CHAPTER]|I?2

THREE-PHASE CIRCUITS

Society is never prepared to receive any invention. Every new thing is
resisted, and it takes years for the inventor to get peopleto listen to him
and years more before it can be introduced.

—Thomas Alva Edison

Historical Profiles

Thomas Alva Edison (1847-1931) was perhaps the greatest American inventor. H
patented 1093 inventions, including such history-making inventions as the incandes
electric bulb, the phonograph, and the first commercial motion pictures.

Born in Milan, Ohio, the youngest of seven children, Edison received only thre
months of formal education because he hated school. He was home-schooled by
mother and quickly began to read on his own. In 1868, Edison read one of Farada
books and found his calling. He moved to Menlo Park, New Jersey, in 1876, where
managed a well-staffed research laboratory. Most of his inventions came out of this |
oratory. His laboratory served as a model for modern research organizations. Beca
of his diverse interests and the overwhelming number of his inventions and pate
Edison began to establish manufacturing companies for making the devices he inven
He designed the first electric power station to supply electric light. Formal electr|
cal engineering education began in the mid-1880s with Edison as a role model and lea

Nikola Teda (1856—1943) was a Croatian-American engineer whose inventions
among them the induction motor and the first polyphase ac power system—grea
influenced the settlement of the ac versus dc debate in favor of ac. He was also
sponsible for the adoption of 60 Hz as the standard for ac power systems in the Uni
States.

Born in Austria-Hungary (now Croatia), to a clergyman, Tesla had an incredibl
memory and a keen affinity for mathematics. He moved to the United States in 18
and first worked for Thomas Edison. At that time, the country was in the “battle of th
currents” with George Westinghouse (1846—1914) promoting ac and Thomas Edis
rigidly leading the dc forces. Tesla left Edison and joined Westinghouse because
his interest in ac. Through Westinghouse, Tesla gained the reputation and accepts
of his polyphase ac generation, transmission, and distribution system. He held 7
patents in his lifetime. His other inventions include high-voltage apparatus (the tes
coil) and a wireless transmission system. The unit of magnetic flux density, the tes|
was hamed in honor of him.

477

4 | P | e-Text Main Menu | Textbook Table of Contents | Problem Solving Workbook Contents



478

Historical note: Thomas Edison invented a three-
wire system, using three wires instead of four.

@

PART 2 AC Circuits

12.1 INTRODUCTION

So far in this text, we have dealt with single-phase circuits. A single-
phase ac power system consists of a generator connected through a pair
of wires (a transmission line) to a load. Figure 12.1(a) depicts a single-
phase two-wire system, whe¥g is the magnitude of the source voltage
and¢ is the phase. What is more common in practice is a single-phase
three-wire system, shownin Fig. 12.1(b). Itcontains twoidentical sources
(equal magnitude and the same phase) which are connected to two loads
by two outer wires and the neutral. For example, the normal household
system is a single-phase three-wire system because the terminal voltages
have the same magnitude and the same phase. Such a system allows the
connection of both 120-V and 240-V appliances.

Figure 121 Single-phase systems: (&) two-wire type, (b) three-wire type.

Figure 2.2 Two-phase three-wire system.
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Figure 2.3 Three-phase four-wire system.

Circuits or systems in which the ac sources operate at the same
frequency but different phasesareknown aspolyphase. Figure12.2 shows
atwo-phase three-wire system, and Fig. 12.3 shows a three-phase four-
wire system. Asdistinct from a single-phase system, atwo-phase system
is produced by a generator consisting of two coils placed perpendicular
to each other so that the voltage generated by one lags the other by 90°.
By the same token, a three-phase system is produced by a generator
consisting of three sources having the same amplitude and frequency but
out of phase with each other by 120°. Since the three-phase system is by
far the most prevalent and most economical polyphase system, discussion
in this chapter is mainly on three-phase systems.

Three-phase systems are important for at |east three reasons. First,
nearly all electric power is generated and distributed in three-phase, at
the operating frequency of 60 Hz (or w = 377 rad/s) in the United States
or 50 Hz (or w = 314 rad/s) in some other parts of the world. When one-
phase or two-phase inputs are required, they are taken from the three-
phase system rather than generated independently. Even when more
than three phases are needed—such as in the aluminum industry, where
48 phases are required for melting purposes—they can be provided by
manipul ating the three phases supplied. Second, theinstantaneous power
in a three-phase system can be constant (not pulsating), as we will see
in Section 12.7. This results in uniform power transmission and less
vibration of three-phase machines. Third, for the same amount of power,
the three-phase system is more economical than the single-phase. The
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CHAPTER 12 Three-Phase Circuits 479

amount of wirerequired for athree-phase systemislessthan that required
for an equivalent single-phase system.

We begin with adiscussion of balanced three-phase voltages. Then
we analyze each of the four possible configurations of balanced three-
phase systems. We also discuss the analysis of unbalanced three-phase
systems. Welearn how to use PSpice for Windows to analyze a balanced
or unbalanced three-phase system. Finally, we apply the concepts devel-
oped in this chapter to three-phase power measurement and residential
electrical wiring.

122 BALANCED THREE-PHASE VOLTAGES

Three-phase voltages are often produced with a three-phase ac generator
(or aternator) whose cross-sectional view isshowninFig. 12.4. Thegen-
erator basically consistsof arotating magnet (called therotor) surrounded
by a stationary winding (called the stator). Three separate windings or
coilswith terminals a-a’, b-b’, and c-¢” are physically placed 120° apart
around the stator. Terminals a and a’, for example, stand for one of the
ends of coilsgoing into and the other end coming out of the page. Asthe
rotor rotates, its magnetic field “cuts’ the flux from the three coils and
induces voltages in the coils. Because the coils are placed 120° apart,
the induced voltages in the coils are equal in magnitude but out of phase
by 120° (Fig. 12.5). Since each coil can be regarded as a single-phase
generator by itself, the three-phase generator can supply power to both
single-phase and three-phase loads.

ao

Vs /
Three- /‘ mA v
phase b o \\
output
120 w
C o— . .

Figure 125 The generated voltages are 120°
apart from each other.

no I

Figure 124 A three-phase generator.

A typical three-phase system consists of three voltage sources con-
nected to loads by three or four wires (or transmission lines). (Three-
phase current sources are very scarce.) A three-phase system is equiv-
alent to three single-phase circuits. The voltage sources can be either
wye-connected as shown in Fig. 12.6(a) or delta-connected as in Fig.
12.6(b).

L et us consider thewye-connected voltagesin Fig. 12.6(a) for now.
The voltages V,,,, Vp,, and V., are respectively between lines a, b, and
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Figure 12.6 Three-phase voltage sources: (a) Y-connected source,
(b) A-connected source.

¢, and the neutral linen. These voltages are called phase voltages. If the
voltage sources have the same amplitude and frequency « and are out of
phase with each other by 120°, the voltages are said to be balanced. This

implies that
Van + Vbn + Vcn =0 (12.1)
|Van| = |Vbn| = |Vcn| (122
Thus,
B - |
Balanced phase voltages are equal in magnitude and are out
of phase with each other by 120°.

Sincethethree-phasevoltagesare 120° out of phasewith each other,
there are two possible combinations. One possibility is shown in Fig.
12.7(a) and expressed mathematically as

(b)

j— O
Figure 2.7 Phase sequences: Van =V /0
(a) abc or positive sequence, — _ o
(b) acb or negative sequence. Vin =V 120 (12.3)

Vcn - Vp — 240° = V,; =+ 120°

As a common tradition in power systems, volt- where V, isthe effective or rmsvalue. Thisisknown asthe abc sequence
age and current in this chapter are in rms values or positive sequence. In this phase sequence, V,, leads V,,, which in
unless otherwise stated. turn leads V,,. This sequence is produced when the rotor in Fig. 12.4

rotates counterclockwise. The other possibility is shown in Fig. 12.7(b)
and is given by

Vin =V, /0°

Ve =V, / —120° (12.4)

Vin =V, /= 240° =V, /+ 120°

This is called the acb sequence or negative sequence. For this phase
sequence, V,, leads V., which in turn leads V,,,. The acb sequenceis
produced when the rotor in Fig. 12.4 rotates in the clockwise direction.
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CHAPTER 12 Three-Phase Circuits 48|

It is easy to show that the voltages in Egs. (12.3) or (12.4) satisfy Egs.
(12.1) and (12.2). For example, from Eqg. (12.3),

Van + Vbn + Vcn = pﬁ + Vp — 120° + Vp + 120°
=V,(1.0-05—- 0.866 — 0.5+ j0.866) (125)

=0
The phase sequence is the time order in which the voltages pass through The phase sequence may also be regarded as the
their respective maximum values. order in which the phase voltages reach their

peak (or maximum) values with respect to time.

The phase sequence is determined by the order in which the phasors pass
through a fixed point in the phase diagram. Reminder: As time increases, each phasor (or

InFig. 12.7(a), asthe phasors rotate in the countercl ockwise direc- sinor) rotates at an angular velocity .
tion with frequency w, they passthrough the horizontal axisin asequence
abcabca . . .. Thus, the sequenceisabc or bea or cab. Similarly, for the
phasorsin Fig. 12.7(b), as they rotate in the counterclockwise direction,
they pass the horizontal axisin a sequence acbacba . ... This describes
the ach sequence. The phase sequenceisimportant in three-phase power
distribution. It determines the direction of the rotation of a motor con-
nected to the power source, for example.

Like the generator connections, a three-phase load can be either
wye-connected or delta-connected, depending on the end application.
Figure 12.8(a) shows a wye-connected load, and Fig. 12.8(b) shows a @
delta-connected load. The neutra line in Fig. 12.8(a) may or may not

be there, depending on whether the system is four- or three-wire. (And, a
of course, a neutral connection is topologically impossible for a delta Z. Z,
connection.) A wye- or delta-connected load is said to be unbalanced if
the phase impedances are not equal in magnitude or phase. bo —
Zp
B o , |
A balanced load is one in which the phase impedances co
are equal in magnitude and in phase. (b)
Figure 2.8 Two possible three-
For a balanced wye-connected load, phase load configurations:
(a) a Y-connected load,
Z1=2,=23=12Zy (12.6) (b) a A-connected load

whereZy istheloadimpedance per phase. For abalanced delta-connected
load, Reminder: A Y-connected load consists of three
impedances connected to a neutral node, while a

Zo=2Zp,=2Z.=12Zx (12.7) . .
A-connected load consists of three impedances
where Z » is the load impedance per phase in this case. We recall from connected around a loop. The load is balanced
Eq. (9.69) that when the three impedances are equal in either
1 aase.
Zpn =32y or Zy = :—))ZA (12.8)

so we know that a wye-connected load can be transformed into a delta-
connected load, or vice versa, using Eqg. (12.8).

Since both the three-phase source and the three-phase load can be
either wye- or delta-connected, we have four possible connections:
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e Y-Y connection (i.e., Y-connected source with a Y-connected
load).

e Y-A connection.
e A-A connection.
e A-Y connection.

In subsequent sections, we will consider each of these possible configu-
rations.

It is appropriate to mention here that a balanced delta-connected
load is more common than a balanced wye-connected load. Thisis due
to the ease with which loads may be added or removed from each phase
of a delta-connected load. This is very difficult with a wye-connected
load because the neutral may not be accessible. On the other hand, delta-
connected sources are not common in practice because of the circulating
current that will result in the delta-mesh if the three-phase voltages are
slightly unbalanced.

PRACTICE PROBLEMHENE

Determine the phase sequence of the set of voltages
Van = 200cos(wt + 10°)
vy, = 200 cos(wt — 230°), Ve = 200 cos(wt — 110°)
Solution:
The voltages can be expressed in phasor form as
Vi =200/10°, V4, =200/-230° ,  V, =200/-110°

We noticethat V,, leads V., by 120° and V, inturn leads V,,, by 120°.
Hence, we have an acb sequence.

Giventhat V,, = 110/30°, find V,, and V,, assuming a positive (abc)
sequence.

