of a parallel R-L network.



"C FREQUENCY RESPONSE OF THE PARALLEL R-L NETWORK m 669

on the total impedance at that frequency. In Fig. 15.80, for example, X
is very small at low frequencies compared to R, establishing X, as the
predominant factor in this frequency range. In other words, at low fre-
guencies the network will be primarily inductive, and the angle associ-
ated with the total impedance will be close to 90°, as with a pure induc-
tor. As the frequency increases, X, will increase until it equals the
impedance of the resistor (220 (2). The frequency at which this situation
occurs can be determined in the following manner:

XL = 27l'f2|_ =R

and f,= —— (15.34)

which for the network of Fig. 15.79 is

(- R _ 220 Q)
27 271 27(4 % 10 % H)
= 8.75kHz

which falls within the frequency range of interest.

For frequencies less than f,, X, < R, and for frequencies greater than
f,, XL > R, as shown in Fig. 15.80. A genera equation for the total
impedance in vector form can be developed in the following manner:

7. = LRl
Za+ Z,
_(RLO)(X, £90°) RX, £90°
R+ X VR + X2 stan X IR
RXL o -1
VR + X?
RX
so that Z:= 7L2 (15.35)
VR + X2
X R
and 07 = 90° — tan 1 = =tan 1 — (15.36)
R X,

The magnitude and angle of the total impedance can now be found
at any frequency of interest simply by substituting Egs. (15.35) and

(15.36).
f=1kHz
X, = 2xfL = 2n(1kHz)(4 X 10 3 H) = 25.12 0
and
RX
2. < L (00)@25120) 000
VR+X V(22000 + (25.12 0)?

. . R . 2200

th fr =tan ' — =tan?
W T ST w0

= tan 18.76 = 83.49°
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and Z = 24.96 Q) £ 83.49°

This value compares very closely with X, = 25.12 () £90°, which it
would be if the network were purely inductive (R = o ). Our assump-
tion that the network is primarily inductive at low frequencies is there-
fore confirmed.

Continuing:

f= 5kHz. Z;=109.1Q £60.23°
f=10kHz: Z{=1655Q £41.21°
f=15kHz: Z;=189.99 ) ~30.28°
f=20kHz: Z;= 20153 £23.65°
f=30kHz Z;=21119Q £16.27°

f=40kHz: Z;=21491Q £12.35°

At f = 40 kHz, note how closely the magnitude of Z; has ap-
proached the resistance level of 220 ) and how the associated angle
with the total impedance is approaching zero degrees. The result is a
network with terminal characteristics that are becoming more and more
resistive as the frequency increases, which further confirms the earlier
conclusions developed by the curves of Fig. 15.80.

Plots of Z; versus frequency in Fig. 15.81 and 6; in Fig. 15.82
clearly reveal the transition from an inductive network to one that
has resistive characteristics. Note that the transition frequency of
8.75 kHz occurs right in the middle of the knee of the curves for
both Z; and 6.

Z7r (Q)
Network resistive
R=Z2000F - = — — = — —— o A _ .=
200 e —
X >R(Z; OR)
X =R/----- Z7 (0)

Netwél)rk inductive

|
|
X/<R(Zr DX)

1 11 -
01 5 87510 20 30 40  f(kH2)

FIG. 15.81
The magnitude of the input impedance versus frequency for the network of
Fig. 15.79.

A review of Figs. 15.47 and 15.81 will reveal that a series R-C and
a parallel R-L network will have an impedance level that approaches
the resistance of the network at high frequencies. The capacitive cir-
cuit approaches the level from above, whereas the inductive network
does the same from below. For the series R-L circuit and the parallel
R-C network, the total impedance will begin at the resistance level and
then display the characteristics of the reactive elements at high fre-
quencies.
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90° +

Inductive (X, <R)
60°
45°
67 (f)

30°
Resistive (X, > R)

o°

1 5 10 20 20 40 f (kH2)
FIG. 15.82
The phase angle of the input impedance versus frequency for the network of
Fig. 15.79.

I, Applying the current divider rule to the network of Fig. 15.79 will
result in the following:

. Zgl
LT Zrt 2,
_(RLO)(1 £0°) _ Rl £0°
R+ X VR + X2 tan ' X /R
RI _
and L= 26 = ———=/—tan X /R
T VR R -
The magnitude of |, is therefore determined by
= 15.37
“TVR X (1537

and the phase angle 6,, by which I, leads 1, is given by

0, = —tan‘lﬁ (15.38)

Because 6, is dways negative, the magnitude of 6, is, in actuality,
the angle by which I lags .
To begin our analysis, let us first consider the case of f = 0 Hz (dc
conditions).
f=0Hz
X, =2xfL =2x(0HZ)L =0 Q

Applying the short-circuit equivalent for the inductor in Fig. 15.79
would result in

[L=1=100mA ~0°
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I (MA)
100N — — — — — — ——mmmmmm — e mmm——— o
X <R(l, Oly
75 Network inductive
50
X >R, =>0mA)
25
Network resistive
o/t 5 10 20 0 0 f(kH2)
FIG. 15.83
The magnitude of the current | _ versus frequency for the parallel R-L network
of Fig. 15.79.

as appearing in Figs. 15.83 and 15.84.

f=1kHz Applying Eq. (15.37):
X, = 2#fL = 27(1 kHz)(4 mH) = 25.12 )

and VR +X=V(2200) + (2512 Q) = 22143 Q

and I, = RI _ (2200)(100mA) _ 99.35 mA
VR + X 221.430Q
with
X 25.12Q
-1 ML -1 -1 )
= == =— 114 = —6.51
0, = tan R tan 2200 tan "0 6.5
and I, =99.35mA ~—6.51°

The result is a current | that is till very close to the source current |
in both magnitude and phase.
Continuing:
f= 5kHz | _=86.84mA ~—29.72°
f=10kHz | = 65.88 mA ~—48.79°
f=15kHz: | = 50.43mA 2 —59.72°
f=20kHz | _=40.11 mA 2 —66.35°
f=30kHz | _=28.02mA ~—-73.73°
f=40kHz: |, = 21.38 mA ~L—77.65°
The plot of the magnitude of |_ versus frequency is provided in Fig.
15.83 and reveals that the current through the coil dropped from its

maximum of 100 mA to ailmost 20 mA at 40 kHz. As the reactance of
the coil increased with frequency, more of the source current chose the
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6 of I,

/GL: 65
1 1 1 1 1 1

Network inductive
_300 .
—45°-]

6L (f)

—60° o
Network resistive

1

FIG. 15.84
The phase angle of the current | _ versus frequency for the parallel R-L network
of Fig. 15.79.

lower-resistance path of the resistor. The magnitude of the phase angle
between | and | is approaching 90° with an increase in frequency, as
shown in Fig. 15.84, leaving itsinitial value of zero degreesat f = 0 Hz
far behind.

At f = 1 kHz, the phasor diagram of the network appears as shown
in Fig. 15.85. First note that the magnitude and the phase angle of |, are
very close to those of I. Since the voltage across a coil must lead the
current through a coil by 90°, the voltage V¢ appears as shown. The
voltage across a resistor is in phase with the current through the resis-
tor, resulting in the direction of 1z shown in Fig. 15.85. Of course, at
this frequency R > X, and the current I is relatively small in magni-
tude.

At f = 40 kHz, the phasor diagram changes to that appearing in Fig.
15.86. Note that now Iz and | are close in magnitude and phase because
X_ > R The magnitude of | has dropped to very low levels, and the
phase angle associated with | is approaching —90°. The network is
now more “resistive” compared to its “inductive” characteristics at low
frequencies.

The analysis of a paralel R-C or R-L-C network would proceed in
much the same manner, with the inductive impedance predominating at
low frequencies and the capacitive reactance predominating at high fre-
quencies.

15.11 SUMMARY: PARALLEL ac NETWORKS

The following is a review of important conclusions that can be derived
from the discussion and examples of the previous sections. The list is
not all-inclusive, but it does emphasize some of the conclusions that
should be carried forward in the future analysis of ac systems.

0° 5 10 20 30 40 f (kH2)

-651° I

FIG. 15.85
The phasor diagram for the parallel R-L net-
work of Fig. 15.79 at f = 1 kHz

1235 g v

'L‘J/—77.65° !

FIG. 15.86
The phasor diagram for the parallel R-L net-
work of Fig. 15.79 at f = 40 kHz.
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For parallel ac networks with reactive elements:

1. Thetotal admittance (impedance) will be frequency
dependent.

2. The impedance of any one element can be less than the total
impedance (recall that for dc circuits the total resistance must
always be less than the smallest parallel resistor).

