11

Balanced Three-Phase Circuits

Assessment Problems

AP 11.1 Make a sketch:

s #9— 7

+ VAN
Ee— Z M
+
Vac

C e— Z

We know Van and wish to find Vge. To do this, write a KVL equation to
find Vg, and use the known phase angle relationship between Vg and V¢
to find VBC-

Vap = Van + Vag = Van — Vin

Since Van, Vin, and Vey form a balanced set, and Van = 240/ — 30°V, and
the phase sequence is positive,

Vin = [Van|//Van — 120° = 240/ — 30° — 120° = 240/ — 150° V
Then,

Vs = Vax — Ven = (240/ — 30°) — (240/ — 150°) = 415.46/0° V

Since Vg, Vpe, and Vea form a balanced set with a positive phase sequence,
we can find Ve from Vp:

Ve = |[Vas|/(/Vap — 120°) = 415.69/0° — 120° = 415.69/ — 120° V
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11-2 CHAPTER 11. Balanced Three-Phase Circuits

Thus,
Vpe = 415.69/ — 120°V

AP 11.2 Make a sketch:

s #9— 7

We know Ven and wish to find Vag. To do this, write a KVL equation to

find Vg, and use the known phase angle relationship between Vg and Ve
to find VAB-

Ve = Ven + Ve = Verny — Von

Since Van, Vin, and Vey form a balanced set, and Vey = 450/ — 25° V, and
the phase sequence is negative,

Vin = [Venl|//Ven — 120° = 450/ — 23° — 120° = 450/ — 145° V

Then,
Vic = Vany — Ven = (450/ — 145°) — (450/ — 25°) = 779.42/ — 175° V

Since Vap, Ve, and Vs form a balanced set with a negative phase
sequence, we can find Vg from Vpe:

Vas = [Vie|//Vie — 120° = 779.42/ — 295° V

But we normally want phase angle values between +180° and —180°. We add
360° to the phase angle computed above. Thus,

Vg = 779.42/65° V
AP 11.3 Sketch the a-phase circuit:

a a A
L 0.02+j0.16802 L 0.1H0.802 L

+

%I&A

v, O 2400[0°V| 16+112 Q2

»
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Problems 11-3

[a] We can find the line current using Ohm’s law, since the a-phase line
current is the current in the a-phase load. Then we can use the fact that
I.a, Ig, and I.¢ form a balanced set to find the remaining line currents.
Note that since we were not given any phase angles in the problem
statement, we can assume that the phase voltage given, Van, has a phase

angle of 0°.
2400/0° = T,A(16 + j12)

SO
2400/0°
16 + j12

With an acb phase sequence,

/s = Mo +120° and  [To = [Taa — 120°

A= — 96 — j72 = 120/ — 36.87° A

SO

T.a = 120/ — 36.87° A
I,z = 120/83.13° A

Lc = 120/ — 156.87° A

[b] The line voltages at the source are V,, Vi, and V¢,. They form a
balanced set. To find V,, use the a-phase circuit to find Van, and use
the relationship between phase voltages and line voltages for a
y-connection (see Fig. 11.9[b]). From the a-phase circuit, use KVL:

Van = Vaa + Van = (0.1 + j0.8)I,4 + 2400/0°

— (0.1 + j0.8)(96 — j72) + 2400/0° = 2467.2 + j69.6

2468.18/1.62° V
From Fig. 11.9(b),
Vab = Van(V3/ = 30°) = 4275.02/ — 28.38° V
With an acb phase sequence,

/Vbc = /Vab + 120°  and /Vca = /Vab — 120°

SO

V., = 4275.02/ — 28.38° V

Ve = 4275.02/91.62° V
Ve = 4275.02/ — 148.38° V
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11-4 CHAPTER 11. Balanced Three-Phase Circuits

[c] Using KVL on the a-phase circuit
Vi = Via + Vaw = (024 j0.16)Top + Vi
= (0.02 + j0.16)(96 — j72) + (2467.2 + j69.9)
= 2480.64 + 783.52 = 2482.05/1.93° V