Answer: 110,150°, 110/ — 90°.

123 BALANCED WYE-WYE CONNECTION

We begin withthe Y-Y system, because any balanced three-phase system
can be reduced to an equivalent Y-Y system. Therefore, analysis of this
system should be regarded as the key to solving all balanced three-phase
systems.

A balanced Y-Y system is a three-phase system with a balanced Y-connected
source and a balanced Y-connected load.

Consider the balanced four-wire Y-Y system of Fig. 12.9, where
a Y-connected load is connected to a Y-connected source. We assume a
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balanced |oad so that | oad impedancesareequal . Althoughtheimpedance
Zy isthetota load impedance per phase, it may also be regarded as the
sum of the sourceimpedance Z,, lineimpedance Z,, and load impedance
Z; for each phase, sincetheseimpedancesarein series. Asillustrated in
Fig. 12.9, Z, denotestheinterna impedance of the phase winding of the
generator; Z, is the impedance of the line joining a phase of the source
with a phase of theload; Z; isthe impedance of each phase of the load,;
and Z,, istheimpedance of the neutral line. Thus, in general

Ly =2Z,+7Z,+Z; (12.9)

Z, and Z, are often very small compared with Z,, so one can assume
that Zy = Z, if no source or line impedance is given. In any event,
by lumping the impedances together, the Y-Y systemin Fig. 12.9 can be
simplified to that shownin Fig. 12.10.

B Figure [2.10  Baanced Y-Y connection.

Figure 2.9 A balanced Y-Y system, showing the
source, line, and load impedances.

Assuming the positive sequence, the phase voltages (or line-to-
neutral voltages) are

Vg =V, /0°

V=V, /=120°, V. =V,/+120°

The line-to-line voltages or simply line voltages V5, V., and V., are
related to the phase voltages. For example,

Vo =Van +Vup =V — Vi, = Vpﬁ - Vp —120°

(12.10)

1 3 (12.118)
=V, <1+ >+ ]%) = V3V, /30°
Similarly, we can obtain
Vie = Vi —Ver =3V, /= 90° (12.11b)
Vo=V —Van = \/§fo — 210° (12.11c)
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484 PART 2 AC Circuits

Thus, the magnitude of the line voltages V; is +/3 times the magnitude
of the phase voltages V,,, or

VL =3V, (12.12)
where
Vp = Vanl = IVipul = [Venl (12.13)
and
Ve = Vap| = Vel = Vel (12.14)

Also the line voltages lead their corresponding phase voltages by 30°.
- Vap=Van + Vo Figure 12.11(a) illustrates this. Figure 12.11(a) also shows how to deter-
' mine V,;, from the phase voltages, while Fig. 12.11(b) shows the same
for the three line voltages. Notice that V,, leads V. by 120°, and V.
leadsV ., by 120°, so that the line voltages sum up to zero as do the phase

voltages.
Applying KVL to each phasein Fig. 12.10, we obtain the line cur-
rents as
Vzm th Van _ 1200

@ l, = , l, = — —:Iaf—120°
Zy "7 Zy Zy

Voo Van/—240° (219
|C=Z—‘Y"=Z—Y=|ag—24oo
We can readily infer that the line currents add up to zero,
l,+1,+1.=0 (12.16)
so that

l,=—(,41,+1,)=0 (12173)
Vi, or

(b) Vivn=2,1,=0 (12.17h)

, that is, the voltage across the neutral wire is zero. The neutral line can
Figure I211  Phasor diagrams illustrating thus be removed without affecting the system. In fact, in long distance
the relationship between line voltages and .. . . .
phase voltages. power transmission, conductors in multiples of three are used with the

earth itself acting as the neutral conductor. Power systems designed in
thisway are well grounded at all critical pointsto ensure safety.

While the line current is the current in each line, the phase current
isthe current in each phase of the source or load. Inthe Y-Y system, the
line current isthe same asthe phase current. Wewill use single subscripts
for line currents because it is natural and conventional to assumethat line
currents flow from the source to the load.

a la A An alternative way of analyzing abalanced Y-Y systemisto do so
ona“per phase’ basis. Welook at one phase, say phasea, and analyzethe
Vi, z, si'nglephasie equivalent circuit in Fig. 12.12. The single-phase analysis
yieldstheline current |, as
n N V
. l, = == (12.18)
F|gure 212 A single-phase Zy

equivaent circuit.
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CHAPTER 12 Three-Phase Circuits

From I, we use the phase sequence to obtain other line currents. Thus,
as long as the system is balanced, we need only analyze one phase. We
may do this even if the neutral line is absent, asin the three-wire system.

mﬂm.z

Calculate the line currents in the three-wire Y-Y system of Fig. 12.13.

5-j2Q A

[ S

I

j|10+j8§2

110,/-240° V
g 10+j8Q
¢ I
10+j8Q
5-120 u 0+i8
| |

S

Figure [213  Threewire Y-Y system; for Example 12.2.

Solution:

The three-phase circuit in Fig. 12.13 is balanced; we may replace it with
its single-phase equivalent circuit such as in Fig. 12.12. We obtain |,
from the single-phase analysis as

| = Van
a — ZY
whereZy = (5— j2) + (10+ j8) = 15+ j6 = 16.155 /21.8°. Hence,
110/0°
= =6.81/—-218 A

ly= ——
16.155,/21.8°

Since the source voltages in Fig. 12.13 are in positive sequence and the
line currents are a'so in positive sequence,

I, =1,/ —120°=6.81/ —141.8° A

l.=1,/—240°=6.81/ — 261.8° A = 6.81 /98.2° A

PRACTICE PROBLEMENES

A Y-connected balanced three-phase generator with an impedance of
0.4+ j0.3 2 per phaseis connected to a Y-connected balanced load with
an impedance of 24 + ;19 Q per phase. The line joining the generator
and the load has an impedance of 0.6 + j0.7  per phase. Assuming
a positive sequence for the source voltages and that VV,, = 120 /30° V,
find: (&) theline voltages, (b) the line currents.
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Answer: (&) 207.85,/60° V, 207.85/ — 60° V, 207.85/ — 180° V,
(b) 3.75/ — 8.66° A, 3.75/ — 128.66° A, 3.75 / — 248.66° A.

This is perhaps the most practical three-phase
system, as the three-phase sources are usually Y-
connected while the three-phase loads are usu-
ally A-connected.

JL A balanced Y-A system consists of a balanced Y-connected source

124 BALANCED WYE-DELTA CONNECTION

feeding a balanced A-connected load.

The balanced Y-delta system is shown in Fig. 12.14, where the
sourceiswye-connected and theload is A-connected. Thereis, of course,
no neutral connection from source to load for this case. Assuming the
positive sequence, the phase voltages are again

Vi =V, /0°
(12.19)
Vi, =V, / = 120°, Ve =V, /+120°
As shown in Section 12.3, the line voltages are
Vab = \/évpf 30° = VABs Vbc = \/évp{ —90° = VBC
(12.20)

Ve =+/3V,/=210° = V¢4

showing that the line voltages are equal to the voltages across the load
impedances for this system configuration. From these voltages, we can
obtain the phase currents as

A
lap = —-—, lpc = ——, lca= 7o (12.21)

These currents have the same magnitude but are out of phase with each
other by 120°.

Figure [2.14  Baanced Y-A connection.
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Another way to get these phase currentsis to apply KVL. For ex-
ample, applying KVVL around loop a A Bbna gives

~Van +Zalap +Vp, =0
or
Van =V Va, _ Vap
Zn  Zn  Za
whichisthesameasEq. (12.21). Thisisthe more general way of finding
the phase currents.

Theline currents are obtained from the phase currents by applying
KCL at nodes A, B, and C. Thus,

lsp = (12.22)

la =1lag —lca, Iy =lgc — las, le =lca—lpc (1223

Sincelca = 1ap/ — 240°,
Ia:IAB_ICAZIAB(l_lﬂ)
=143(1+ 05— j0.866) = I 43v/3/ — 30°

showing that the magnitude 7, of theline current is /3 times the magni-
tude 7, of the phase current, or

(12.24)

I, =3I, (12.25)
where
I =l = lp] = |1 (12.26)
and
I, = lagl = Ilscl = llcal (12.27)

Also, the line currents lag the corresponding phase currents by 30°, as-
suming the positive sequence. Figure 12.15 isaphasor diagram illustrat-
ing the relationship between the phase and line currents.

An aternative way of analyzing the Y-A circuit isto transform the
A-connected load to an equivalent Y-connected load. Using the A-Y
transformation formulain Eq. (9.69),

Z
Zy = ?A (12.28)

After this transformation, we now have a Y-Y system asin Fig. 12.10.
Thethree-phase Y-A systemin Fig. 12.14 can be replaced by the single-
phase equivalent circuit in Fig. 12.16. This alows us to calculate only
the line currents. The phase currents are obtained using Eq. (12.25) and
utilizing the fact that each of the phase currents leads the corresponding
line current by 30°.

487

Al
lcaX 30°
las
30°
30° la
Ib lec
Figure 2,15 Phasor diagram

illustrating the relationship between
phase and line currents.

Figure 12.16 A single-phase equivalent
circuit of a balanced Y-A circuit.

M|2.3

A balanced abc-sequence Y-connected source with V,,, = 100 /10° V
is connected to a A-connected balanced load (8 + j4) 2 per phase. Cal-
culate the phase and line currents.
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Solution:
This can be solved in two ways.

The load impedance is
Zy =8+ j4=28.944/26.57° Q
If the phase voltage V,,, = 100 @ then the line voltage is
Vap = Vanv/3/30° = 100v/3,/10° + 30° = V43
or
Vap =173.2/40° V

The phase currents are
Vg 173.2 /40°

Zx  8.944/2657°
lsc =145/ — 120° = 19.36,/ — 106.57° A

lca =lap/ +120° = 19.36,/133.43° A
Theline currents are
le = lapv/3/ — 30° = /3(19.36) /13.43° — 30°
= 3353/ —16.57° A
l, =1,/ —120° = 33.53/ — 136.57° A
lc=1,/+120° = 33.53 /103.43° A

METHOD B} Alternatively, using single-phase analysis,

- Van 100 /10°
‘" Za/3 2981 ,/2657

asabove. Other line currents are obtained using the abc phase sequence.

= 19.36,/13.43° A

lap =

=3354/—16.57° A

PRACTICE PROBLEMMBNEE

One line voltage of a baanced Y-connected source is Vap =
180,/ — 20° V. If the source is connected to a A-connected load of

20,/40° @, find the phase and line currents. Assume the abc sequence.
Answer: 9/—60°, 9/ —180°, 9,/60°, 15.59 / — 90°,
15.59 / — 210°, 15.59 /30° A.

12,5 BALANCED DELTA-DELTA CONNECTION

A balanced A-A system is one in which both the balanced source
and balanced load are A-connected.
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The source as well as the load may be delta-connected as shown
in Fig. 12.17. Our goal is to obtain the phase and line currents as usual.
Assuming a positive sequence, the phase voltages for a delta-connected

source are
Vap =V, /O°

Vie=V,/=120°,  Ve=V,/+120°

The line voltages are the same as the phase voltages. From Fig. 12.17,
assuming there is no line impedances, the phase voltages of the delta-
connected source are equal to the voltages across the impedances; that
is,

(12.29)

Vab = Vas, Ve = Ve, Ve =Vea (12.30)

Hence, the phase currents are

T Vag Vb T Ve Vi
AB ZA ZA ’ BC ZA ZA
(12.31)
| _ VCA _ Vca
ca=Z-=Z

Since the load is delta-connected just as in the previous section, some
of the formulas derived there apply here. The line currents are obtained
from the phase currents by applying KCL at nodes A, B, and C, aswe
did in the previous section:

lo =lap —lca, I, =1gc —las, le =lca—lpc (1232

Also, asshowninthelast section, each line current lagsthe corresponding
phase current by 30°; the magnitude I, of the line current is +/3 times
the magnitude /,, of the phase current,

I, =3I, (12.33)

Vea (5 B Vap
lp
Yy ’
[ aH
N b
Vbc I c

Figure 1217 A balanced A-A connection.