3. Theinductive and capacitive susceptances arein direct
opposition on an admittance diagram.

4. Depending on the frequency applied, the same network can be
either predominantly inductive or predominantly capacitive.

5. At lower frequenciestheinductive elementswill usually have
the most impact on the total impedance, while at high
frequencies the capacitive elements will usually have the most
impact.

6. The magnitude of the current through any one branch can be
greater than the source current.

7. The magnitude of the current through an element, compared
to the other elements of the network, is directly related to the
magnitude of itsimpedance; that is, the smaller the impedance
of an element, the larger the magnitude of the current through
the element.

8. The current through a coil isalways in direct opposition with
the current through a capacitor on a phasor diagram.

9. The applied voltage is alwaysin phase with the current
through the resistive elements, leads the voltage across all the
inductive elements by 90°, and lags the current through all
capacitive elements by 90°.

10. The smaller theresistive element of a network compared to the
net reactive susceptance, the closer the power factor isto
unity.

15.12 EQUIVALENT CIRCUITS

In a series ac circuit, the total impedance of two or more elements in
series is often equivalent to an impedance that can be achieved with
fewer elements of different values, the elements and their values being
determined by the frequency applied. This is aso true for parallel cir-
cuits. For the circuit of Fig. 15.87(a),

ZZ,  (5Q0.,-90°)(10Q £90°) 50 /0°

Z:= —
T Ze+Z, 50,4-90°+100Q,90° 5.,90°
=100 2 —90°
O [ e —
Zr Xe 750 X 100 Zy Xe ==<100
O o—

(@ (b)

FIG. 15.87
Defining the equivalence between two networks at a specific frequency.
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The total impedance at the frequency applied is equivalent to a capaci-
tor with areactance of 10 (), as shown in Fig. 15.87(b). Always keep in
mind that this equivalence is true only at the applied frequency. If the
frequency changes, the reactance of each element changes, and the
equivalent circuit will change—perhaps from capacitive to inductive in
the above example.

Another interesting development appears if the impedance of a par-
alel circuit, such as the one of Fig. 15.88(a), is found in rectangular
form. In this case,

5 _ _ZZs _ (40290730 £0)
T Zi+Zr 4Q290°+30Q20°
12 /. 90°
= =222 _ 2400 £/ 36.87°
5 /53.13°

=1.920Q +j 1.440Q

which is the impedance of a series circuit with a resistor of 1.92 () and
an inductive reactance of 1.44 (), as shown in Fig. 15.88(b).

The current | will be the same in each circuit of Fig. 15.87 or Fig.
15.88 if the same input voltage E is applied. For aparalld circuit of one
resistive element and one reactive element, the series circuit with the
same input impedance will aways be composed of one resistive and
one reactive element. The impedance of each element of the series cir-
cuit will be different from that of the parallel circuit, but the reactive
elements will always be of the same type; that is, an R-L circuit and an
R-C parallel circuit will have an equivalent R-L and R-C series circuit,
respectively. The same is true when converting from a series to a paral-
lel circuit. In the discussion to follow, keep in mind that

theterm equivalent refers only to the fact that for the same applied
potential, the same impedance and input current will result.

To formulate the equivalence between the series and parallel circuits,
the equivalent series circuit for a resistor and reactance in parallel can
be found by determining the total impedance of the circuit in rectangu-
lar form; that is, for the circuit of Fig. 15.89(a),

Y=i+ .1 =i1]i
R EHX RTX
and
o1 1
Y, (UR) Fj(UX)
UR, X

- + i P
(UR)? + (UX)* ) (UR,)? + (UX)?

Multiplying the numerator and denominator of each term by R3X5
resultsin

RXp_, . RoX
X+ R IR

p p p p
R=jX [Fig. 1589(b)]

Z,=

XZ
and Rs_—Rp .

~ X2+ R2 (15.39)
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X 40 R=30
—_—
@
—— W\
+ |1 R=1920 X =140
E
T
(b)
FIG. 15.88

Finding the series equivalent circuit
for a parallel R-L network.

@

Zs=7,—

Ys:Y —

(b)

FIG. 15.89
Defining the parameters of equivalent series
and parallel networks.
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ith _ R 15.40
W TR (15.40)
For the network of Fig. 15.88,
RyX5 (30)(4 Q) 480
= = = =1.920Q
Rs X5+RS  (400°+ 302 25
and
R3 X 3040 36 Q)
o= e GOED = 1440 Q

X5+ RE (40 + (30)° 25

which agrees with the previous result.

The equivalent parallel circuit for a circuit with a resistor and reac-
tance in series can be found by simply finding the total admittance of
the system in rectangular form; that is, for the circuit of Fig. 15.89(b),

Zs=RE X
ST Z. TRzjx R+ TR
. 1_ .1 .
=G FjBp=5Fjo [Fig. 15.89(a)]
R, p
R2 + X2
or Rp = % (1541)
RZ + X2
with X, = Sx S (15.42)
'S
For the above example,
CRE+XE (L920)%+ (L440)° 5760 300
Ro R 1.92 0 1.92 '
RZ+ X2 5760
and X, = X = 143 =40Q

as shown in Fig. 15.88(a).

EXAMPLE 15.17 Determine the series equivalent circuit for the net-
work of Fig. 15.90.

Ro

R§8kﬂ

X =<4 kQ

ngng

FIG. 15.90
Example 15.17.
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Solution:
R, = 8k
X, (resultant) = X — Xdd= B kQ — 4kQ0
=5kQ
and R X,
R, = R"X% _ (BB kﬂ)z _ 200k 2.247 kQ 2.247kQ 3.596 kQ
X5+ RS (5kQ)? + (8kQ)? 89 ' ‘ '
with
- Rf,xp _ (8kN)*(5kN) _ 320 kQ o
X5+ RS (5kQ)’ + (8kQ)? 89
—3506kQ  (inductive) , FIG. 15.91
The equivalent series circuit for the parallel
The equivalent series circuit appears in Fig. 15.91. network of Fig. 15.90.
EXAMPLE 15.18 For the network of Fig. 15.92:
i = \/2(12) sin 1000t
— | liy |

ocooTo

Yr

i CT) e R §1OQ R, §4OQ nges mH ngﬁ mH 280 uF 2T~ 20 uF
— 2

Cl
z
! | | |
=
FIG. 15.92
Example 15.18.

Determine Y.

Sketch the admittance diagram.

FindE and I,.

Compute the power factor of the network and the power delivered to

the network.

Determine the equivalent series circuit as far as the terminal charac-
teristics of the network are concerned.

Using the equivalent circuit developed in part (e), calculate E, and
compare it with the result of part (c).

. Determine the power delivered to the network, and compare it with

the solution of part (d).

. Determine the equivalent parallel network from the equivalent series

circuit, and calculate the total admittance Y+. Compare the result
with the solution of part (a).

Solutions:
a. Combining common elements and finding the reactance of the

inductor and capacitor, we obtain
Rr=100[400=80Q
Ly =6mH || 12mH = 4 mH
Cy = 80 uF + 20 uF = 100 uF
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X, = wL = (1000 rad/s)(4 mH) = 4 Q)

1
Xo = = = - 100
wC (1000 rad/s)(100 uF)
The network isredrawn in Fig. 15.93 with phasor notation. The total
admittance is

YT = YR + YL + YC
=G /L0° + B, £—90° + B £ +90°
1 1 1

= °+_ — °+_ + o

8040 4QL 90 10(24 90
=0125S/20°+025S2-90° + 0.1 S £ +90°
~01255-]0255+]0.1S
=0125S-j0.15S=0.195S ~ —50.194°

—>+ |
G I

|:12ADO°<T> E R§39 XL§4Q Xe FF 100

FIG. 15.93
Applying phasor notation to the network of Fig. 15.92.

j b. See Fig. 15.94.
| 12A 20°
o c. E=1Z=—= = 61.538V ~50.194°
4Bc 090 T Yr 01955 /-50.194°
\A E 61.538V ~£50.194°
o =5 =—Z7= = 15.385A £ —39.81°
GO 0‘. - Lz oz, 4Q £90°
- +
S o G 0.125S
£50.194 )
i d F,=cosf=— = = 0.641 lagging (E leads |
By ~Bc | P Y, ~ 01955 9ging ( )
0.195S
| P = El cos 6 = (61.538 V)(12 A) cos 50.194°
F---- ' = 47275 W
Y1
e ”Z —i— 1 = 5128 () ~ +50.194°
V8.0 -0 T Yy 0195S,-50194° '
= 32830 +j3.939Q
FIG. 15.94 X|_ =3.939Q = wL
Admittance diagram for the parallel R-L-C
g p | - 39390 39390 _ o0

network of Fig. 15.92. w "~ 1000 rad/s

The series equivalent circuit appears in Fig. 15.95.
f. E=1Z;y = (12A £0°)(5.128 Q £50.194°)
= 61.536V £50.194°  (as above)
g. P=1’R=(12A)?(3.283 Q) = 472.75W (as above)
h R, = RZ+ X2 _ (32830)° + (3939 0)°
Rs 3.2830Q

=8Q
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R
—o° Wy
+ 32830
I = 12ADO°<DE L§3.939mH
1 -
FIG. 15.95
Series equivalent circuit for the parallel R-L-C network of Fig. 15.92 with
w = 1000 rad/s.
RE+ XZ  (3.2830)% + (3.939 0)?
Rk )+ Y _ gm0

P Xs 3.939 Q)
The parallel equivalent circuit appearsin Fig. 15.96.