With an acb phase sequence,
/Vb’n = /Va’n + 1200 and /Vc’n = /Va/n - 1200
SO

V. = 2482.05/1.93°V
Vim = 2482.05/121.93° V
Ve = 2482.05/ — 118.07° V

AP 11.4

L = (V3/=30°)Ica = (V3/—30°) -8/ — 15° = 13.86/ — 45° A

AP 115
Lo = 12/(65° — 120°) = 12/ — 55°

e

=6.93/ —85° A

AP 11.6 [a] Inp = K\%) /3_0] 69.28/ — 10°] = 40/20° A

4160/0°

Therefore Z; = W

=104/ — 20°Q

1
b] Ing = || —=] /—=30°| [69.28/ — 10°] = 40/ — 40° A
b] T = |(5) =307 fo05/ 10 = a0/
Therefore  Z, = 104/40° Q

AP 11.7
110 110

Tj= —— 4+ —— =30 — j40 = 50/ — 53.13° A
© = 3667 | 5275 J [=53.13°

Therefore  |Toa| = V315 = V/3(50) = 86.60 A

AP 11.8 [a] |S| = V/3(208)(73.8) = 26,587.67 VA

Q = /(26,587.67)2 — (22,659)2 = 13,909.50 VAR
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Problems 11-5

22,659

bl pf = —=227_ _ (8522 laggi
bl pf = S =57 67 ABsIng
2450 oy . ‘
AP 11.9 [a] Vax = ( N ) f°V:  VanIi, = S, = 144 + j192kVA
Therefore
144 + 7192)1000
oo 225‘70/)5 — (101.8 + j135.7) A

I, = 101.8 — j135.7 = 169.67/ — 53.13° A

ILoa| = 169.67 A
(2450)? (2450)?
b] P— . therefore R — — 41.68Q
[b] R cretore 144,000
(2450)? (2450)?
_ . therefore X — — 31.26Q
Q=" cretore 192,000
Van  2450/V/3

[c] Zy = 8.34/53.13° = (5 + j6.67) Q

L.  169.67/—53.13°
R=5Q, X =667Q
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11-6 CHAPTER 11. Balanced Three-Phase Circuits

Problems

P 11.1 [a] First, convert the cosine waveforms to phasors:
V., = 137/63°; Vy, = 137/ = 57°; V. =137/183°
Subtract the phase angle of the a-phase from all phase angles:
/V, =63 —63° =0°
/V}i, = =57° —63° = —120°

/V. =183° — 63° = 120°

Compare the result to Egs. 11.1 and 11.2:
Therefore abc

[b] First, convert the cosine waveforms to phasors, making sure that all
waveforms are represented as cosines:

V., =820/ — 36°; V,, = 820/84°; V. =820/ — 156°
Subtract the phase angle of the a-phase from all phase angles:
/V, = —36° +36° = 0°

[V} = 84° + 36° = 120°

Vi = —156° + 36° = —120°

Compare the result to Egs. 11.1 and 11.2:

Therefore ach

P11.2 [a] V,=48/—45°V
V), =48/ —165°V
V. = 48/75°V
Balanced, positive phase sequence
[b] V, = 188/60°V
V), = —188/0° V = 188/180° V
V. =188/ —60°V

Balanced, negative phase sequence
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Problems 11-7

[c] V.=426/0°V
Vi, = 462/120° V
V. =426/ —120°V
Unbalanced due to unequal amplitudes
[d] V,=1121/—20°V
Vy, = 1121/ — 140° V
V. = 1121/100° V
Balanced, positive phase sequence
[e] V. =540/—90°V
Vy, = 540/ — 120°V
V. = 540/120°V
Unbalanced due to unequal phase separation
[f] V.=144/80°V
Vy = 144/ — 160° V
V. =144/ — 40°V
Balanced, negative phase sequence

P 113 V,=V,/0° =V, + 0
Vi = Vi /= 120° = —V;,,(0.5 + 50.866)

Ve =V, /120° = V,,,(—0.5 + 50.866)