An alternative way of analyzing the A-A circuit isto convert both
the source and the load to their Y equivalents. We already know that
Zy = Z /3. To convert a A-connected source to a Y-connected source,
see the next section.
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A balanced A-connected load having an impedance 20 — j15 Q is con-
nected to a A-connected, positive-sequence generator having V., =
330,/0° V. Calculate the phase currents of the load and the line currents,

Solution:
The load impedance per phaseis

Zy=20—j15=25/—36.87° Q
The phase currents are
Vg 330,/0°
Zs 25/ 3687
lpc =lap/—120° =132/ - 8313 A
lca =lap/ +120° = 13.2 /156.87° A

=13.2/36.87° A

IAB=

For a delta load, the line current always lags the corresponding phase
current by 30° and has a magnitude /3 times that of the phase current.
Hence, the line currents are

l, = 143v/3/—30° = (13.2/36.87°)(v/3/ — 30°)
= 22.86,/6.87° A
I, =1,/ —120° =22.86/ — 113.13° A

o =1,/ +120° = 22.86 /126.87° A

PRACTICE PROBLEMENE

A positive-sequence, balanced A-connected source supplies a balanced
A-connected load. If the impedance per phase of theloadis 18 + j12
andl, = 225{ 35° A, findl 45 and V 45.

Answer: 13/65° A, 281.2 /98.69° V.

12,6 BALANCED DELTA-WYE CONNECTION

A balanced A-Y system consists of a balanced A-connected
source feeding a balanced Y-connected load.

Consider the A-Y circuit in Fig. 12.18. Again, assuming the abc
sequence, the phase voltages of a delta-connected source are

Vab = Vp 007 ng = Vp — 120°

Voo =V, /+120°

These are also the line voltages as well as the phase voltages.

(12.34)
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a —_— A
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Vea (3 ) Va N
Zy Zy
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5/ b 5 c
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Figure 2.18 A balanced A-Y connection.

We can obtain the line currentsin many ways. One way isto apply
KVL toloop aAN Bba in Fig. 12.18, writing

~Vap +Zyla —Zyly, =0

or
Zy(l,—1p) =Vu =V, /0°
Thus,
v, /0°
l,— 1, = Z—y (12.35)

But 1, lags |, by 120°, since we assumed the abc sequence; that is,
l, =1,/ —120°. Hence,

la =1, =1,1-1/-120°)

(12.36)
=1, <1+ ; +j%_3> =1,V/3/30°
Substituting Eg. (12.36) into Eq. (12.35) gives
V,/~v3/ —30°
= % (12.37)

l, = Z,
From this, we obtain the other line currents I, and |, using the positive
phase sequence, i.e., I, =1,/ —120°, |. = 1,/ + 120°. The phase
currents are equal to the line currents.

Another way to obtain the line currents is to replace the delta-
connected source with its equivalent wye-connected source, as shown in
Fig. 12.19. In Section 12.3, we found that the line-to-line voltages of
awye-connected source lead their corresponding phase voltages by 30°.
Therefore, we obtain each phase voltage of the equival ent wye-connected
source by dividing the corresponding line voltage of the delta-connected
source by /3 and shifting its phase by —30°. Thus, the equivalent wye-
connected source has the phase voltages

V
Vo = —= /= 30°
3
V3 (12.38)
Vi, = ﬁ — 150°, V. = ﬁ + 90° Figure 12.19 T_ransforming a A-connected
V3 V3 source to an equivalent Y-connected source.
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If the delta-connected source has source impedance Z; per phase, the
equivalent wye-connected source will have a source impedance of Z,/3
per phase, according to Eq. (9.69).

Once the sourceis transformed to wye, the circuit becomes awye-
wye system. Therefore, we can use the equivalent single-phase circuit

_la shown in Fig. 12.20, from which the line current for phase a is
v, /-30° — 30
P = é} |:| Zy l, = Vo/V3/ =30 V3/-30 (12.39)
Zy

which isthe same as Eq. (12.37).

Alternatively, we may transform the wye-connected load to an
equivalent delta-connected load. This results in a delta-delta system,
which can be analyzed asin Section 12.5. Note that

\%
Vay = 1,2y = \/—% / —30° (12.40)
Vey = Van/ —120°, Ven =Van / +120°

As stated earlier, the delta-connected load is more desirable than
thewye-connected load. Itiseasier to alter theloadsin any one phase of
the delta-connected loads, as the individual |oads are connected directly
across the lines. However, the delta-connected source is hardly used in
practice, because any slight imbalance in the phase voltages will result in
unwanted circulating currents.

Table 12.1 presents a summary of the formulas for phase currents
and voltages and line currents and voltages for the four connections.
Students are advised not to memorize the formulas but to understand
how they are derived. The formulas can always be obtained by directly
applying KCL and KVL to the appropriate three-phase circuits.

Figure 1220 The single-phase equivalent
circuit.

TABLE 121 Summary of phase and line voltages/currents for

balanced three-phase systems'.
Connection  Phase voltages/currents Line voltages/currents
Y-Y Vi =V, /0 V. =+/3V, /30°

Vi, =V, / —120° Ve =V / — 120°
Vo =V, / +120° Veo =V ,/ +120°
Sameaslinecurrents |, =V,,/Zy

=1,/ —120°
l.=1,/+120°
Y-A Vu =V, /0 Vo = Vap =3V, /30°

Vi =V,/ =120 V. =Vge =Vy/ —120°
Voo =V, /41200 Vo =Vea =V, / +120°

lap =Vap/Za la = |AB\/§{ - 30
Isc =Vae/Za Iy =1,/ —120°
lca =Vea/Za le =1,/ +120°

Lpositive or abc sequence is assumed.
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TABLE 121 (continued)

Connection  Phase voltages/currents  Line voltages/currents

A-A V=V, /0° Same as phase voltages
Vpe =V, / —120°
Ve =V, / +120°

lap =Vap/Za lo = IAB\/§£ —30°
lgc = Vpe/Za ly =1,/ —120°
lca =Ve/Za le =1,/ +120°

A-Y Vo=V, /0 Same as phase voltages

Ve =V, / = 120°
Vee =V, / 4 120°

. v,/ —30°
Sameaslinecurrents |, = ——
V3zZy
l,=1,/ —120°
l.=1,/ +120°

493

£ X A P L I

A balanced Y-connected load with a phase resistance of 40 2 and areac-
tance of 25 Q is supplied by a balanced, positive sequence A-connected
source with a line voltage of 210 V. Calculate the phase currents. Use
V., asreference.

Solution:
Theload impedanceis

Zy =40+ j25=47.17/32° Q
and the source voltageis
Vg = 210/0° V
When the A-connected source is transformed to a Y-connected source,

Vab
Vo = /—=30°=1212/-30°V
V3

Theline currents are

v,, 121.2/-30
Z N 47.12 /32°
I, =1,/ —1200=257/—-182° A

l.=1,/120° = 2.57,/58° A

=257/—-62° A

l, =

which are the same as the phase currents.
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PRACTICE PROBLEM

| 2.

PART 2 AC Circuits

5

In abalanced A-Y circuit, V,, = 240/15° and Zy = (124 j15) Q.
Cadlculate the line currents.
Answer: 7.21/—66.34°,7.21 / — 186.34°, 7.21 /53.66° A.

12.7 POWER IN A BALANCED SYSTEM

Let us now consider the power in a balanced three-phase system. We
begin by examining the instantaneous power absorbed by the load. This
requiresthat the analysis be done in the time domain. For a Y-connected
load, the phase voltages are

vay = V2V, cosat, vy = ~/2V, cos(wr — 120°)

(12.41)
vey = V2V, cos(wt + 120°)

where the factor +/2 is necessary because V,, has been defined asthe rms
value of the phase voltage. If Zy = Z ﬁ the phase currents lag behind

their corresponding phase voltages by 6. Thus,
is = V2I,c08(wt —0), iy =+/2I,c08(wt — O —120°) 122
ic = V21, cos(wt — 6 + 120°) '

where I, is the rms value of the phase current. The total instantaneous
power in the load is the sum of the instantaneous powers in the three
phases; that is,

P = Pa+ Pp + Pe = Vania + Vpnip + Venic
= 2V, I,[coswt cos(wt — )

(12.43)
+ cos(wt — 120°) cos(wt — 6 — 120°)
+ cos(wt + 120°) cos(wt — 6 + 120°)]
Applying the trigonometric identity
1
COSA COSB = > [cos(A + B) + coS(A — B)] (12.44)

gives
p = V,I,[3c0s6 + cos(2wt — 6) 4 cos(2wt — 6 — 240°)
+ cos(2wt — 6 + 240°)]
= V,1,[300S6 + cosa + cosa c0s240° + sina sin 240°
+ cosa c0s240° — sina sin240°] (12.45)
where o = 2wt — 0

1
=V,l, |:3COS@ + cosa + 2 (—§> COSot] =3V, 1, cosd

Thus the total instantaneous power in a balanced three-phase system is
constant—it does not changewith time astheinstantaneous power of each
phase does. This result is true whether the load is Y- or A-connected.
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This is one important reason for using a three-phase system to generate
and distribute power. We will look into another reason alittle later.

Since the total instantaneous power is independent of time, the
average power per phase P, for either the A-connected load or the Y-
connected load is p/3, or

P, =V,I,coso (12.46)
and the reactive power per phaseis
Q,=V,I,sing (12.47)
The apparent power per phaseis
S, =V,lI, (12.48)
The complex power per phaseis
Sy =P, +jQp=V,l, (12.49)

whereV , and | , arethe phase voltage and phase current with magnitudes
V, and I, respectively. Thetotal average power isthe sum of theaverage
powers in the phases:

P=P,+ P,+ P. =3P, =3V,I,0080 = ~/3V,I; COSO  (1250)

For a Y-connected load, I;, = I, but V;, = Jﬁvp, whereas for a A-

connected load, I, = +/31, but V;, = V,,. Thus, Eq. (12.50) applies for
both Y-connected and A-connected loads. Similarly, the total reactive
power is

Q =3V,I,sn0 =30, = V3V, I, snd (12.50)

and the total complex power is

V2
2
I* =312, = =~ (12.52)

Pp *
ZP

S=3S, =3V

whereZ, = Z, /0 istheload impedance per phase. (Z,, could be Zv or
ZA.) Alternatively, we may write Eq. (12.52) as

S=P+,j0=+3V.I./6 (12.53)

Remember that V), I,,, V., and I, are all rms values and that 6 is the
angle of the load impedance or the angle between the phase voltage and
the phase current.

A second major advantage of three-phase systems for power dis-
tribution is that the three-phase system uses alesser amount of wire than
the single-phase system for the same line voltage v, and the same ab-
sorbed power P;. We will compare these cases and assume in both that
the wires are of the same materia (e.g., copper with resistivity p), of the
same length ¢, and that the loads are resistive (i.e., unity power factor).
For the two-wire single-phase system in Fig. 12.21(a), I, = P,/ V., SO
the power loss in the two wiresis

2 P
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R la
I —o—WW— 0
R —— T
Three- - I A4 Three-
Single- R ! phase | | o——— 5 |phes
phase — L Load balanced + balanced
source R _ source = 5 V| /-120° load
— —
—o— \VWN\—-O—
Transmission lines Transmission lines
(€) (b)

Figure [2.21 Comparing the power loss in (a) a single-phase system, and (b) a three-phase system.