—o0

—

Y1
>
| = 2A00° T R8O L

I —

6.675 ()

090,

FIG. 15.96
Parallel equivalent of the circuit of Fig. 15.95.

1 1
= P+ BLL-90° = —— /0° +
Y1=G L0 +BLL-90° = =5 L0+

=0125S20° + 0.15S £ —90°

=0125S—-j0.15S=0.195S ~ —50.194° (as above)

£ —90°

15.13 PHASE MEASUREMENTS
(DUAL-TRACE OSCILLOSCOPE)

The phase shift between the voltages of a network or between the volt-
ages and currents of a network can be found using a dual-trace (two sig-
nals displayed at the same time) oscilloscope. Phase-shift measure-
ments can also be performed using a single-trace oscilloscope by
properly interpreting the resulting Lissajous patterns obtained on the
screen. This latter approach, however, will be left for the laboratory
experience.

In Fig. 15.97, channel 1 of the dual-trace oscilloscope is hooked up
to display the applied voltage e. Channel 2 is connected to display the
voltage across the inductor v, . Of particular importance is the fact that
the ground of the scope is connected to the ground of the oscilloscope
for both channels. In other words, there is only one common ground for
the circuit and oscilloscope. The resulting waveforms may appear as
shown in Fig. 15.98.
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(Y

[

FIG. 15.97
Determining the phase relationship between eand v, .

7N
AL 1/

—| 9| |e—
—>1.6 div.I+—

T = 8div.

FIG. 15.98
Determining the phase angle between eand v, .

For the chosen horizontal sensitivity, each waveform of Fig. 15.98
has a period T defined by eight horizontal divisions, and the phase angle
between the two waveforms is defined by 13 divisions. Using the fact
that each period of a sinusoidal waveform encompasses 360°, the fol-
lowing ratios can be set up to determine the phase angle 6:

8div. _ 1.6div.
360° 0
and 0= (%)360" =72°
In general,
(div. for 6)
= Y e P 15.
(div. for T) 360 (15.43)

If the phase relationship between e and vg is required, the oscillo-
scope must not be hooked up as shown in Fig. 15.99. Points a and b
have a common ground that will establish a zero-volt drop between the
two points; this drop will have the same effect as a short-circuit con-
nection between a and b. The resulting short circuit will “short out” the
inductive element, and the current will increase due to the drop in
impedance for the circuit. A dangerous situation can arise if the induc-
tive element has a high impedance and the resistor has a relatively low
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o~
Oscilloscope

FIG. 15.99
An improper phase-measurement connection.

impedance. The current, controlled solely by the resistance R, could
jump to dangerous levels and damage the equipment.

The phase relationship between e and v can be determined by sim-
ply interchanging the positions of the coil and resistor or by introduc-
ing a sensing resistor, as shown in Fig. 15.100. A sensing resistor is
exactly that: introduced to “sense” a quantity without adversely affect-
ing the behavior of the network. In other words, the sensing resistor
must be small enough compared to the other impedances of the network
not to cause a significant change in the voltage and current levels or
phase relationships. Note that the sensing resistor isintroduced in away
that will result in one end being connected to the common ground of the
network. In Fig. 15.100, channel 2 will display the voltage vg, which is
in phase with the current i. However, the current i is aso in phase with
the voltage vg across the resistor R. The net result is that the voltages
Vg, and v are in phase and the phase relationship between e and v can
be determined from the waveforms e and vg. Since vg, and i are in
phase, the above procedure will also determine the phase angle between
the applied voltage e and the source current i. If the magnitude of Rsis
sufficiently small compared to R or X, the phase measurements of Fig.
15.97 can be performed with Ry in place. That is, channel 2 can be con-
nected to the top of the inductor and to ground, and the effect of R can
be ignored. In the above application, the sensing resistor will not reveal
the magnitude of the voltage vg but simply the phase relationship
between e and vi.

Oscilloscope

FIG. 15.100
Determining the phase relationship between e and vg or eand i using a sensing
resistor.
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For the paradle network of Fig. 15.101, the phase relationship
between two of the branch currents, iz and i, can be determined using
a sensing resistor, as shown in the figure. Channel 1 will display the
voltage vg, and channel 2 will display the voltage vg. Since vg is in
phase with ig, and vg_ is in phase with the current i, the phase rela-
tionship between vg and v will be the same as that between ig and i..
In this case, the magnitudes of the current levels can be determined
using Ohm’s law and the resistance levels R and R, respectively.

%f_/
Oscilloscope

FIG. 15.101
Determining the phase relationship betweenig and .

If the phase relationship between e and i of Fig. 15.101 is required,
a sensing resistor can be employed, as shown in Fig. 15.102.

FIG. 15.102
Determining the phase relationship between e
and is.

In general, therefore, for dual-trace measurements of phase relation-
ships, be particularly careful of the grounding arrangement, and fully
utilize the in-phase relationship between the voltage and current of a
resistor.

15.14 APPLICATIONS

Home Wiring

An expanded view of house wiring is provided in Fig. 15.103 to permit
a discussion of the entire system. The house panel has been included
with the “feed” and the important grounding mechanism. In addition, a
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[ T I
: d Main |
i > > breaker
: 200A | Copper bus-bars
Switched outlets Parallel outlets i " . o
#12 | 20A . N 15A  lyq4 Lighting Series switches
' 15A |
|
g Ey 30A |
8 LA | T
T 1
mol | —— %OIE—:& 60 W
#101 | 130A 1 oo 10
s il B A #10
12.2-kW ] 130A .
electric range | Neutral bus-bar |
: oooooooooo?—-: E‘rn?ljlsd
- 0000000000 | I
208V |__ Groundbusbar :
— = MAIN PANEL
j__ Electric dryer
Air conditioner 4.8 kW
+
208
= F° ° 2 section|4' section|8 section
208V 575 W50 WA 000
Thermostat
\ .
Parallel electric
baseboard heaters
FIG. 15.103

Home wiring diagram.

number of typical circuits found in the home have been included to pro-
vide a sense for the manner in which the total power is distributed.

First note how the copper bars in the panel are laid out to provide
both 120 V and 208 V. Between any one bar and ground is the single-
phase 120-V supply. However, the bars have been arranged so that
208 V can be obtained between two vertical adjacent bars using a
double-gang circuit breaker. When time permits, examine your own
panel (but do not remove the cover), and note the dual circuit breaker
arrangement for the 208-V supply.

For appliances such as fixtures and heaters that have a metal casing,
the ground wire is connected to the metal casing to provide adirect path
to ground path for a“shorting” or errant current as described in Section
7.7. For outlets and such that do not have a conductive casing, the
ground lead is connected to a point on the outlet that distributes to al
important points of the outlet.

Note the series arrangement between the thermostat and the heater
but the parallel arrangement between heaters on the same circuit. In
addition, note the series connection of switches to lights in the upper-
right corner but the parallel connection of lights and outlets. Due to
high current demand the air conditioner, heaters, and electric stove have
30-A breakers. Keep in mind that the total current does not equal the
product of the two (or 60 A) since each breaker isin aline and the same
current will flow through each breaker.

In general, you now have a surface understanding of the genera
wiring in your home. You may not be a qualified, licensed electrician,
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but at least you should now be able to converse with some intelligence
about the system.