Va.+ Vi, +Ve= (V)14 40 —0.5—j0.866 — 0.5 + j0.866)

—V,(0) =0
1 (e} (e} _ (e}
P14 I— 88/6_0+ 188/180‘ + 188/ 60 _ 0
3(Rw + j Xw)
bils o A26/0°+462/120° + 426/~ 120°  36/120°
' 3(Rw + j Xw) 3(Rw + j Xw)

P 11.6 [a] The voltage sources form a balanced set, the source impedances are equal
and the line impedances are equal. But the load impedances are not
equal. Therefore, the circuit is unbalanced. Also,

110
Toa=—— = 2.75/36.87° A
AT 32 /3687 A (rms)
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11-8 CHAPTER 11. Balanced Three-Phase Circuits

110/ —120°
Ig = 10/ 120° _ =11/—173.13° A (rms)
6+ 58
110/120°
= L = 2.2/83.13° A (rms)

40 + 530

The magnitudes are unequal and the phase angles are not 120° apart, so
the currents are not balanced and thus the circuit is not balanced.

b] IO = IaA + IbB + ICC = 1179/67580 A (I'IIIS)

277/0°
P 11. Ioo=—"—" =2.77/—36.87° A
7 lal L = 56 [=3687° A (rms)

9277/ — 120°

Lip=—""—"-—"=2. — 156.87° A

bB S0 1 760 77/ (rms)
277/120°

cC = /7 = 2.77/83.13° A (rms)
80 + 760 o2

Io:IaA‘I’IbB‘I’ICC:O

[b] Vax = (78 4 j54)I,a = 262.79/ — 2.17°V (rms)
[c] Vag = Van — Viy

Vix = (77 + j56)Iyp = 263.73/ — 120.84° V (rms)
Vap = 262.79/ — 2.17° — 263.73/ — 120.84° = 452.89/28.55° V (rms)

[d] Unbalanced — see conditions for a balanced circuit in the text

P11.8 Zy+ Zia+ Zra = 60 + 5800
Zgy + Zuy + Z1p = 90 + 1200
Zgo + Zio + Zpe = 30 + j40Q

Vy—320 Vy—320/—120° Vy—320/120° Vy

=0
60 + j80 90 + j120 30 + j40 20

Solving for Vy yields
Vy =49.47/75.14° V (rms)

I, = \2[—(])\[ = 2.47/75.14° A (rms)
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Problems 11-9

P11.9 Van =285/ —45°V
Vin = 285/ — 165° V
Von = 285/75° V
Vg = Van — Viy = 498.83/ — 15°V
Vio = Vin — Vo = 498.83/ — 135° V
Vea = Ven — Van = 498.83/105° V
vap = 498.83 cos(wt — 15°) V
vpe = 498.83 cos(wt — 135°) V
vea = 498.83 cos(wt + 105°) V

P 11.10 [a] V= 1/V3/=30°V,, = 110/ — 90° V (rms)
The a-phase circuit is

110/-20°
Virms)

(0 1280 Vi
110/ =90°

40 + 430
[c] Vax = (37 + j28)Tas = 102.08/ — 89.75° V (rms)

[b] T.a = 2.2/ —126.87° A (rms)

Vae = V3/30°Van = 176.81/ — 59.75° A (rms)

P 11.11 [a]
a 0.50 jan A 24000
o A . Al
+ —_— I, +
6600
Van \173 é —_— -j700}
n I

L 6600
AT V/B(240 — j70)

[Taa| = [In| = 15.24 A (rms)

= 15.24/16.26° A (rms)
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11-10 CHAPTER 11. Balanced Three-Phase Circuits

[b] Va, = (15.24/16.26°)(240 — j66) = 3801.24/0.91°
V| = v/3(3801.24) = 6583.94V (rms)

P 11.12 Make a sketch of the a-phase:
a A
1 014080 —w

+
. am
125/0°v ) V| 18941420

[a] Find the a-phase line current from the a-phase circuit:

125/0° _125/0°
0.1+ 50.84+19.9 +414.2 20+ 515

IaA -

=4—33=5/—236.87° A (rms)
Find the other line currents using the acb phase sequence:

g = 5/— 36.87° + 120° = 5/83.13° A (rms)