For thethree-wirethree-phasesysteminFig. 12.21(b), I; = [l,| = |l5| =
ll.| = Pp/+/3V; from Eq. (12.50). The power lossin the three wiresis

p2 p2

PL=3(I))°R = 3R’3—VLL2 = R’V—% (12.55)

Equations(12.54) and (12.55) show that for the sametotal power delivered
P, and same line voltage V.,

Poss _ 2R

Pos R

(12.56)

But from Chapter 2, R = pt/nr? and R’ = pt/mr'?, wherer and r’ are
theradii of the wires. Thus,
Pioss 22

P = 2 (12.57)
|

If the same power lossis tolerated in both systems, then r2 = 22 The
ratio of material required is determined by the number of wires and their
volumes, so
Material for single-phase  2(zr?¢)  2r?
Material for three-phase ~ 3(wr'2¢)  3r72

) (12.59)
= —-(2) =1.333
3( )

sincer? = 2r"2. Equation (12.58) showsthat thesingle-phase system uses
33 percent more material than the three-phase system or that the three-
phase system uses only 75 percent of the material used in the equivalent
single-phase system. In other words, considerably lessmaterial isneeded
to deliver the same power with a three-phase system than is required for
asingle-phase system.

M|2.6

Refer to the circuit in Fig. 12.13 (in Example 12.2). Determine the total
average power, reactive power, and complex power at the source and at
the load.
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Solution:

It is sufficient to consider one phase, asthe system isbalanced. For phase
a1

V,=110,/0V ad 1,=681/-218A
Thus, at the source, the complex power supplied is
S, = -3V, I’ = 3(110,/0°)(6.81/21.8")
= —2247,/21.8° = —(2087 + j834.6) VA

The real or average power supplied is —2087 W and the reactive power
is—834.6 VAR.
At the load, the complex power absorbed is

S =3/1,%z,
whereZ, = 10+ j8 = 12.81,/38.66° and |, = |, = 6.81/ — 21.8°.

Hence
S, = 3(6.81)212.81{38.660 = 1782 /38.66
= (1392 + j1113) VA

The real power absorbed is 1391.7 W and the reactive power absorbed is
1113.3 VAR. Thedifference between the two compl ex powersisabsorbed
by the line impedance (5 — j2) Q2. To show that thisis the case, we find
the complex power absorbed by the line as

Sy = 3|1,1°Z; = 3(6.81)*(5 — j2) = 695.6 — j278.3 VA

whichisthe difference between S, and S; , that is, S, + S, + S, = 0, as
expected.

PRACTICE PROBLEMMNNFIN

For the Y-Y circuit in Practice Prob. 12.2, calculate the complex power
at the source and at the |oad.

Answer: (1054 + j843.3) VA, (1012 + j801.6) VA.

M|2.7

A three-phase motor can beregarded asabalanced Y-load. A three-phase
motor draws 5.6 kW when the line voltage is 220 V and the line current
is18.2 A. Determine the power factor of the motor.

Solution:
The apparent power is

S =3V, 1, = +/3(220)(18.2) = 6935.13 VA
Sincethe real power is

P = Scosf = 5600 W
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the power factor is

P 5600
pf = cosf = —

S 6935.13 08075

PRACTICE PROBLEMMNNFIN

Calculate theline current required for a 30-kW three-phase motor having
apower factor of 0.85 lagging if it is connected to a balanced source with
aline voltage of 440 V.

Answer: 50.94 A.

mﬂm.s

Two balanced |oads are connected to a 240-kV rms 60-Hz line, as shown
in Fig. 12.22(a). Load 1 draws 30 kW at a power factor of 0.6 lagging,
whileload 2 draws 45 kVAR at apower factor of 0.8 lagging. Assuming
the abc sequence, determine: (a) the complex, real, and reactive powers
absorbed by the combined load, (b) the line currents, and (c) the kVAR
rating of the three capacitors A-connected in parallel with the load that
will raise the power factor to 0.9 lagging and the capacitance of each

Balanced Balanced Capacitor.
load 1 load 2 Solution:
(a) Forload 1, giventhat P, = 30kW and cos6#; = 0.6, thensing; = 0.8.
@ Hence,
P 30 kw
- p= —— = —50KkVA
T C C0s6; 0.6
% c T c and Q; = S1sinf; = 50(0.8) = 40 kVAR. Thus, the complex power
duetoload 1is
S =P+ j0O1 =30+ j40kVA (12.8.1)
For load 2, if 0, = 45 kVAR and cosf, = 0.8, thensing, = 0.6. We
Combined find
load
0> 45 kVA
S, = — = = 75kVA
2 siné, 0.6
() and P, = S, cos6, = 75(0.8) = 60 kW. Therefore the complex power
Figure [2.22  For Example 12.8: () The duetoload 2is
original balanced loads, (b) the combined load S, = P, + jQ, =60+ j45 kVA (12.8.2)
with improved power factor.
From Egs. (12.8.1) and (12.8.2), the total complex power absorbed by
theload is

S=5+S5,=90+ j85KVA = 123.8/43.36° kVA  (1283)

which has a power factor of cos43.36° = 0.727 lagging. Thereal power
isthen 90 kW, while the reactive power is 85 kVAR.
(b) Since S = +/3V, I, theline current is

I - S
- V3V,

(12.8.4)
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We apply thisto eachload, keeping in mind that for both loads, V, = 240
kV. For load 1,

50,000
~ /3240,000

Since the power factor islagging, theline current lags the line voltage by
01 = cos 10.6 = 53.13°. Thus,

ls1 =120.28/ — 53.13°

75,000
~ /3240,000
and the line current lags the line voltage by 6, = cos™* 0.8 = 36.87°.

Hence,
la2 = 180.42/ — 36.87°
Thetotal line current is
la =141+ 14,0 =120.28/ — 53.13° 4+ 180.42 / — 36.87°

= (72.168 — j96.224) + (144.336 — j108.252)
= 216.5 - j204.472 = 297.8 / — 43.36° mA

Alternatively, we could obtain the current from the total complex
power using Eq. (12.8.4) as
123,800
b /3 240,000

L1 = 120.28 mA

For load 2,

I = 180.42 mA

= 297.82 mA

and

lo =297.82/ — 43.36° mA

which is the same as before. The other line currents, I, and | .., can be
obtained accordingtotheabc sequence(i.e., |, = 297.82 /—163.36° mA
and |, = 297.82,/76.64° mA).

(c) We can find the reactive power needed to bring the power factor to 0.9
lagging using Eq. (11.59),

QC = P(tangold - tan@new)

where P = 90 kW, 659 = 43.36°, and Opey = cOs10.9 = 25.84°.
Hence,

Q¢ = 90,000(tan 43.36° — tan 25.04°) = 41.4 kVAR

This reactive power is for the three capacitors. For each capacitor, the
rating Q. = 13.8 kVAR. From Eq. (11.60), the required capacitance is
_ Q¢
Ve
Since the capacitors are A-connected as shown in Fig. 12.22(b), Vims in
the above formula is the line-to-line or line voltage, which is 240 kV.
Thus,

B 13,800
" (2760)(240,000)2

= 635.5 pF
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PRACTICE PROBLEM

PART 2 AC Circuits

| 2.8

Assume that the two balanced loads in Fig. 12.22(a) are supplied by an
840-V rms60-Hzline. Load 1isY-connected with 30+ ;40 Q2 per phase,
whileload 2 is a balanced three-phase motor drawing 48 kW at a power
factor of 0.8 lagging. Assuming the abc sequence, calculate: (@) the
complex power absorbed by the combined load, (b) the kVAR rating of
each of the three capacitors A-connected in parallel with theload toraise
the power factor to unity, and (c) the current drawn from the supply at
unity power factor condition.

Answer: (a) 56.47 + j47.29 KVA, (b) 15.7 KVAR, (c) 38.813 A.

@

Network Analysis

A special technique for handling unbalanced
three-phase systems is the method of symmet-
rical components, which is beyond the scope of

this text.

—_— A
o
/
NP
In
o N
Zg Zc
Iy Ven
P \
B
le 4 Ven
—_—
o
Figure 1223 Unbalanced three-phase

Y-connected load.

712.8 UNBALANCED THREE-PHASE SYSTEMS

This chapter would be incompl ete without mentioning unbal anced three-
phase systems. An unbalanced system is caused by two possible situa-
tions: (1) the source voltages are not equal in magnitude and/or differ
in phase by angles that are unequal, or (2) load impedances are unequal.
Thus,

tAn unbalanced system is due to unbalanced voltage sources or an unbalanced load.

To simplify analysis, we will assume balanced source voltages, but an
unbalanced load.

Unbalanced three-phase systems are solved by direct application
of mesh and nodal analysis. Figure 12.23 shows an example of an unbal-
anced three-phase system that consists of balanced source voltages (not
shown in the figure) and an unbalanced Y-connected load (shown in the
figure). Sincetheload isunbaanced, Z 4, Zp, and Z¢ arenot equal. The
line currents are determined by Ohm’s law as

_ Van

L _ Vi _ Vew
a ZA ’

’ IC__
Zp Zc

Iy (12.59)

This set of unbalanced line currents produces current in the neutral line,
which is not zero as in a balanced system. Applying KCL at node N
givesthe neutral line current as

o =—=Ua+1p+10) (12.60)

In athree-wire system where the neutral line is absent, we can till
find the line currents 1,, 1, and I, using mesh analysis. At node N,
KCL must be satisfied so that 1, + 1, + |, = 0 in this case. The same
could bedonefor a A-Y, Y-A, or A-A three-wire system. Asmentioned
earlier, in long distance power transmission, conductors in multiples of
three (multiple three-wire systems) are used, with the earth itself acting
asthe neutral conductor.
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To calculate power in an unbalanced three-phase system reguires
that we find the power in each phase using Eqgs. (12.46) to (12.49). The
total power isnot simply three times the power in one phase but the sum
of the powers in the three phases.
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M|2.9

The unbalanced Y-load of Fig. 12.23 has balanced voltages of 100 V and
the acb sequence. Calculate the line currents and the neutral current.
TakeZ, =15Q, Zp =10+ j5Q, Zc =6— j8Q.

Solution:
Using Eq. (12.59), the line currents are
100 /0° )
«= "7z =6.67,/0° A

_ 100,/120° B 100,/120¢

b — s —
10+ j5 11.18 /26.56°

100/ — 120 100/ — 120°
l, = L - /120 =10/—-66.87° A
68 10/ - 5313
Using Eg. (12.60), the current in the neutral lineis
l,=—U,+1,+1.)=—(6.67—054+ j8.92+ 3.93— j9.2)

= —10.06 4 j0.28 = 10.06 /178.4° A

PRACTICE PROBLEMMNNIE

=8.94/93.44° A

The unbalanced A-load of Fig. 12.24 is supplied by balanced voltages la
of 200 V in the positive sequence. Find the line currents. Take V,;, as o A
reference. 100 80
Answer: 18.05/ —41.06°, 29.15,220.2°, 31.87 /74.27° A.
—+45Q 60
Ip
¢ - AW C
I B 16Q

Figure [224  Unbalanced A-load; for
Practice Prob. 12.9.

MM.W

For the unbalanced circuit in Fig. 12.25, find: (@) the line currents,
(b) thetotal complex power absorbed by theload, and (c) thetotal complex
power supplied by the source.