Speaker Systems

The best reproduction of sound is obtained using a different speaker for
the low-, mid-, and high-frequency regions. Although the typical audio
range for the human ear is from about 100 Hz to 20 kHz, speakers are
available from 20 Hz to 40 kHz. For the low-frequency range usually
extending from about 20 Hz to 300 Hz, a speaker referred to as a
woofer is used. Of the three speakers, it is normally the largest. The
mid-range speaker istypically smaller in size and covers the range from
about 100 Hz to 5 kHz. The tweeter, asit is normally called, is usualy
the smallest of the three speakers and typically covers the range from
about 2 kHz to 25 kHz. Thereis an overlap of frequencies to ensure that
frequencies aren’t lost in those regions where the response of one drops
off and the other takes over. A great deal more about the range of each
speaker and their dB response (a term you may have heard when dis-
cussing speaker response) will be covered in detail in Chapter 23.

One popular method for hooking up the three speakers is the cross-
over configuration of Fig. 15.104. Note that it is nothing more than a
parallel network with a speaker in each branch and full applied voltage
across each branch. The added elements (inductors and capacitors)
were carefully chosen to set the range of response for each speaker.
Note that each speaker is labeled with an impedance level and associ-
ated frequency. This type of information is typical when purchasing a
quality speaker. It immediately identifies the type of speaker and reveals
a which frequency it will have its maximum response. A detailed
analysis of the same network will be included in Section 23.15. For
now, however, it should prove interesting to determine the total imped-
ance of each branch at specific frequencies to see if indeed the response
of one will far outweigh the response of the other two. Since an ampli-
fier with an output impedance of 8 () is to be employed, maximum

300"

Liow = 3.3 mH

+0

8(Q)
Woofer

<

ol
||I—<
%

I(
IN L
Crig=47uF  Lmia=270 uH
80

Midrange

AN

%
[
W T

FIG. 15.104
Crossover speaker system.
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transfer of power (see Section 18.5 for ac networks) to the speaker will
result when the impedance of the branch is equal to or very closeto 8 ().

Let us begin by examining the response of the frequencies to be car-
ried primarily by the mid-range speaker since it represents the greatest
portion of the human hearing range. Since the mid-range speaker
branchisrated at 8 () at 1.4 kHz, let ustest the effect of applying 1.4 kHz
to al branches of the crossover network.

For the mid-range speaker:

1 1
27fC  2m(1.4 kHz)(47 uF)

X, = 2xfL = 21(L1.4 kHz)(270 uH) = 2.78 Q

Xe = = 2420

R=80Q
and  Znigrange = R+ (X — Xo) = 8Q + (278 Q — 2.42 )
=80 +j0360Q

=8.008(0 2-258° =80 20°=R

In Fig. 15.105(a), the amplifier with the output impedance of 8 ()
has been applied across the mid-range speaker at a frequency of
1.4 kHz. Since the total reactance offered by the two series reactive ele-
ments is so small compared to the 8-() resistance of the speaker, we can
essentially replace the series combination of the coil and capacitor by a
short circuit of 0 Q). We are then left with a situation where the load
impedance is an exact match with the output impedance of the ampli-
fier, and maximum power will be delivered to the speaker. Because of
the equal series impedances, each will capture half the applied voltage
or 6'V. The power to the speaker is then VIR = (6 V)%8 Q = 45 W.

At a frequency of 1.4 kHz we would expect the woofer and tweeter
to have minimum impact on the generated sound. We will now test the
validity of this statement by determining the impedance of each branch
at 1.4 kHz.

For the woofer:

X, = 2afL = 27(1.4 kHz)(3.3 mH) = 29.03 )
and Zyootee = R+ jX. =80 +j29.03 Q)
= 30.11 O £74.59°
which is a poor match with the output impedance of the amplifier. The
resulting network is shown in Fig. 15.105(b).
The total load on the source of 12V is
Z: =80 +8Q0+j29.030 =160 +j29.03Q)
= 3315 £61.14°

and the current is

_E . 12v/0
Z; 33150 /6114°

=362 mA £ —61.14°

The power to the 8-() speaker is then
Puooter = 1 2R = (362 MA)°8 0 = 1.048 W

or about 1 W.
Consequently, the sound generated by the mid-range speaker will far
outweigh the response of the woofer (as it should).

APPLICATIONS m 685
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(X + X = 0040)

AW I
V,
12V — 80 _speaker
Zmidrange 5 =6V
- Midrange
Amplifier
@
><L
W‘l m\ ‘l Ispeaker
L |57 P 29030 =362mA
-
12V - § 80
Zwoofer
- Woofer
Amplifier
(b)
Xc
WV V Ispeaker
80) I\ T =397 mA
+ 29.15Q
12V — § 80
theeter
- Tweeter
Amplifier
(©
FIG. 15.105
Crossover network: (a) mid-range speaker at 1.4 kHz; (b) woofer at 1.4 kHz;
(c) tweeter.
For the tweeter:
1 1
Xec =

= =29.150)
27fC  27(L4KHz)(3.9 uF)

and Zuwestr = R— | Xc = 80 — 29150

= 30.23Q £—74.65°

which, as for the woofer, is a poor match with the output impedance of
the amplifier. The current

| = E _ 12V 20°
Z; 30230 £—-74.65°
= 397 mA ~74.65°
The power to the 8-() speaker is then

Puvester = |°R= (397 mA)?(8 Q) = 1.261 W
or about 1.3 W.
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Consequently, the sound generated by the mid-range speaker will far
outweigh the response of the tweeter also.

All in all, the mid-range speaker predominates at a frequency of
1.4 kHz for the crossover network of Fig. 15.104.

Just for interest sake, let us now determine the impedance of the
tweeter at 20 kHz and the impact of the woofer at this frequency.

For the tweeter:

C " 27fC  2w(20 kHz)(3.9 uF)

with Zowveter =80 —j2.04Q = 826 Q £ —14.31°

=2040Q

Even though the magnitude of the impedance of the branch is not
exactly 8 ), it isvery close, and the speaker will receive a high level of
power (actualy 4.43 W).

For the woofer:

X, = 2afL = 27(20 kHz)(3.3 mH) = 414.69 Q)
with Zuooter = 80 — j414.69 Q = 414.77 Q) /. 88.9°

which is a terrible match with the output impedance of the amplifier.
Therefore, the speaker will receiveavery low level of power (6.69 mW =
0.007 W).

For all the calculations, note that the capacitive elements predomi-
nate at low frequencies, and the inductive elements at high frequen-
cies. For the low frequencies, the reactance of the coil will be quite
small, permitting a full transfer of power to the speaker. For the high-
frequency tweeter, the reactance of the capacitor is quite small, pro-
viding a direct path for power flow to the speaker.

Phase-Shift Power Control

In Chapter 12 the internal structure of alight dimmer was examined and
its basic operation described. We can now turn our attention to how the
power flow to the bulb is controlled.

If the dimmer were composed of simply resistive elements, al the
voltages of the network would be in phase as shown in Fig. 15.106(a).
If we assume that 20 V are required to turn on the triac of Fig. 12.49,
then the power will be distributed to the bulb for the period highlighted
by the blue area of Fig. 15.106(a). For this situation, the bulb is close to
full brightness since the applied voltage is available to the bulb for
amost the entire cycle. To reduce the power to the bulb (and therefore
reduce its brightness), the controlling voltage would have to have a
lower peak voltage as shown in Fig. 15.106(b). In fact, the waveform of
Fig. 15.106(b) is such that the turn-on voltage is not reached until the
peak value occurs. In this case power is delivered to the bulb for only
half the cycle, and the brightness of the bulb will be reduced. The prob-
lem with using only resistive elements in a dimmer now becomes
apparent: The bulb can be made no dimmer than the situation depicted
by Fig. 15.106(b). Any further reduction in the controlling voltage
would reduce its peak value below the trigger level, and the bulb would
never turn on.

This dilemma can be resolved by using a series combination of ele-
ments such as shown in Fig. 15.107(a) from the dimmer of Fig. 12.49.
Note that the controlling voltage is the voltage across the capacitor,
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4V (volts)

Applied
voltage

170

20

Lamp
voltage

4V (volts)
Applied

1701 /,\/voltage
\

20

Controlling
voltage \

(b)

FIG. 15.106
Light dimmer: (&) with purely resistive
elements; (b) half-cycle power distribution.