I.c = 5/— 36.87° — 120° = 5/ — 156.87° A (rms)

[b] The phase voltage at the source is V,, = 125/0° V. Use Fig. 11.9(b) to
find the line voltage, V,,, from the phase voltage:

Vab = Van(V/3/ = 30°) = 216.51/ — 30° V (rms)
Find the other line voltages using the acb phase sequence:

Vie = 216.51/ = 30° 4 120° = 216.51/90° V (rms)
Ve = 216.51/ — 30° — 120° = 216.51/ — 150° V (rms)

[c] The phase voltage at the load in the a-phase is Van. Calculate its value
using I,ao and the load impedance:
Van = LiaZy = (4 — 53)(19.9 + j14.2) = 122.2 — j2.9 = 122.23/ — 1.36° V (rms)

Find the phase voltage at the load for the b- and c-phases using the acb
sequence:

Vin = 122.23/ — 1.36° 4 120° = 122.23/118.64° V (rms)

Ven = 122,23/ — 1.36° — 120° = 122.23/ — 121.36° V (rms)
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Problems 11-11

[d] The line voltage at the load in the a-phase is V. Find this line voltage
from the phase voltage at the load in the a-phase, V an, using Fig,
11.9(b):

Vs = Van(V3/—=30°) = 211.72/ — 31.36° V (rms)

Find the line voltage at the load for the b- and c-phases using the acb
sequence:

Ve = 211.72/ — 31.36° + 120° = 211.72/88.64° V (rms)

Vea = 211.72/ = 31.36° — 120° = 211.72/ — 151.36° V (rms)

7200
A 90/53.13° A
216 — ;288 [53.13° A (rms)

P 11.13 [a] Iap =
Isc = 20/173.13° A (rms)
Ica =20/ —66.87° A (rms)
[b] L.a = v/3/30°Tzp = 34.64/83.13° A (rms)
I,z = 34.64/ — 156.87° A (rms)

I.c = 34.64/ — 36.87° A (rms)
[c]

a 30} 350} A
i YT ®
+ _— I, +
7200 a
Von, AL
- . S
n N
7200
Van = ——=/30° + (3 + j5)(34.64/83.13°)

V3
= 4085/32.62° V (rms)

Vb = V3/=30°Va., = 7075.43/2.62° V (rms)
Ve = 7075.43/122.62° V (rms)

Vo = 707543/ — 117.38° V (rms)
P 11.14 [a] Vauu = Vi, — 1/120° = 150/15° V (rms)

Z, = Zn)3 =43+ j579
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11-12 CHAPTER 11. Balanced Three-Phase Circuits

The a-phase circuit is

150/15°

] ¥,
Virms) 570 _P‘N

150/15°
45 + j60
[c] Van = (43 + j57) T, = 142.8/14.84° V (rms)

Vas = V3/—=30°Vay = 247.34/ — 15.16° A (rms)

[b] Lia = =2/—38.13° A (rms)

P11.15 Z, = Za/3 =4+ j3Q

The a-phase circuit is

ESISE

% al
24n0/=170° ;
TIeE O [4+339]
240/ — 170°
La = [ 170" = 37.48/151.34° A (rms)

(1+41)+ (4+73)

1
Ing = —/—30°I,A = 21.64/121.34° A (rms
AB \/g/ A / AN ( )
208

P 11.16 V., =1/V3/=30°V,, = 7/200 (rms)

Zy = 7Za)3=1—j30Q

The a-phase circuit is

1.4+70.802
—>Tas +
Hlew [4+330] wy [1-330)

Virms) ‘

Zeq = (44 j3)||(1 — j3) = 2.6 — j1.8Q

2.6 —71.8 208
Van = J (

(1.4+ j0.8) + (2.6 — j1.8) \ /3

Vas = vV3/30°Van = 159.5/29.34° V (rms)

) /20° = 92.1/ — 0.66° V (rms)
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Problems 11-13