Solution:
(a) We use mesh analysisto find the required currents. For mesh 1,

120/ — 120° — 120/0° + (10 + j5)I; — 101, =0
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Figure 1225 For Example 12.10.

or
(10 + j5)I1 — 101, = 120v/3 /30° (12.10.1)
For mesh 2,

120,/120° — 120/ — 120° + (10 — j10)l, — 10I; =0

or
—10l; + (10— j10)l, = 120v/3/ — 90° (1210.2)
Equations (12.10.1) and (12.10.2) form a matrix equation:
|:10+j5 ~10 Hll] :[ 120v/3/30° }
—-10 10— ;10| |I, 120\/5&

The determinants are

1045 —10
— 50— j50 = 70.71/ — 45°
~10 10— 10 / /=45

120v/3 /30° -10
120v/3/-90° 10— j10

= 207.85(13.66 — j13.66)

— 4015/ — 45°
10+ /5 120/3/30°
-10 120v3/ - 90

Ay = — 207.85(13.66 — j5)

= 3023/ — 20.1°
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The mesh currents are
A, 401523/ — 45°

A 7071/ - 45°
A, 30234/-201°

l,= =2 = — 4275 /24.9° A
A 70.71/ — 45°

L= =56.78A

Theline currents are
l, =11 =56.78 A, l.=—1,=4275/—155.1° A
I, =12—11 =3878+ j18 — 56.78 = 25.46 /135° A
(b) We can now calculate the complex power absorbed by the load. For

phase A,
Sa = 1,1°Z 4 = (56.78)%(j5) = j16,120 VA
For phase B,
Sy = |1,1°Z5 = (25.46)%(10) = 6480 VA
For phase C,

Sc = [1.12Z¢ = (42.75)%(— j10) = —j18,276 VA
The total complex power absorbed by the load is
S, =S4+ Sp + Sc = 6480 — j2156 VA

(c) Wecheck theresult above by finding the power supplied by the source.
For the voltage sourcein phase a,

Si = —Vul* = —(120/0°)(56.78) = —6813.6 VA
For the source in phase b,
Sy = —VlF = —(120/ — 120°)(25.46 / — 135°)
= —3055.2 /105° = 790 — j2951.1 VA
For the source in phase ¢,
S. = —Vl* = —(120/120°)(42.75 /155.1°)
= —5130,275.1° = —456.03 + j5109.7 VA

The total complex power supplied by the three-phase source is
S =S +S, +S = —6480 + j2156 VA

showing that S; + S; = 0 and confirming the conservation principle of
ac power.

PRACTICE PROBLEMMNNFIN

Find the line currents in the unbalanced three-phase circuit of Fig. 12.26
and the real power absorbed by the load.
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a A
o o —i5Q
220 /-120° rmsV E &) 220 /-0° rmsV 10Q
c @ 2112 c
B 100
220/120° rmsV !

Figure 2,26 For Practice Prob. 12.10.

Answer: 64,/80.1°, 38.1/ — 60°, 42.5 /225° A, 4.84 KW.

12.9  PSPICE FOR THREE-PHASE CIRCUITS

PSpice can be used to analyze three-phase bal anced or unbalanced circuits
in the same way it is used to analyze single-phase ac circuits. However,
adelta-connected source presents two major problemsto PSpice. First, a
delta-connected source is aloop of voltage sources—which PSpice does
notlike. Toavoidthisproblem, weinsert aresistor of negligibleresistance
(say, 1 uS2 per phase) into each phase of the delta-connected source.
Second, the delta-connected source does not provide a convenient node
for the ground node, which is necessary to run PSpice. This problem can
be eliminated by inserting balanced wye-connected large resistors (say,
1 M per phase) in the delta-connected source so that the neutral node of
the wye-connected resistors serves as the ground node 0. Example 12.12
will illustrate this.

For the balanced Y-A circuitin Fig. 12.27, use PSpiceto find theline cur-
rent 1,4, the phase voltage V 4 5, and the phase current | 4. Assume that
the source frequency is 60 Hz.

1000°V
YO a 1Q
&
N\

100/-120°V 0.2H
b 1Q
n— @

.
§

100/120°V 0.2H
c 1Q ’

@
N\

Figure 2.27  For Example 12.10.
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Solution:

The schematic is shown in Fig. 12.28. The pseudocomponents |PRINT
areinsertedintheappropriatelinestoobtainl, 4 andl 4¢, whileVPRINT2
isinserted between nodes A and B to print differential voltage V 45. We
set the attributesof IPRINT and VPRINT2 eachto AC = yes, MAG = yes,
PHASE = yes, to print only the magnitude and phase of the currents and
voltages. Asasingle-frequency analysis, we select Analysis/Setup/AC
Sweep and enter Total Pts = 1, Start Freq = 60, and Final Freq = 60.
Oncethecircuit is saved, it issimulated by selecting Analysig/Simulate.
The output file includes the following:

FREQ V(A B) VP( A, B)

6. 000E+01 1.699E+02 3. 081E+01

FREQ I MV_PRINT2) | P(V_PRI NT2)
6. 000E+01 2. 350E+00 - 3. 620E+01
FREQ I MV_PRINT3) | P(V_PRI NT3)
6. 000E+01 1. 357E+00 - 6. 620E+01

From this, we obtain

lya =235/—-36.2°A

Vg = 169.9 /30.81° V, lac = 1357/ —66.2° A
AC = yes
MAG = yes
ACMAG = 100 V  PHASE = yes | PRINT =L
ACPHASE = 0 - =5
o — A
O Wit
V1 1
R4 2100
ACMAG = 100
ACPHASE = -120 o 0.2H L1
B
V2 R5 <100
ACMAG = 100 V
ACPHASE = 120 0. 2H L3
R3 C
(M
& WW A
V3 1 0

Figure 2,28 schematic for the circuiit in Fig. 12.27.

PRACTICE PROBLEMENFEN

505

Refer to the balanced Y-Y circuit of Fig. 12.29. Use PSpice to find the
line current 1,5 and the phase voltage V 4. Take f = 100 Hz.
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120/60°V
Y60 2Q 16mH

C a A

10Q

120/-60°V 10 mH
YOOV o0 16mH g 100 10mH

10Q

120,/180°V 10mH
VBV e 16mH

— @ ——w—am .

Figure 1229 For Practice Prob. 12.11.

Answer: 100.9,/60.87°V, 8547/ — 91.27° A.

MM.M

Consider the unbalanced A-A circuit in Fig. 12.30. Use PSpice to find
the generator current | ,;,, theline current 1,5, and the phase current | g¢.

a R
20 i5Q
@ 208100V 50Q
208/130° V (D b 2110 B -L a0
2Q i5Q
(’:} 208/-110° V % j300
20 i5Q
211D
c C

Figure 1230 For Example 12.12,

Solution:

As mentioned above, we avoid the loop of voltage sources by inserting a
1- 12 series resistor in the delta-connected source. To provide a ground
node 0, we insert balanced wye-connected resistors (1 M2 per phase)
in the delta-connected source, as shown in the schematic in Fig. 12.31.
Three IPRINT pseudocomponents with their attributes are inserted to be
able to get the required currents 1, 1,5, and | . Since the operating
frequency is not given and the inductances and capacitances should be
specified instead of impedances, we assume w = 1 rad/sso that f =
1/27 = 0.159155 Hz. Thus,
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X

=L and C= !
w wXc

We select Analysis/Setup/AC Sweep and enter Total Pts = 1, Sart

Freqg = 0.159155, and Final Freq = 0.159155. Once the schematic

issaved, we select AnalysigSimulateto simulate the circuit. The output

L

fileincludes:
FREQ I MV_PRINT1) | P(V_PRINT1)
1.592E-01 9. 106E+00 1. 685E+02
FREQ | MV_PRINT2) | P(V_PRINT2)
1.592E-01 5. 959E+00 2. 821E+00
FREQ I MV_PRINT3) | P(V_PRINT3)
1.592E-01 5. 500E+00 -7.532E+00

from which we get
l.p =5.96,/2.82° A

l,p = 9.106 /168.5° A, lpc =55/—753 A
Rl L1
2113
2 5H
1u R10 < 50
AC = yes
MAG = yes
R4§ lu PHASE = yes
V3
ACNVAG = 208V AC = yes
ACPHASE = 110 I'PRINT MAG = yes
ACMAG = 208V 1Meg R2 L2 =25 PHASE = yes
ACPHASE = 130 @ A A 2112 25m ——
Vi R38 2 5H
V2
@ ACMAG = 208V 30H§ La
= ACPHASE = -110
R6 = 1Meg
o\
m AC = yes
R § tu | PRI NT VAG :yyes
R3 L3 PHASE = yes
2112
% 2 5H

Figure 23] schematic for the circuit in Fig. 12.30.

PRACTICE PROBLEMENIN

For the unbalanced circuit in Fig. 12.32, use PSpice to find the generator
current | .., thelline current | ., and the phase current | 4.
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a A

10Q
@ 2920 v

j100

20/90°v @) b B § 100
@ 220/-150°v 0e
-10Q
T j

c C

Figure 12,32 For Practice Prob. 12.12.

Answer: 24.68/ —90° A, 15.56,/105° A, 37.24 /83.79° A.

. W
ao — T
A+
Three-phase
W, load (wye
b o >, * 1IN T or delta,
0o - balanced or
unbalanc
m balanced
¢ o—E L m
L +
Figure 1233 Three-wattmeter method for

measuring three-phase power.

12,10 APPLICATIONS

Both wye and delta source connections have important practical applica
tions. The wye source connection is used for long distance transmission
of electric power, where resistive losses (72R) should be minimal. This
is due to the fact that the wye connection gives aline voltage that is +/3
greater than the delta connection; hence, for the same power, the line
current is /3 smaller. The delta source connection is used when three
single-phase circuits are desired from athree-phase source. This conver-
sionfrom three-phaseto single-phaseisrequiredin residential wiring, be-
cause household lighting and appliances use single-phase power. Three-
phase power is used inindustrial wiring where alarge power is required.
In some applications, it isimmaterial whether the load is wye- or delta-
connected. For example, both connectionsare satisfactory with induction
motors. In fact, some manufacturers connect a motor in deltafor 220 V
and inwyefor 440 V so that one line of motors can be readily adapted to
two different voltages.

Here we consider two practical applications of those concepts cov-
ered in this chapter: power measurement in three-phase circuits and res-
idential wiring.

12.10.1 Three-Phase Power Measurement

Section 11.9 presented the wattmeter as the instrument for measuring the
average (or real) power in single-phase circuits. A single wattmeter can
also measure the average power in athree-phase system that is balanced,
sothat P, = P, = Ps; thetotal power is three times the reading of that
onewattmeter. However, two or three single-phase wattmeters are neces-
sary to measure power if the system is unbalanced. The three-wattmeter
method of power measurement, shownin Fig. 12.33, will work regardless
of whether the load is balanced or unbalanced, wye- or delta-connected.
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The three-wattmeter method is well suited for power measurement in a
three-phase system where the power factor is constantly changing. The
total average power isthe algebraic sum of the three wattmeter readings,

Pr=P1+ P+ P3 (12.61)

where Py, P,, and P3 correspond to the readings of wattmeters Wy, Wo,
and W3, respectively. Noticethat the common or reference point o in Fig.
12.33 is selected arbitrarily. If theload is wye-connected, point o can be
connected to the neutral point n. For a delta-connected load, point o can
be connected to any point. If point o isconnected to point b, for example,
the voltage coil in wattmeter W, reads zero and P, = O, indicating that
wattmeter W5 is not necessary. Thus, two wattmeters are sufficient to
measure the total power.

The two-wattmeter method isthe most commonly used method for
three-phase power measurement. The two wattmeters must be properly
connected to any two phases, as shown typically in Fig. 12.34. Notice W

that the current coil of each wattmeter measuresthelinecurrent, whilethe  a o T’_ 211N

respective voltage coil isconnected between thelineand thethird lineand rndiliny Three-phase
measures the line voltage. Also notice that the & terminal of the voltage load (wye
coail is connected to the line to which the corresponding current coil is P © or delta,
connected. Although theindividual wattmeters no longer read the power w Bf;;gidog)
taken by any particular phase, the algebraic sum of the two wattmeter +

readingsequal sthetotal average power absorbed by theload, regardlessof ¢ © JI:_,?Y}?\__

whether it iswye- or delta-connected, balanced or unbalanced. The total

real power isequal to the algebraic sum of the two wattmeter readings, Figure 1234 Two-wattmeter method for

Pr= P+ P, (12.62) measuring three-phase power.
We will show here that the method works for a balanced three-phase
system.