688 m SERIES AND PARALLEL ac CIRCUITS

Viine = 170V 00°
(peak)

330-k()
rheostat

+

V contral ]

éu kQ
DIAC TRIAC R §so kQ
=

= 0.068 UF

170V 0O0°
s
+

C ==0068UF Vi

@

(b)

FIG. 15.107

Light dimmer: (a) from Fig. 12.49; (b) with rheostat set at 33 k(2.

while the full line voltage of 120V rms, 170V peak, is across the entire
branch. To describe the behavior of the network, let us examine the case
defined by setting the potentiometer (used as a rheostat) to 1/10 its
maximum value, or 33 k. Combining the 33 k) with the fixed resis-
tance of 47 kQ will result in atotal resistance of 80 k() and the equiv-
alent network of Fig. 15.107(b).

At 60 Hz, the reactance of the capacitor is

1 1
27fC  2x(60 HZ)(62 uF)

Xe = = 42.78 kQ

Applying the voltage divider rule:

ZcV
V control = ﬁ
R C

_ (42.78KQ £ —90°)(Vs £0°) _ 42.78KQ Vg £ —90°
80kQ — j42.78 kQ 90.72kQ £ —28.14°

= 0472V, / —61.86°
Using a peak value of 170 V:

Veontrol = 0.472(170V) £ —61.86°
=80.24V / —61.86°

producing the waveform of Fig. 15.108(a). The result is a waveform
with a phase shift of 61.86° (lagging the applied line voltage) and arel-
atively high pesk value. The high peak value will result in a quick tran-
sition to the 20-V turn-on level, and power will be distributed to the
bulb for the major portion of the applied signal. Recall from the dis-
cussion of Chapter 12 that the response in the negative region is a
replica of that achieved in the positive region. If we reduced the poten-
tiometer resistance further, the phase angle would be reduced, and the
bulb would burn brighter. The situation is now very similar to that
described for the response of Fig. 15.106(a). In other words, nothing
has been gained thus far by using the capacitive element in the control
network. However, let us now increase the potentiometer resistance to
200 kQ and note the effect on the controlling voltage.
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V(volts) V(volts)
170 1 v, 1701 Vappled
7 lamp ;7N /
Vapplied / / N
\\,/
8024 1 /// Vcontrol
/
/
29.07 +
20 7 ‘ 20
0° 90° 0°
6)86°
FIG. 15.108

Light dimmer of Fig. 12.49: (a) rheostat set at 33 k(2; (b) rheostat set at 200 k(2.

That is,
Rr = 200 kQ) + 47 kQ) = 247 kQ)

ZV
V control = ﬁ
R C

_ (428K £ —90°)(Vs £0°) _ 42.78KQ Vg £ —90°

247 kQ — j 42.78 kQ 250.78 k() 2 —9.8°
= 0.171V, 2 —80.2°

and using a peak vaue of 170V, we have
Veonro = 0.171(170V) £ —80.2°
= 29.07V ~—80.2°

The peak value has been substantially reduced to only 29.07 V, and the
phase-shift angle has increased to 80.2°. The result, as depicted by Fig.
15.108(b), is that the firing potential of 20 V is not reached until near
the end of the positive region of the applied voltage. Power is delivered
to the bulb for only a very short period of time, causing the bulb to be
quite dim, significantly dimmer than obtained from the response of Fig.
15.106(b).

A conduction angle less than 90° is therefore possible due only to
the phase shift introduced by the series R-C combination. Thus, it is
possible to construct a network of some significance with a rather sim-
ple pair of elements.

15.15 COMPUTER ANALYSIS

PSpice

Series R-L-C Circuit The R-L-C network of Fig. 15.35 will now be
analyzed using OrCAD Capture. Since the inductive and capacitive
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reactances cannot be entered onto the screen, the associated inductive
and capacitive levels were first determined as follows:

X =2nflO L=t =2 _1114mH
27t 2w(1kHz)
1 1 1
= OcC= = = 53.05 uF
Xe = utc 21fXe  27(1kHZ)3 Q #

The valueswere then entered into the schematic as shown in Fig. 15.1009.
For the ac source, the sequence is Place part icon-SOURCE-VSIN-
OK with VOFF set at 0V, VAMPL set at 70.7 V (the peak value of
the applied sinusoidal sourcein Fig. 15.35), and FREQ = 1 kHz. If we
double-click on the source symbol, the Property Editor will appear,
confirming the above choices and showing that DF = 0s, PHASE = 0°,
and TD = 0 s as set by the default levels. We are now ready to do an
analysis of the circuit for the fixed frequency of 1 kHz.

[ L& fe= Pew Sow Fipos jocenmss [pow e e

:.|ql|l|!| (8 s |_|_|'I'E J!Iﬁ'-l‘ll_l 0 ond e e I
| wivlalo( [ T

el ]

l=blolOle s [Fla]: o (o]«

D pairaind BodkeedTBE ol @) Wl M

e
M| W oy A Y [Al0wd Canne e CENS - u UL

FIG. 15.109
Using PSpice to analyze a series R-L-C ac circuit.

The simulation process is initiated by first selecting the New Simu-
lation Profile icon and inserting SeriesRL C as the Name followed by
Create. The Simulation Settings dialog will now appear, and since we
are continuing to plot the results against time, the Time Domain(Tran-
sient) option is selected under Analysis type. Since the period of each
cycle of the applied source is 1 ms, the Run to time will be set at 5 ms
so that five cycles will appear. The Start saving data after will be left
a 0 s even though there will be an oscillatory period for the reactive
elements before the circuit settles down. The Maximum step size will
be set at 5 mg/1000 = 5 pus. Finally OK is selected followed by the
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Run PSpice key. The result will be a blank screen with an x-axis
extending from 0 sto 5 ms.

The first quantity of interest is the current through the circuit, so
Trace-Add-Trace is selected followed by 1(R) and OK. The resulting
plot of Fig. 15.110 clearly shows that there is a period of storing and
discharging of the reactive elements before a steady-state level is estab-
lished. It would appear that after 3 ms, steady-state conditions have
been essentialy established. Select the Toggle cursor key, and left-
click the mouse; a cursor will result that can be moved along the axis
near the maximum value around 1.4 ms. In fact, the cursor reveds a
maximum value of 16.4 A which exceeds the steady-state solution by
over 2 A. A right click of the mouse will establish a second cursor on
the screen that can be placed near the steady-state peak around 4.4 ms.
The resulting peak value is about 14.15 A which is a match with the
longhand solution for Fig. 15.35. We will therefore assume that steady-
state conditions have been established for the circuit after 4 ms.

PETTTIEE ILE Ploerw Sull [ - pammarke. .
Bl L6 Yee lmuwen Dme P Tgeh Weder ldp o
G- - AR i R

Laha ARwS R4 TESELTIAA

En b
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FIG. 15.110
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A plot of the current for the circuit of Fig. 15.109 showing the transition from the transient state to

the steady-state response.

Let us now add the source voltage through Trace-Add Trace-
V(Vs:+)-OK to obtain the multiple plot at the bottom of Fig. 15.111.
For the voltage across the cail, the sequence Plot-Add Plot to Window-
Trace-Add Trace-V(L:1)-V(L:2) will result in the plot appearing at
the top of Fig. 15.111. Take special note of the fact that the Trace
Expression is V(L:1)—V(L:2) rather than just V(L:1) because V(L:1)
would be the voltage from that point to ground which would include the
voltage across the capacitor. In addition, the — sign between the two
comes from the Functions or Macros list at right of the Add Traces
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FIG. 15.111

A plot of the steady-state response (t > 3 ms) for v, v, and i for thecircuit of Fig. 15.1009.

dialog box. Finally, since we know that the waveforms are fairly steady
after 3 ms, let us cut away the waveforms before 3 ms with Plot-Axis
Settings-X axis-User Defined-3ms to 5ms-OK to obtain the two
cycles of Fig. 15.111. Now you can clearly see that the peak value of
the voltage across the coil is 100 V to match the analysis of Fig. 15.35.
It is also clear that the applied voltage leads the input current by an
angle that can be determined using the cursors. First activate the cursor
option by selecting the cursor key (a red plot through the origin) in the
second toolbar down from the menu bar. Then select V(Vs.+) at the
bottom left of the screen with aleft click of the mouse, and set it at that
point where the applied voltage passes through the horizontal axis with
a positive slope. The result isAl = 4 msat —4.243 uV = 0V. Then
select I(R) at the bottom left of the screen with a right click of the
mouse, and place it at the point where the current waveform passes
through the horizontal axis with a positive dope. The result is A2 =
415 msat —55.15 mA = 0.55A = 0 A (compared to a peak value of
14.14 A). At the bottom of the Probe Cursor dialog box, the time dif-
ference is 147.24 us.
Now set up the ratio