Consider the balanced, wye-connected load in Fig. 12.35. Our
objective isto apply the two-wattmeter method to find the average power
absorbed by the load. Assume the sourceisin the abc sequence and the
load impedance Zy = Zy ﬁ Due to the load impedance, each voltage
coil leadsits current coil by 6, so that the power factor iscos6. Werecall
that each linevoltageleadsthe corresponding phasevoltageby 30°. Thus,
the total phase difference between the phase current 1, and line voltage

W
ao 211N
+ m fﬂb’\—%
- _b»
bo
Vcb
+ N * e +
Cc o a1k
LJW‘P—J

Figure 12.35  Two-wattmeter method applied to a balanced wye load.
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V. 186 + 30°, and the average power read by wattmeter Wi is
Py = Re[V 7] = Va1, cos(® + 30°) = VI cos(® + 30°)  (12.63)
Similarly, we can show that the average power read by wattmeter 2 is
P> =Re[VplY] = Vepl cos(@ — 30°) = VI cos(@ — 30°)  (12.64)
We now use the trigonometric identities

CcoS(A + B) = COSACOSB —sinAsinB

. . (12.65)
COS(A — B) = COSAcCoSB +SnAsnB

to find the sum and the difference of the two wattmeter readingsin Egs.
(12.63) and (12.64):

P+ P, = VI [cos(® + 30°) + cos(6 — 30°)]
= V;I;(cos6 cos30° — sind sin30°
+ cosf cos30° + sinf sin30°)
=V, 1;,2¢c0s30° cos® = /3V, I, coso

(12.66)

since 2c0s30° = /3. Comparing Eq. (12.66) with Eq. (12.50) shows
that the sum of the wattmeter readings gives the total average power,

Pr=P+ P> (12.67)

Similarly,
Py — P, =V I;[cos@® + 30°) — cos(6 — 30°)]
= V;I;(cosO cos30° — sinf® sin30°
— cosf cos30° — sind sin30°) (12.68)
= -V, I;2sn30°sing
P, — P, =V, I; Sn6
since 2sin30° = 1. Comparing Eq. (12.68) with Eq. (12.51) shows that

thedifference of thewattmeter readingsisproportional tothetotal reactive
power, or

Or =V3(P,— Py) (12.69)

From Egs. (12.67) and (12.69), the total apparent power can be obtained

as
Sy =4/ P2+ Q2 (12.70)

Dividing Eq. (12.69) by Eq. (12.67) givesthe tangent of the power factor
angleas

P— P
tang = 27 _ 32—

Pr P+ P
from which we can obtain the power factor as pf = cosé. Thus, the two-
wattmeter method not only provides the total real and reactive powers, it
can al so be used to compute the power factor. From Egs. (12.67), (12.69),
and (12.71), we conclude that:

(12.71)
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1. If P, = Py, theload isresistive.
2. If P, > P;,theload isinductive.
3. If P, < Py, theload is capacitive.

Although these results are derived from a balanced wye-connected load,
they are equally valid for a balanced delta-connected load. However,
the two-wattmeter method cannot be used for power measurement in a
three-phase four-wire system unless the current through the neutral line
iszero. We use the three-wattmeter method to measure the real power in
athree-phase four-wire system.

M|2.|3

|
Three wattmeters W1, W», and W3 are connected, respectively, to phases
a, b, and ¢ to measure the total power absorbed by the unbalanced wye-
connectedloadin Example12.9(seeFig. 12.23). (&) Predict thewattmeter
readings. (b) Find the total power absorbed.
Solution:

Part of the problem is already solved in Example 12.9. Assume that the
wattmeters are properly connected asin Fig. 12.36.

la A
o @ "
10Q
-ji8Q
'b
—_—
IC
—
o W5)

Figure 1236 For Example 12.13.

(a) From Example 12.9,
Vay =100/0°,  Vgy =100,/120°,  V¢y =100/—120°V
while

l, = 6.67@, I, =8.94,93.44°, l.=10/—-66.87° A
We calculate the wattmeter readings as follows:
= Re(Vanly) = Vanl, cOS(Oy,, —01,)
= 100 x 6.67 x cos(0° — 0°) = 667 W
P> = Re(Vyl}) = Van 1, c0S(6y,, — 61,)
= 100 x 8.94 x cos(120° — 93.44°) = 800 W
P3 =Re(Vepnl7) = Ven i cos(@y., —61,)
= 100 x 10 x cos(—120° + 66.87°) = 600 W
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(b) The total power absorbed is
Py = P, + P, + P3 = 667 + 800 + 600 = 2067 W

We can find the power absorbed by theresistorsin Fig. 12.36 and use that
to check or confirm this result.

Pr = |I,1°(15) + |1,/*(10) + |1.1(6)
= 6.672(15) + 8.94%(10) + 10%(6)
= 667 + 800 + 600 = 2067 W

which is exactly the same thing.

| 3

Repeat Example 12.13 for the network in Fig. 12.24 (see Practice Prob.
12.9). Hint: Connect the reference point o in Fig. 12.33 to point B.

Answer: (a) 2961 W, 0 W, 4339 W, (b) 7300 W.

mﬂm.w

The two-wattmeter method produces wattmeter readings P; = 1560 W
and P, = 2100 W when connected to a delta-connected load. If the line
voltage is 220 V, calculate: (@) the per-phase average power, (b) the per-
phase reactive power, (c) the power factor, and (d) the phase impedance.

Solution:

We can apply the given results to the delta-connected load.
(a) Thetotal real or average power is

Pr = P; + P, = 1560 + 2100 = 3660 W
The per-phase average power is then
1
P, = éPT = 1220 W
(b) The total reactive power is

07 = ~/3(P, — P1) = v/3(2100 — 1560) = 935.3 VAR

so that the per-phase reactive power is
1
0,= §QT = 311.77 VAR

(c) The power angleis

935.3
6 —tant 2L _ tan1 223

Pr 3660
Hence, the power factor is

cosé = 0.9689 (leading)

= 14.33°

It isaleading pf because Q7 ispositiveor P, > P;.
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(c) The phaseimpedanceisZ, = Z, /8. Weknow that 6 isthe same as
the pf angle; that is, 6 = 14.57°.

v,
szl—p
p

We recall that for a delta-connected load, V,, = V; = 220 V. From Eq.
(12.46),

1220

= ———— =5723A
P 220 x 0.9689

P,=V,I,cosf =

Hence,

vV, 220
Z,=-L=""_-3844Q
»= 1, 5723

and

Z,=73844/143% Q

PRACTICE PROBLEMENK

Let the line voltage V;, = 208 V and the wattmeter readings of the bal-
anced system in Fig. 12.35be P, = —560 W and P, = 800 W. Deter-
mine:

(a) thetotal average power

(b) the total reactive power

(c) the power factor

(d) the phase impedance

I's the impedance inductive or capacitive?

Answer: (a) 240 W, (b) 2355.6 VAR, (c) 0.1014, (d) 18.25,/84.18° 2,
inductive.

MH.H

The three-phase balanced load in Fig. 12.35 has impedance per phase of
Zy = 8+ j6 Q. If theload is connected to 208-V lines, predict the read-
ings of the wattmeters Wy and W,. Find Py and Q7.

Solution:
The impedance per phaseis

Zy =8+ j6=10,/36.87" Q

so that the pf angleis 36.87°. Sincethelinevoltage V;, = 208V, theline
current is

V, _ 208/y/3

I} = =2 =
LT zy 10

=12A
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Then
P, = VI, cos(@ + 30°) = 208 x 12 x cos(36.87° + 30°)
= 980.48 W
P, =V, I, cos(6 — 30°) = 208 x 12 x co0s(36.87° — 30°)
= 2478.1W

Thus, wattmeter 1 reads 980.48 W, while wattmeter 2 reads 2478.1 W.
Since P, > P1, theload isinductive. Thisis evident from the load Zy

itself. Next,

and

Pr = P + P, = 3.4586 kW

Or = V3(P, — P1) = +/3(1497.6) VAR = 2.594 kVAR

PRACTICE PROBLEMENEEE

If theload in Fig. 12.35 is delta-connected with impedance per phase of
Z, =30—j40Qand V; = 440V, predict the readings of the wattmeters
W1 and W,. Caculate Py and Q7.

Answer: 6.166 kW, 0.8021 kW, 6.968 kW, —9.291 kVAR.

12.10.2 Residential Wiring

In the United States, most household lighting and appliances operate
on 120-V, 60-Hz, single-phase alternating current. (The electricity may
also be supplied at 110, 115, or 117 V, depending on the location.) The
local power company supplies the house with a three-wire ac system.
Typicaly, asin Fig. 12.37, the line voltage of, say, 12,000 V is stepped
down to 120/240 V with a transformer (more details on transformers

Step-down
transformer
\s\ /
f ! Circuit  Circuit  Circuit
Wall of #1 #2 #3
~ house 120V 120V 120V

Fuse Fuses

Switch
_./
J Fuse 1 21

Light " e —

pole Watt-hour meter
ZGrounded metal

,,,,,, Ground

////stake,/////// 7727 Z

Figure 12.37 A 120/240 household power system.
(Source: A. Marcus and C. M. Thomson, Electricity for Technicians,
2nd ed. [Englewood Cliffs, NJ: Prentice Hall, 1975], p. 324.)
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in the next chapter). The three wires coming from the transformer are
typically colored red (hot), black (hot), and white (neutral). Asshownin
Fig. 12.38, thetwo 120-V voltages are oppositein phase and hence add up
tozero. Thatis, Vy = 0,/0°,Vy = 120,/0°, V = 120,/180° = —V/ 3.
Vpr =Vp—Vrp =V —(=Vp) =2V =240/0° (1272
Since most appliances are designed to operate with 120 V, the lighting
and appliances are connected to the 120-V lines, as illustrated in Fig.
12.39 for aroom. Noticein Fig. 12.37 that all appliances are connected
in parallel. Heavy appliances that consume large currents, such as air
conditioners, dishwashers, ovens, and laundry machines, are connected
to the 240-V power line.
To other houses
7 N
Black | |
(hot) g !
. o 120V 120V
White 1120V lights appliance
(neutral) v I I 240V
L Ground L | | appliance
g B r| 2V | 120v 120V
Red (hot) ; lights appliance
Transformer | |
e House
Figure 12.38 Single-phase three-wire residential wiring.
Because of the dangers of electricity, house wiring is carefully reg- 2
ulated by acode drawn by local ordinancesand by the National Electrical
Code (NEC). To avoid trouble, insulation, grounding, fuses, and circuit O @ O
breakers are used. Modern wiring codes require a third wire for a sep-
arate ground. The ground wire does not carry power like the neutral Lamp sockets
wire but enables appliances to have a separate ground connection. Figure
12.40 shows the connection of the receptacle to a 120-V rmsline and to S
the ground. As shown in the figure, the neutral line is connected to the Switch B et
ground (the earth) at many critical locations. Although the ground line ase Quliets
l % p Neutral
/N
_ 120 volt
Fuse or circuit breaker Hot wire volts l @ @
N1 Y Ungrounded conductor
Receptacle 2
¥ — .
120V rms <—> O To other appliances Figure 12.39 A typical wiring diagram of
aroom.
: (Source: A. Marcusand C. M.
Newrawire | | Thomson, Electricityfor Tech-
- T nicians, 2nd ed. [Englewood
POV\Ielrwsta’n Ser;/ice Ground wire Cliffs, NJ: PrenticeHall, 1975] s
p. 325.)
ground panel ground

Figure 1240 Connection of a receptacle to the hot line and to the ground.
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seems redundant, grounding isimportant for many reasons. First, itisre-
quired by NEC. Second, grounding provides a convenient path to ground
for lightning that strikesthe power line. Third, grounds minimizetherisk
of electric shock. What causes shock is the passage of current from one
part of the body to another. The human body islikeabigresistor R. If V
is the potential difference between the body and the ground, the current
through the body is determined by Ohm’s law as

I=— 12.73
R (12.73)

Thevalue of R variesfrom person to person and depends on whether the
body is wet or dry. How great or how deadly the shock is depends on
the amount of current, the pathway of the current through the body, and
the length of time the body is exposed to the current. Currents less than
1 mA may not be harmful to the body, but currentsgreater than 10 mA can
cause severe shock. A modern safety device is the ground-fault circuit
interrupter (GFCI), used in outdoor circuits and in bathrooms, where the
risk of electric shock is greatest. It is essentially a circuit breaker that
openswhen the sum of the currentsiy, iy, and iz through thered, white,
and the black linesis not equal to zero, or ig + iy +ip # 0.

The best way to avoid electric shock isto follow safety guidelines
concerning electrical systems and appliances. Here are some of them:

e Never assumethat an electrical circuit is dead. Always check to
be sure.

e Use safety devices when necessary, and wear suitable clothing
(insulated shoes, gloves, etc.).

e Never use two hands when testing high-voltage circuits, since
the current through one hand to the other hand has a direct path
through your chest and heart.

e Do not touch an electrical appliance when you are wet.
Remember that water conducts electricity.

e Beextremely careful when working with electronic appliances
such asradio and TV because these appliances have large
capacitorsin them. The capacitors take time to discharge after
the power is disconnected.

e Always have another person present when working on awiring
system, just in case of an accident.

12.11  SUMMARY

1. The phase sequenceisthe order in which the phase voltages of a
three-phase generator occur with respect to time. In an abc
sequence of balanced source voltages, V,, leads V,,, by 120°,
whichinturnleadsV, by 120°. In an acb sequence of balanced
voltages, V,, leads V., by 120°, which in turn leads V,,, by 120°.

2. A balanced wye- or delta-connected load is one in which the three-
phase impedances are equal .

3. The easiest way to analyze a balanced three-phase circuit isto
transform both the source and the load to a Y-Y system and then
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analyze the single-phase equivalent circuit. Table 12.1 presents a
summary of the formulas for phase currents and voltages and line
currents and voltages for the four possible configurations.

Theline current I, isthe current flowing from the generator to the
load in each transmission linein athree-phase system. Theline
voltage V,, isthe voltage between each pair of lines, excluding the
neutral lineif it exists. The phase current I, is the current flowing
through each phase in athree-phase load. The phase voltage V, is
the voltage of each phase. For awye-connected load,

Ve=+3V, ad I.=1I,
For a delta-connected load,

Vo=V, ad I,=+3I,
The total instantaneous power in a balanced three-phase system is
constant and equal to the average power.
Thetotal complex power absorbed by a balanced three-phase
Y-connected or A-connected load is

S=P+j0= “/§VLIL£

where 6 is the angle of the load impedances.

An unbalanced three-phase system can be analyzed using nodal or
mesh analysis.

PSpiceis used to analyze three-phase circuits in the same way asit
is used for analyzing single-phase circuits.

Thetotal real power is measured in three-phase systems using
either the three-wattmeter method or the two-wattmeter method.
Residentia wiring uses a 120/240-V, single-phase, three-wire
system.
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REVIEW QUESTIONS

12.1

12.2

12.3

4 | P | e-Text Main Menu | Textbook Table of Contents | Problem Solving Workbook Contents

What is the phase sequence of a three-phase motor (d) Source voltages are 120° out of phase with each
for whichV .y =220/ — 100° V and other.
Vgy =220,/140° V? (e) Load impedances for the three phases are equal.
@ abe (b) ach 124 InaY-connected load, the line current and phase
If inan acb phase sequence, V,,, = 100/ — 20°, current are equal.
thenV,, is. (@ True
@ looﬂ (b) 100@ 125 InaA-connected load, the line current and phase
(c) 100 i _50° (d) 100 iloo current are equal.

(@ True
Which of these is not arequired condition for a )
balanced system: 126 InaY-Y system, aline voltage of 220 V produces a
(a) |Van| = |Vbn| = |V¢:n| phase voltage of:
®) I, +1,+1. =0 (@ 381V

© Vau+Vin + Ve =0 (d) 156V
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12.7 InaA-A system, aphase voltage of 100 V produces 129  Inabaanced three-phase circuit, the total
alinevoltage of: instantaneous power is equal to the average power.
(a) 58V (b) 71V (c) 100V (@ True (b) False
() 173V (€ 141V 12.10 Thetota power supplied to abalanced A-load is
found in the same way as for a balanced Y-load.
12.8  When aY-connected load is supplied by voltagesin (@ True (b) False
abc phase Seguence, the line voltages lag the
corresponding phase voltages by 30°. Answers 12.1a, 12.2a, 123, 12.4a, 125b, 12.6e, 12.7c, 12.8b,
(@ True (b) False 12.9a, 12.10a.
PROBLEMS'
Section 12.2 Balanced Three-Phase Voltages Section 12.3 Balanced Wye-Wye Connection
121 IfV,, =400V in abalanced Y-connected o ' . .
three-phase generator, find the phase voltages, 126  FortheY-Y c rcuit of Fig. 12.41, find the line
assuming the phase sequence is: currents, the line voltages, and the load voltages.
(@ abc (b) acb
122 What is the phase sequence of a balanced 220/0°V ]
three-phase circuit for which V,,, = 160 /30° V and o A 10Q j5Q
° i T O—MMN—TTTN—
V., = 160/ = 90° V2?Find V. &
12.3  Determine the phase sequence of abalanced 220 /-120°V )
three-phase circuit in which V,,, = 208 /130° V - b B 10Q j5Q
! = O— \WW—/TTTN—
and V,,, = 208 /10° V. Obtain V,,,. n @ N
124 Assuming the abc sequence, if V., = 208 /20° V 220/120°V )
in a balanced three-phase circuit, find Vs, Ve, Van, < C 1.0Q j59
— + O—AN—TTT—
and V. N\
125  Given that the line voltages of athree-phase circuit )
are Figure 1241 For Prob. 12.6.
V,, = 420 /0, Ve = 420/ — 120°
Vae = 420/120°V 12.7  Obtain the line currentsin the three-phase circuit of
find the phase voltages V., V;,,, and V. Fig. 12.42 below.
a la A

440,120° V

Figure 12.42

For Prob. 12.7.

1Remember that unless stated otherwise, all given voltages and currents are rms val ues.
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12.8

12.9

12.10

D

220/0°V

220/120° V e

Section 12.4

12.11

CHAPTER 12

A balanced Y-connected load with a phase
impedance of 16 + ;9 € is connected to a balanced
three-phase source with aline voltage of 220 V.
Calculate theline current ;..

A balanced Y-Y four-wire system has phase voltages

Vi =120/0°, Vp, =120/ — 120°
V., =120/120° V
The load impedance per phaseis 19 + ;13 ©, and

the line impedance per phaseis 1+ j2 Q. Solvefor
the line currents and neutral current.

For the circuit in Fig. 12.43, determine the current in
the neutral line.

25-j10Q

10+j5Q

20 "|'

For Prob. 12.10.

Figure 12.43

Balanced Wye-Delta Connection

For the three-phase circuit of Fig. 12.44,
I, =30,/60° A and Ve =220,/10° V. Find V.,
VAB! lAC! and Z

Van Vbn
Y
n =7
N4

Ven

]
. |-
EC]Z

Figure 1244 For Prob. 12.11.

Three-Phase Circuits

12.12

@ 12.45. Teke Z, = 60,/45° Q.
I

12.13

12.14

12.15

519

Solve for the line currentsin the Y-A circuit of Fig.

a
a

For Prob. 12.12.

Figure 12.45

Thecircuit in Fig. 12.46 is excited by a balanced
three-phase source with aline voltage of 210 V. If
Z,=1+j1Q,Z, =24— 30, and

Zy = 12+ j5 Q, determine the magnitude of the
line current of the combined loads.

Z| ZY

ao
Zp Zs

Z| ZY
bo I I

Z Za Zy
co

I I

Figure 1246 For Prob. 12.13.

A balanced delta-connected load has a phase current

lac =10/ —30° A.

(a) Determine the three line currents assuming that
the circuit operatesin the positive phase
sequence.

(b) Calculate the load impedanceif the line voltage
isVap =110/0° V.

In awye-delta three-phase circuit, the sourceis a
balanced, positive phase sequence with

V,, = 120 /0° V. It feeds a balanced load with

Zx =9+ j12 Q per phase through a balanced line
withZ, = 1+ j0.5 Q per phase. Calculate the
phase voltages and currentsin the load.
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1216 If V,, = 440/60° V in the network of Fig. 12.47, 12.18 Refer tothe A-A circuitin Fig. 12.49. Find theline
find the load phase currents | 45, | 3¢, and | c4. and phase currents. Assume that the |oad impedance

is12+ j9  per phase.

Three-phase,
Y-connected
generator
la
(+) phase — A
sequence IAB/
Z 7z
_ 210/120°V 210/0°V L
Figure 1247 For Prob. 12.16.
| b \ | CA
—_—
Section 12.5 Balanced Delta-Delta Connection ‘ B _>- c
o ) 210/-120°V le lge 2L
12.17 For the A-A circuit of Fig. 12.48, calculate the —_—
phase and line currents.
@ Figure 1249 For Prob. 12.18.
a A
30Q
‘ 173/0°V
100 12.19 Findthelinecurrentsl,, |, and 1. in the three-phase
b 30Q network of Fig. 12.50 below. Take
1734120°v‘ B Zy=12—-j15Q,Zy =4+ j69Q,
300 j10Q anng=252.
‘ 173/4120° V 12.20 A balanced delta-connected source has phase
) voltage V,, = 416,/30° V and a positive phase
j100Q sequence. If thisis connected to a balanced
delta-connected load, find the line and phase
c C currents. Take the load impedance per phase as
60,30° €2 and line impedance per phase as
Figure 1248 For Prob. 12.17. 1+ /1Q.
Z| Ia A
0
z
Za Y\ Z,
208/120°V 208/0°V
z b z z
Y Y
€ . - c
208/-120°V 7z, Zp
—
0

Figure 1250 For Prob. 12.19.
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Section 12.6 Balanced Delta-Wye Connection 12.23 Inabalanced three-phase A-Y circuit, the sourceis
- . . _ " connected in the positive sequence, with
12.21 Inthecircuit of Fig. 12.51,if V,, = 440.{ 10°, . V,, = 220 f20° VandZ, = 20+ j15Q. Find the
Ve = 440,/250°, V., = 440,/130° V, find the line line currents.
currents.

12.24 A delta-connected generator supplies a balanced
wye-connected load with an impedance of

a 3+)2Q i» 30/ — 60° Q. If the line voltages of the generator
— have a magnitude of 400 V and are in the positive
phase sequence, find the line current 7, and phase
Vi 10-j8Q voltage V,, at the load.
3+j2Q b 10-j8Q ) )
Vi G} b o Section 12.7 Power in a Balanced System
12.25 A balanced wye-connected load absorbs a total
Vi 10-j8Q power of 5 kW at aleading power factor of 0.6 when
3+j20 l¢ connected to aline voltage of 240 V. Find the
[ impedance of each phase and the total complex

power of the load.

12.26 A balanced wye-connected load absorbs 50 kVA at a
0.6 lagging power factor when the line voltage is
440 V. Find the line current and the phase

Figure 1251 For Prob. 12.21.

12.22 For the balanced circuit in Fig. 12.52, impedance.
V., = 125/0° V. Find the line currents | 4, 1,5, _
and I c. 12.27 A three-phase source delivers 4800 VA to a

wye-connected load with a phase voltage of 208 V
and a power factor of 0.9 lagging. Calculate the

LLA, A source line current and the source line voltage.
12.28 A balanced wye-connected load with a phase
% 240Q impedance of 10 — j16 Q is connected to a balanced
Three-phase, 150 three-phase generator with aline voltage of 220 V.
A-connected Determine the line current and the complex power
generator N 150 absorbed by the load.

apower factor of 0.6 leading. If the line voltage is
208V, calculate the line current 1, and the load
impedance Zy .

12.30 Giventhecircuit in Fig. 12.53 below, find the total
Figure 12,52 For Prob. 12.22. complex power absorbed by the load.

. 240 12.29 Thetotal power measured in athree-phase system
I N P! p Sy
géf;af: b -5 ;\NZKA' 9 1150 c feeding a balanced wye-connected load is 12 kW at
B
IcC
—

Cc

110/0°V

Figure 12,53 For Prob. 12.30.
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12.31 Findtherea power absorbed by the load in Fig.
12.54.