14724ps 6
1000 s 360°
6 = 52.99°

The phase angle by which the applied voltage leads the source is 52.99°
which is very close to the theoretical solution of 53.13° obtained in Fig.
15.39. Increasing the number of data points for the plot would have
increased the accuracy level and brought the results closer to 53.13°.
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Electronics Workbench

We will now examine the response of a network versus frequency rather
than time using the network of Fig. 15.79 which now appears on the
schematic of Fig. 15.112. The ac current source appears as AC_CUR-
RENT_SOURCE in the Sour ces tool bin next to the ac voltage source.
Note that the current source was given an amplitude of 1 A to establish
a magnitude match between the response of the voltage across the net-
work and the impedance of the network. That is,

Before applying computer methods, we should develop arough idea
of what to expect so that we have something to which to compare the
computer solution. At very high frequencies such as 1 MHz, the imped-
ance of the inductive element will be about 25 kQ) which when placed
in parallel with the 220 Q will look like an open circuit. The result is
that as the frequency gets very high, we should expect the impedance of
the network to approach the 220-Q) level of the resistor. In addition,
since the network will take on resistive characteristics at very high fre-
guencies, the angle associated with the input impedance should also
approach 0 Q). At very low frequencies the reactance of the inductive
element will be much less than the 220 () of the resistor, and the net-
work will take on inductive characteristics. In fact, at, say, 10 Hz, the
reactance of the inductor is only about 0.25 Q) which is very close to a
short-circuit equivalent compared to the parallel 220-Q) resistor. The
result is that the impedance of the network is very close to 0 () at very
low frequencies. Again, since the inductive effects are so strong at low

10, Bie
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FIG. 15.112

Obtaining an impedance plot for a parallel R-L network using Electronics Workbench.
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frequencies, the phase angle associated with the input impedance
should be very close to 90°.

Now for the computer analysis. The current source, the resistor ele-
ment, and the inductor are all placed and connected using procedures
described in detail in earlier chapters. However, there is one big differ-
ence this time that the user must be aware of: Since the output will be
plotted versus frequency, the Analysis Setup heading must be selected
in the AC Current dialog box for the current source. When selected,
the AC Magnitude must be set to the value of the ac source. In this
case, the default level of 1A matches that of the applied source, so we
were set even if we failed to check the setting. In the future, however, a
voltage or current source may be used that does not have an amplitude
of 1, and proper entries must be made to this listing.

For the simulation the sequence Simulate-Analyses-AC Analysisis
first applied to obtain the AC Analysis diadlog box. The Start fre-
quency will be set at 10 Hz so that we have entries at very low fre-
guencies, and the Stop frequency will be set at IMHz so that we have
data points at the other end of the spectrum. The Sweep type can
remain Decade, but the number of points per decade will be 1000 so
that we obtain a detailed plot. The Vertical scale will be set on Linear.
Within Output variables we find that only one node, 1, is defined.
Shifting it over to the Selected variables for analysis column using the
Plot during simulation key pad and then hitting the Simulate key will
result in the two plots of Fig. 15.112. The Show/Hide Grid key was
selected to place the grid on the graph, and the Show/Hide Cursors
key was selected to place the AC Analysis dialog box appearing in Fig.
15.112. Since two graphs are present, we must define the one we are
working on by clicking on the Voltage or Phase heading on the left side
of each plot. A small red arrow will appear when selected to keep us
aware of the active plot. When setting up the cursors, be sure that you
have activated the correct plot. When the red cursor is moved to 10 Hz
(x1), we find that the voltage across the network is only 0.251V (y1),
resulting in an input impedance of only 0.25 Q—quite small and
matching our theoretical prediction. In addition, note that the phase
angle is essentially at 90° in the other plot, confirming our other
assumption above—a totally inductive network. If we set the blue cur-
sor near 100 kHz (x2 = 102.3 kHz), we find that the impedance at
219.2 O (y2) is closing in on the resistance of the parallel resistor of
220 (), again confirming the preliminary analysis above. As noted in the
bottom of the AC Analysis box, the maximum value of the voltage is
219.99 O or essentially 220 Q) at 1 MHz. Before leaving the plot, note
the advantages of using a log axis when you want a response over a
wide frequency range.



1c PROBLEMS m 695

PROBLEMS

SECTION 15.2 Impedance and the Phasor Diagram

1. Express the impedances of Fig. 15.113 in both polar and
rectangular forms.

L=2H L=0.05H
R=6.8Q w =377 radls f =50Hz
@ (b) (©
C=10 uF C=0.05 uF R=200Q
w =377radls f = 10kHz @ =157 rad/s
(d) (e ()
FIG. 15.113
Problem 1.

2. Find the current i for the elements of Fig. 15.114 using
complex algebra. Sketch the waveformsfor v and i on the
same set of axes.

O—
+ + +
R<=30Q v = 21sin(wt + 10°) X S7Q v = 49sin(ut + 70°) Xe ZT<100Q v = 25sin(wt —20°)
O—
@ (b) ©
[ [
O—
+ + +
R=51kQ 3V = 4X10°8nwt-120) | = 01 HS]v = 16 §n(377t + 60°) C = 2uF 7=V = 120sinut f = 5kHz
O—
(d) (e 0)
FIG. 15.114
Problem 2.
3. Find the voltage v for the elements of Fig. 15.115 using
complex algebra. Sketch the waveforms of v and i on the
same set of axes.

i = 4x103sinat i = 1.5sn(377t + 60°) i = 0.02sn(157t + 40°)

R — —_— —_—
O—
+ + +
R<220 v L S 0.016H v C=T<0.05 uF Vv
O—

@ (b) (©)

FIG. 15.115
Problem 3.
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SECTION 15.3 Series Configuration

4. Calculate the total impedance of the circuits of Fig.
15.116. Express your answer in rectangular and polar
forms, and draw the impedance diagram.

R =680 R =20 X =60 R, = 1kQ X, = 3kQ
z z z
! x 680 ! RS 80 T RS 4kQ
o o——/00"
X, = 7kQ
@ (b) (©
FIG. 15.116
Problem 4.
5. Cdculate the total impedance of the circuits of Fig.
15.117. Express your answer in rectangular and polar
forms, and draw the impedance diagram.
R=30 R= 05kQ X, = 2kQ R=47Q L, = 006H

Z: . Z:
L, S5k f = 1kHz Tczlom:
Al
© 1) © 7000
Xe =70 Xc = 4kQ L, = 02H
@ (b) (©
FIG. 15.117
Problem 5.
6. Find the type and impedance in ohms of the series circuit
elements that must be in the closed container of Fig.
15.118 for the indicated voltages and currents to exist at
the input terminals. (Find the simplest series circuit that
will satisfy the indicated conditions.)
| = 60A 0 70° I = 20mA [ 40° | = 0.2A 0 -60°
o—— o—— o——
+ + +
E =120V O0° E =80V 0O 320° ? E = 8kvDOO0° ?
o—o o— o—
@ (b) ©
FIG. 15.118

Problems 6 and 26.
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7. For the circuit of Fig. 15.119:

a
b.
C.

d.

—h

Find the total impedance Z in polar form.

Draw the impedance diagram.

Find the current | and the voltages Vg and V, in pha-
sor form.

Draw the phasor diagram of the voltages E, Vg, and
V., and the current |.

Verify Kirchhoff’s voltage law around the closed |oop.
Find the average power delivered to the circuit.

Find the power factor of the circuit, and indicate
whether it is leading or lagging.

. Find the sinusoidal expressions for the voltages and

current if the frequency is 60 Hz.
Plot the waveforms for the voltages and current on the
same set of axes.

8. Repeat Problem 7 for the circuit of Fig. 15.120, replacing
V with V¢ in parts (c) and (d).

9. Given the network of Fig. 15.121:

a.
b.
C.

d.

10.

b
C.
d

Determine Z+.

Find I.

Calculate Vg and V.
Find P and F,.

For the circuit of Fig. 15.122:
a.
. Draw the impedance diagram.

Find the total impedance Z+ in polar form.

Find the value of C in microfarads and L in henries.

. Find the current | and the voltages Vg, V|, and V¢ in

phasor form.

Draw the phasor diagram of the voltages E, Vg, V.,
and V¢, and the current |.

Verify Kirchhoff’s voltage law around the closed loop.
Find the average power delivered to the circuit.

. Find the power factor of the circuit, and indicate

whether it is leading or lagging.

Find the sinusoidal expressions for the voltages and
current.

Plot the waveforms for the voltages and current on the
same set of axes.
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R=280 X =60
WV /000
+ VR VL
E = 100V O 0° Il
- —
Z7
=
FIG. 15.119
Problems 7 and 47.
R=100 Xc =300
i
* i VR * Ve
E = 120V O 20° |l
— —
Z7
—-=
FIG. 15.120
Problem 8.
+ VR — + VC —
. C
i R
—wW—|
+ 0.47 kQ) 01 UF
e = 20sinwt )
f = 1kHz
- —
Z7
=
FIG. 15.121

Problems 9 and 49.

R=20Q X =60 Xc =100
MWy /000" Iy
+ tovg — v — + Ve
e = 70.7sin 377t i
— —>
Z7
=
FIG. 15.122
Problem 10.
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11. Repeat Problem 10 for the circuit of Fig. 15.123.
12. Using the oscilloscope reading of Fig. 15.124, determine
the resistance R.

R=3kQ X_=2kQ Xc =|/le

MW 000
n + Vg — +y -+ Iv\c - + +
e = 6sin(314t + 60°) il E=20V(rms) @ 8002 Scope= 45.27V(p-p)
~~ ., _ —
Z7
= =
FIG. 15.123 FIG. 15.124
Problem 11. Problem 12.
29.94 mA(rms) *13. Using the DMM current reading and the oscilloscope

measurement of Fig. 15.125:
a. Determine the inductance L.
+ b. Find the resistance R.

Scope = 21.28 V(p-p)

E=10V(rms)
f=1kHz

FIG. 15.125
Problem 13.

*14. Using the oscilloscope reading of Fig. 15.126, determine

Scope=8.27V(p-p)
- the capacitance C.

* R
E=12V(rms) C A
f=40kHz —
=

~
FIG. 15.126
Problem 14.
SECTION 15.4 Voltage Divider Rule
15. Calculate the voltages V, and V, for the circuit of Fig.
15.127 in phasor form using the voltage divider rule.
2kQ 6 k) 6.8Q 40 Q 90
MWy 500 MWy /D00 —A
+ +Vl_ +V2— + +V1_ +V2_
E = 120V O 20° E=60V0O5
- -
@ (b)

FIG. 15.127
Problem 15.
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16. Calculate the voltages V4, and V, for the circuit of Fig.
15.128 in phasor form using the voltage divider rule.

30 kQ) 3.3k

200 4.7k
MA—T0—( AMA—— 00— WV
+ tv, - o+ V, — + T T
E =20Vv0O70° E =120v0O0° \11 Vf —T~10kQ
= =

€) (b)

FIG. 15.128
Problem 16.

*17. For the circuit of Fig. 15.129:
a. Determinel, Vg, and V¢ in phasor form.
b. Calculate the total power factor, and indicate whether
it is leading or lagging.
Calculate the average power delivered to the circuit.

. Draw the impedance diagram.

e. Draw the phasor diagram of the voltages E, Vg, and
V¢, and the current |.

f. Find the voltages V and V¢ using the voltage divider
rule, and compare them with the results of part (a)
above.

g. Draw the equivalent series circuit of the above as far
asthe total impedance and the current i are concerned.

2o

+VC_

+VR_
M T I( 0
+ 300 L =02H C=apr L=02H

e = \/2(20) sin(377t + 40°)

=

FIG. 15.129
Problems 17, 18, and 50.

*18. Repeat Problem 17 if the capacitance is changed to
1000 uF.

19. An electrical load has a power factor of 0.8 lagging. It
dissipates 8 kW at a voltage of 200 V. Calculate the
impedance of this load in rectangular coordinates.
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I =3A00

+ 20

E =120v O0°

1c

*20. Find the series element or elements that must be in the
enclosed container of Fig. 15.130 to satisfy the following
conditions:

a. Average power to circuit = 300 W.
b. Circuit has a lagging power factor.

|||—

FIG. 15.130
Problem 20.

20mH V.

©
@

FIG. 15.131
Problem 21.
+ Vg —
R
MWy
. 100 Q
Zy

+
C—T~o05uF Ve

e = \v/2(10) sjnwt@ 7

FIG. 15.132
Problem 22.
! R L
My
1kQ 20 mH
+
—
E= 120v50°®ZT C==81F V¢

FIG. 15.133
Problem 23.

SECTION 15.5 Frequency Response of the
R-C Circuit
*21. For the circuit of Fig. 15.131:
a. Plot Z; and 6+ versus frequency for a frequency range
of zero to 20 kHz.
b. Plot V, versus frequency for the frequency range of
part ().
c. Plot 6, versus frequency for the frequency range of
part (a).
d. Plot Vg versus frequency for the frequency range of
part (a).

*22. For the circuit of Fig. 15.132:

a. Plot Z; and 6 versus frequency for a frequency range
of zero to 10 kHz.

b. Plot V¢ versus frequency for the frequency range of
part ().

c. Plot 6 versus frequency for the frequency range of
part (a).

d. Plot Vy versus frequency for the frequency range of
part ().

*23. For the series R-L-C circuit of Fig. 15.133:

a. Plot Z; and 6+ versus frequency for a frequency range
of zero to 20 kHz in increments of 1 kHz.

b. Plot V¢ (magnitude only) versus frequency for the
same frequency range of part (a).

c. Plot | (magnitude only) versus frequency for the same
frequency range of part (a).
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SECTION 15.7 Admittance and Susceptance

24. Find the total admittance and impedance of the circuits of
Fig. 15.134. Identify the values of conductance and sus-
ceptance, and draw the admittance diagram.

o—
— — —
Yo \z \z
R =47Q X = 200 Q) <Xc =060
Z: Z: Z:
o—
@ (b) (©
o— o o
— — —
Yo Yo g Yo
§1OQ 60 Q §ZZQ <60 ;220 §3k0 6k} F<9kQ
Z: Z: Z:
o—— o o
(d) C] )
FIG. 15.134
Problem 24.
25. Find the total admittance and impedance of the circuits of
Fig. 15.135. Identify the values of conductance and sus-
ceptance, and draw the admittance diagram.
R=30 70| 2 02k 05kQ
? ? 40 Q) ?
X =8Q 20Q < 0.6 kQ
— — —
Z: Z: Z:
O
@) (b) (©
FIG. 15.135
Problem 25.

26. Repeat Problem 6 for the parallel circuit elements that
must be in the closed container for the same voltage and
current to exist at the input terminals. (Find the simplest
parallel circuit that will satisfy the conditions indicated.)
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T
RZ 20 XLQSQ

FIG. 15.136
Problem 27.

ls = 2mA O 20°

Py

b

10k

3
)
=

FIG. 15.137
Problem 28.

is = 3sin(377t + 60°) CT)e R§1.2 Q XL§2Q X <50

Xe == 20kQ

SECTION 15.8 Parallel ac Networks
27. For the circuit of Fig. 15.136:

28.

29.

30.

a
b.

C.

d.

—h

Find the total admittance Y in polar form.

Draw the admittance diagram.

Find the voltage E and the currents Iz and I in pha-
sor form.

Draw the phasor diagram of the currents |, Ig, and I,
and the voltage E.

Verify Kirchhoff’s current law at one node.

Find the average power delivered to the circuit.

Find the power factor of the circuit, and indicate
whether it is leading or lagging.

. Find the sinusoidal expressions for the currents and

voltage if the frequency is 60 Hz.
Plot the waveforms for the currents and voltage on the
same set of axes.

Repeat Problem 27 for the circuit of Fig. 15.137, replac-
ing I with | ¢ in parts (c) and (d).

Repeat Problem 27 for the circuit of Fig. 15.138, replac-
ing E with I in part (c).

—
Y
= 60VDO°®

|
Sa

e
R§ 120 X,

-

+
10Q

00—

FIG. 15.138
Problems 29 and 48.

For the circuit of Fig. 15.139:

a.
b. Draw the admittance diagram.

c.

d. Find the voltage E and currents I g, I, and | ¢ in pha

Find the total admittance Y+ in polar form.
Find the value of C in microfarads and L in henries.

sor form.

Draw the phasor diagram of the currentsl, I, I, and
I, and the voltage E.

Verify Kirchhoff’s current law at one node.

Find the average power delivered to the circuit.

. Find the power factor of the circuit, and indicate

whether it is leading or lagging.

Find the sinusoidal expressions for the currents and
voltage.

Plot the waveforms for the currents and voltage on the
same set of axes.

+

p

liL iic

FIG. 15.139
Problem 30.
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31. Repeat Problem 30 for the circuit of Fig. 15.140.