-6 Q
100/120° V (5 i 100@ \Y
A
N\
100 /-120° v

Figure 12.54  For Prob. 12.31.

(9]

12.32 For the three-phase circuit in Fig. 12.55, find the
average power absorbed by the delta-connected |oad

WithZ, = 21 + j24 Q.

100/0°V rms

10  jo5Q

100,/-120° V rms 10 050

100120° V rms

10 jo5Q

Figure 12.55

For Prob. 12.32.

12.33 A balanced delta-connected load draws 5 kW at a
power factor of 0.8 lagging. If the three-phase
system has an effective line voltage of 400 V, find

the line current.

A balanced three-phase generator delivers 7.2 kW to
awye-connected load with impedance 30 — j40 Q
per phase. Find the line current 7; and the line
voltage V;..

12.34

12.35 Referto Fig. 12.46. Obtain the complex power

absorbed by the combined loads.

A three-phase line has an impedance of 1 + j3 Q
per phase. The line feeds a balanced
delta-connected load, which absorbs atotal complex
power of 12 + ;5 kVA. If theline voltage at the load
end has a magnitude of 240 V, calculate the
magnitude of the line voltage at the source end and
the source power factor.

12.36

12.37 A balanced wye-connected load is connected to the
generator by a balanced transmission line with an
impedance of 0.5+ j2 Q per phase. If theload is
rated at 450 kW, 0.708 power factor lagging, 440-V

line voltage, find the line voltage at the generator.

12.38 A three-phase load consists of three 100-<2 resistors
that can be wye- or delta-connected. Determine

which connection will absorb the most average

AC Circuits

power from athree-phase source with aline voltage
of 110 V. Assume zero line impedance.

12.39 Thefollowing three parallel-connected three-phase
loads are fed by a balanced three-phase source.
Load 1: 250 kVA, 0.8 pf lagging
Load 2: 300 kVA, 0.95 pf leading
Load 3: 450 kVA, unity pf
If theline voltage is 13.8 kV, calculate the line
current and the power factor of the source. Assume
that the line impedance is zero.

Section 12.8 Unbalanced Three-Phase Systems

12.40 For thecircuitin Fig. 12.56,Z, =6 — j8 Q,
Z, =12+ j9Q,and Z. = 15 Q. Find theline
currentsl,, I,, and ..

la Za
%) 150/0°V
Iy Zy
1504120°v<:> >
¥ 150/-120°V I, z,
—

Figure 12.56  For Prob. 12.40.
12.41 A four-wire wye-wye circuit has
V., =120/120°,  V,, =120/0°
V., =120/ —120° V

If the impedances are

ZAN = 20{ 600, ZBN
Z., =40/30° Q

30/

find the current in the neutral line.

12.42 For the wye-connected load of Fig. 12.57, theline
voltages all have amagnitude of 250 V and arein a
positive phase sequence. Calculate the line currents

and the neutral current.

la 40,60° Q

o I

| a o

b 60/-45° Q
o I

lc 20/0° Q
o I

In

—_—

O
Figure 12.57  For Prob. 12.42.
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12.43 A delta-connected load whose phase impedances are
ZAB = 50 Q, ZBC = —]50 Q, and ZCA = jSOQ iS
fed by abalanced wye-connected three-phase source

12.49 Giventhecircuitin Fig. 12.61, use PSpiceto

with vV, = 100 V. Find the phase currents.

12.44 A balanced three-phase wye-connected generator
with V,, = 220 V supplies an unbalanced
wye-connected load with Z .y = 60+ ;80 €,
Find the total complex power absorbed by the load.

12.45 Refer to the unbalanced circuit of Fig. 12.58.
Caculate:
(a) thelinecurrents
(b) thereal power absorbed by the load
(c) thetotal complex power supplied by the source

a A
440,0°V ) j10Q

b B
&

= —j5Q

440,/120°V (G 440 /-120° V 200

c C

Figure 12.58  For Prob. 12.45.

Section 12.9 PSpice for Three-Phase Circuits
12.46 Solve Prob. 12.10 using PSpice.

12.47 Thesourcein Fig. 12.59 is balanced and exhibits a
positive phase sequence. If f = 60 Hz, use PSpice
tofindV sy, Vey, andVey.

Figure 12,59 For Prob. 12.47.
12.48 UsePSpiceto determinel, in the single-phase,

three-wire circuit of Fig. 12.60. Let
Z,=15-,10Q,Z, =30+ ;20 2, and
Z3=124 j5Q.

4Q

220/0°V

220/0°V

Figure 12,60 For Prob. 12.48.

@ determine currents|,, and voltage V.

240/0°V
L: a 40 j3Q A 10Q j15Q
-j36Q = = -i36Q

240va 4Q j3Q B 10Q j15Q

n —(::)—'\A/\/\,AOOD\—H—’\/VW—/MO‘— N

-j36Q ==
ALV o 40 j3a 100 j15Q
—@——w—m AMN— TN
c
Figure 12,61 For Prob. 12.49.

1250 Thecircuit in Fig. 12.62 operates at 60 Hz. Use
PSpice to find the source current | ., and the line
current 5.

a 1Q 2mH A 160

110/120°v &)

Figure 12.62

For Prob. 12.50.

1251 Forthecircuitin Fig. 12.54, use PSpiceto find the
line currents and the phase currents.

12.52 A balanced three-phase circuit is shown in Fig.
@ 12.63 on the next page. Use PSpice to find the line

currents | 4, 5, and | .c.

Section 12.10  Applications

12.53 A three-phase, four-wire system operating with a
208-V linevoltage is shown in Fig. 12.64. The
source voltages are balanced. The power absorbed
by the resistive wye-connected load is measured by
the three-wattmeter method. Calculate:

(a) thevoltageto neutra

(b) thecurrentsly, I, 13, and |,

(c) thereadings of the wattmeters

(d) thetotal power absorbed by the load
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06Q

02Q

j10

O.ZQ§
leE b

240,/130°V (D 10

02Q

2040V @ 64 050

Figure [2.63  For Prob. 12.52.

j05Q A
AN—TT

48Q

60 Q

Figure 12,64 For Prob. 12.53.

Asshown in Fig. 12.65, a three-phase four-wire line
with a phase voltage of 120 V supplies abalanced
motor load at 260 kVA at 0.85 pf lagging. The
motor load is connected to the three main lines
marked a, b, and c. In addition, incandescent lamps
(unity pf) are connected as follows: 24 kW from
line a to the neutral, 15 kW from line b to the
neutral, and 9 kW from line a to the neutral.

(a) If three wattmeters are arranged to measure the
power in each line, calculate the reading of each
meter.

(b) Find the current in the neutral line.

* An asterisk indicates a challenging problem.

12.55

12.56

= —j20Q § 300
B
= —j20Q
30Q
= —j20Q
c
ao
bo
co
do Motor load
260 kVA,
0.85 pf, lagging

24kW 15kW 9kwW
Lighting loads

Figure 12,65  For Prob. 12.54.

Meter readings for a three-phase wye-connected
alternator supplying power to a motor indicate that
the line voltages are 330 V, the line currents are
8.4 A, and the total line power is 4.5 kW. Find:

(a) theloadin VA

(b) theload pf

(¢) the phase current

(d) the phase voltage

The two-wattmeter method gives P; = 1200 W and
P, = —400 W for athree-phase motor running on a
240-V line. Assume that the motor load iswye-
connected and that it draws aline current of 6 A.
Calculate the pf of the motor and its phase
impedance.
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1257 InFig. 12.66, two wattmeters are properly 12.60 Predict the wattmeter readings for the circuit in Fig.
connected to the unbalanced load supplied by a 12.68.
balanced source such that VV,, = 208 & V with
positive phase sequence. . Wi z
(a) Determinethe reading of each wattmeter. — T I
(b) Calculate the total apparent power absorbed by %
the load. 208/0°V
z
W
2
208/-60°V
N .| Z=60-j30Q
T ——
Figure 12.68  For Prob. 12.60.
. 12.61 A man has abody resistance of 600 €2. How much
Figure 12,66 For Prob. 12.57. current flows through his ungrounded body:
12.58 |If wattmeters Wy and W, are properly connected (8) when he touches the terminals of a 12-V
respectively between linesa and » and lines b and ¢ autobattery?
to measure the power absorbed by the (b) when he sticks his finger into a 120-V light
delta-connected load in Fig. 12.44, predict their socket?
readings 12.62  Show that the 72R losses will be higher for a 120-V
12.59 For the circuit displayed in Fig. 12.67, find the appliance than for a 240-V appliance if both have
wattmeter readings. the same power rating.
Wy
+
Tz
240/-60°V é z
% W Dz=1o+1309
240,/-120°V % z
+ +
-
Figure 12.67  For Prob. 12.59.
COMPREHENSIVE PROBLEMS
12.63 A three-phase generator supplied 3.6 kVA at a 12.65 A baanced three-phase generator has an abc phase

12.64

power factor of 0.85 lagging. If 2500 W are
delivered to the load and line losses are 80 W per
phase, what are the losses in the generator?

A three-phase 440-V, 51-kW, 60-kVA inductive load
operates at 60 Hz and is wye-connected. It is
desired to correct the power factor to 0.95 lagging.
What value of capacitor should be placed in parallel
with each load impedance?

sequence with phase voltage V,,, = 255,/0° V. The
generator feeds an induction motor which may be
represented by a balanced Y-connected load with an
impedance of 12 + ;5  per phase. Find the line
currents and the load voltages. Assume aline
impedance of 2 2 per phase.
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12.66 Three balanced loads are connected to a distribution 12.69 Design athree-phase heater with suitable symmetric

line as depicted in Fig. 12.69. Theloads are loads using wye-connected pure resistance. Assume
Transformer: 12 kVA at 0.6 pf lagging that the heater issupplied by a240-V line voltage
Motor: 16 KVA at 0.8 pf lagging and isto give 27 kW of heat.
Unknown load: — — —— 12.70 For the single-phase three-wire system in Fig. 12.71,
If the line voltage is 220 V, the line current is 120 A, find currents |l 4, 1,5, and 1 ,,y.
and the power factor of the combined load is 0.95 10
lagging, determine the unknown load. a A
O
120/0°V rms 24-j2Q
° oy ms @ B
o n N
120,0°V rms (&) 15+j4Q
]Transformer\ ]Motor\ ]Unknovvn Load\ b B
Figure 1269 For Prob. 1266, Figure 12,71 For Prob. 12.70.
12.67 A professiond center is supplied by abaanced 12.71 Consider the single-phase three-wire system shown

three-phase source. The center has four plants, each in Fig. 12.72. Find the current in the neutral wire

abalanced three-phase load anO”_QNS: and the complex power supplied by each source.
Load 1: 150 kVA at 0.8 pf leading Take V, asa115,/0° -V, 60-Hz source.
Load 2: 100 kW at unity pf
Load 3: 200 kVA at 0.6 pf lagging 10
Load 4: 80 kW and 95 kVAR (inductive) AW

If the line impedanceis 0.02 + j0.05 2 per phase Y e
and the line voltage at the loads is 480 V, find the s
magnitude of the line voltage at the source.

*12.68 Figure 12.70 displays a three-phase delta-connected
motor load which is connected to aline voltage of Vs e
440V and draws 4 kVA at a power factor of 72 1Q
percent lagging. In addition, asingle 1.8 kVAR WW
capacitor is connected between lines a and b, while )
a800-W lighting load is connected between line ¢ Figure 1272 For Prob. 12.71.
and neutral. Assuming the abc sequence and taking
Var =V, & find the magnitude and phase angle
of currentsl,, I,,1.,and1,,.

20Q
20 15Q

Iy L 1.8KkVAR
HE

O

C o— Motor load
4 KkVA,
do_—— pf = 72%, lagging

800 W lighting load

Figure 12.70  For Prob. 12.68.
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