R
is=5><1035in(377t—20°)<T>e R 3kO X,_§4kﬂxc7<2kﬂ

FIG. 15.140
Problem 31.

32. Repeat Problem 30 for the circuit of Fig. 15.141, replac-
ing e with ig in part (d).

Is
—

R Jic lir it
e= 35.4sin(3l4t+60°)® Xe —AT~50 R§229 X,_%lOQ

FIG. 15.141
Problem 32.
SECTION 15.9 Current Divider Rule

33. Calculate the currents I, and |, of Fig. 15.142 in phasor
form using the current divider rule.

o ¢| XL LI
. 2 f66'6\
| = 20A040° i'l 20
X 600 | = 6A030°
L A
R§339 Rl X
X, 100 ;\MHK
30
o 60
@ (b)
FIG. 15.142
Problem 33.

SECTION 15.10 Frequency Response of the Parallel
R-L Network

*34. For the parallel R-C network of Fig. 15.143:

I

a. Plot Z; and 6+ versus frequency for a frequency range 24: i ® +

of zero to 20 kHz. 4

= o RZ40Q C \%

b. Plot V¢ versus frequency for the frequency range of I'=S0mAT0 CT) § T2 KF _C

part (a).
c. Plot I versus frequency for the frequency range of

part (). =

FIG. 15.143
Problems 34 and 36.
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| | *35. For the parallel R-L network of Fig. 15.144:
e i
a. Plot Z; and 6+ versus frequency for a frequency range

il of zero to 10 kHz.
ey @ R§ Ska L%ZOO mH b. Plot I_ versus frequency for the frequency range of
- part (a).
c. Plot Ir versus frequency for the frequency range of
part (a).
36. Plot Yy and 01 (of Y+ = Y1 £6+) for afrequency range of
zero to 20 kHz for the network of Fig. 15.143.

37. Plot Yy and 61 (of Y+ = Y1 £65) for afrequency range of
zero to 10 kHz for the network of Fig. 15.144.

38. For the parallel R-L-C network of Fig. 15.145:

a. Plot Yy and 61 (of Y+ = Y7 £6) for afrequency range
of zero to 20 kHz.

b. Repeat part (a) for Zy and 6+ (of Z1 = Z; £67).

c. Plot V¢ versus frequency for the frequency range of
part (a).

d. Plot I, versus frequency for the frequency range of
part (a).

FIG. 15.144
Problems 35 and 37.

. L'L

z
" e ==4nF
| = 10mA 00 T Rgl L CA=4nF Vv,

100 mH h
—

Yr

FIG. 15.145
Problem 38.

SECTION 15.12 Equivalent Circuits

39. For the series circuits of Fig. 15.146, find a parallel cir-
cuit that will have the same total impedance (Z+).

»o 400 2k0  ekQ  8kQ

oW AW

(€) (b)

FIG. 15.146
Problem 39.

40. For the parald circuits of Fig. 15.147, find a series cir-
cuit that will have the same total impedance.

. 47KQ . §
Zr R§ Xo == 20kQ) Zt RS 680

@) (b)

FIG. 15.147
Problem 40.



I

41. For the network of Fig. 15.148:

*42.
43.

a
b.

o

Caculate E, I, and I_ in phasor form.

Calculate the total power factor, and indicate whether
it is leading or lagging.

Calculate the average power delivered to the circuit.

. Draw the admittance diagram.

Draw the phasor diagram of the currents |, I, and I,
and the voltage E.

Find the current |- for each capacitor using only
Kirchhoff’s current law.

Find the series circuit of one resistive and reactive
element that will have the same impedance as the
origina circuit.

Repeat Problem 41 if the inductance is changed to 1 H.

Find the element or elements that must be in the closed
container of Fig. 15.149 to satisfy the following condi-
tions. (Find the simplest parallel circuit that will satisfy
the indicated conditions.)

a
b.

Average power to the circuit = 3000 W.
Circuit has a lagging power factor.

SECTION 15.13 Phase Measurements
(Dual-Trace Oscilloscope)

44, For the circuit of Fig. 15.150, determine the phase rela-
tionship between the following using a dual-trace oscillo-
scope. The circuit can be reconstructed differently for
each part, but do not use sensing resistors. Show al con-
nections on a redrawn diagram.

a. eand v¢

45.

b.
C.

eandig
eand v,

For the network of Fig. 15.151, determine the phase rela-
tionship between the following using a dual-trace oscillo-
scope. The network must remain as constructed in Fig.
15.151, but sensing resistors can be introduced. Show all
connections on a redrawn diagram.

a. eand vg,

b.
C.

eandig
iLandic

PROBLEMS m 705

is = \/2sin 27 1000t
—

Fe i

220 Q) L = 10mH

e@ RT c7<1“F§ C=R1puF

FIG. 15.148
Problems 41 and 42.

| = 40A060
—

E = 100V 00 200 2

FIG. 15.149
Problem 43.

FIG. 15.150
Problem 44.

o+
©
| 5
O
)|
/|<Of

FIG. 15.151
Problem 45.
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46. For the oscilloscope traces of Fig. 15.152:
a. Determine the phase relationship between the wave-
forms, and indicate which one leads or lags.
b. Determine the peak-to-peak and rms values of each
waveform.
c. Find the frequency of each waveform.

™~ A ~.

, /1 AN A
\ LT N NP N
VW

AN J AN J
Vertical sensitivity = 0.5 V/div. Vertical sensitivity = 2 V/div.
Horizontal sensitivity = 0.2 ms/div. Horizontal sensitivity = 10 pg/div.
0 (m
FIG. 15.152
Problem 46.
SECTION 15.15 Computer Analysis *50. For the network of Fig. 15.129:

a. Find the rms values of the voltages vg and v at afre-

PSpice or Electronics Workbench quency of 1 kHz.

47. For the network of Flg 15.119 (U%f =1 kHZ): b. Plot Ve Verwsfraquency for thefrmuency range zero
a. Determine the rms values of the voltages Vg and V. to 10 kHz.
and the current |. c. Plot the phase angle between e and i for the frequency
b. Plot vg, v, and i versus time on separate plots. range zero to 10 kHz.
c. Place e, Vg, v, and i on the same plot, and label ]
accordingly. Programming Language (C++, QBASIC, Pascal, etc.)
48. For the network of Fig. 15.138: 51. Write a program to generate the sinusoidal expression for
a. Determine the rms values of the currents |, g, and 1. the current of a resistor, inductor, or capacitor given the
b. Plot ig, ig, and i, versus time on separate plots. value of R, L, or C and the applied voltage in sinusoidal
c. Place e, iy, ig, and i, on the same plot, and label form.
accordingly. 52. Given the impedance of each element in rectangular
49. For the network of Fig. 15.121: form, write a program to determine the total impedance
a. Plot the impedance of the network versus frequency in rectangular form of any number of series elements.
from O to 10 kHz. 53. Given two phasors in polar form in the first quadrant,
b. Plot the current i versus frequency for the frequency write a program to generate the sum of the two phasorsin

range zero to 10 kHz. polar form.
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GLOSSARY

Admittance A measure of how easily a network will
“admit” the passage of current through that system. It is
measured in siemens, abbreviated S, and is represented by
the capital letter Y.

Admittance diagram A vector display that clearly depicts
the magnitude of the admittance of the conductance,
capacitive susceptance, and inductive susceptance, and
the magnitude and angle of the total admittance of the
system.

Current divider rule A method by which the current
through either of two parallel branches can be determined
in an ac network without first finding the voltage across the
parallel branches.

Equivalent circuits For every series ac network there is a
paralel ac network (and vice versa) that will be “equiva
lent” in the sense that the input current and impedance are
the same.

Impedance diagram A vector display that clearly depicts
the magnitude of the impedance of the resistive, reactive,

GLOSSARY m 707

and capacitive components of a network, and the magnitude
and angle of the total impedance of the system.

Parallel ac circuits A connection of elements in an ac net-
work in which all the elements have two pointsin common.
The voltage is the same across each element.

Phasor diagram A vector display that provides at a glance
the magnitude and phase relationships among the various
voltages and currents of a network.

Series ac configuration A connection of elements in an ac
network in which no two impedances have more than one
terminal in common and the current is the same through
each element.

Susceptance A measure of how “susceptible” an element isto
the passage of current through it. It is measured in siemens,
abbreviated S, and is represented by the capital |etter B.

Voltage divider rule A method through which the voltage
across one element of a series of elementsin an ac network
can be determined without first having to find the current
through the elements.