P 11.17 [a]
a 20 jZQ a
-
+ +
£a002 300
v 3uué°v
= -7450Q 4300
: e
300 300
L = — + — =8.6/—17.59° A (rms)
60 — 745 ' 30 + 430
[Toa| = 8.6 A (rms)
300v/3/30°
b| I =4.08/—15°A
bl Lan = =557 00 [=15° A (rms)
[Tag| = 4.08 A (rms)
300/0°
[c] Ian = o _ 4/36.87° A (rms)

60— 45
Ian| = 4A (rms)

[d] Va, = (8.6/—17.59°)(2 + j2) + 300/0° = 321.79/1.99° V (rms)
Vo] = V/3(321.79) = 557.37V (rms)

P 11.18 [a]
0.003Q_ 0.026  10.1BQ . 2.3520Q
—E—W\m
% Iaj& +
Vo 31.1390
n N
13,800
[b] Lia = ’ = 2917/ —29.6° A (rms)

V/3(2.375 + j1.349)
LAl = 2917 A (rms)

[c] Van = (2.352 4 j1.139)(2917/ — 29.6°) = 7622.93/ — 3.76° V (rms)
IVag| = V3| Vax| = 13,203.31V (rms)
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11-14 CHAPTER 11. Balanced Three-Phase Circuits

[d] Va, = (2.372 + 51.319)(2917/ — 29.6°) = 7616.93/ — 0.52° V (rms)

V| = V3| Van| = 13,712.52V (rms)

|IaA|
e] |Ia = 1684.13 A (rms
o) ] = 22 frms)
[£] |Ly| = [Lan| = 1684.13 A (1ms)
13,200/0°
P 11.19 [a] Ly = — == = 105.6/36.87° A
2l Tae = 15575 L (rms)

Isc = 105.6/156.87° A (rms)
Tca = 105.6/ — 83.13° A (rms)
[b] Lo = v/3/—=30°Tzp = 182.9/66.87° A (rms)
s = 182.9/ — 173.13° A (rms)
Lo = 182.9/ — 53.13° A (rms)
[c] Ipa = Iap = 105.6/36.87° A (rms)
I, = Igc = 105.6/156.87° A (rms)

L = Ica = 105.6/ — 83.13° A (rms)

480/0°
P 11.20 [a] Iap = — o= = 192/16.26° A
2] Las = 5757 : (rms)
480/120°
= TS 883130 A

BC= g1 6 /83.13° A (rms)
480/ — 120°

Ton = %00 — 24/~ 120° A (rms)

[b] Lia =Ixg —Ica
— 210/20.79°
I = Inc — IaB

= 178.68/ — 178.04°

Lc =Ica — Inc
= 70.7/— 104.53°
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Problems 11-15

P 11.21 [a] Since the phase sequence is abc (positive) we have:
Van = 498.83/ — 30°V (rms)
Vi, = 498.83/ — 150° V (rms)

Ve = 498.83/90° V (rms)

1
Iy = 325 =15+ 19/

j1e 1.50
A, L =

C)' 495, EESJ/_ZBDDV

o
498.834£150 V 410 150

@ 40883 gan

J1602 1.50
A, &

[b] Vb = 498.83/ — 30° — 498.83/ — 150° = 498.83+/3/0° = 864/0° V (rms)
Since the phase sequence is positive, it follows that

Vie = 864/ —120° V (rms)

Vo = 864/120° V (rms)
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11-16 CHAPTER 11. Balanced Three-Phase Circuits

[c]

330

(Csea 1207y
.

& C

864
I, = —  —159.75/ — 33.69° A
b= 45+ 43 [= 33.69° A (rms)

I = 159.75/86.31° A (rms)
Loa = I, — Lo = 276.70/ — 63.69° A (rms)

Since we have a balanced three-phase circuit and a positive phase
sequence we have:

I,z = 276.70/176.31° A (rms)
I.c = 276.70/ — 56.31° A (rms)
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Problems 11-17

[d]
1.50
r— o
; Iaﬁ.
J1e
(*) 498, B3£3DDV
jiea 1,50 ::
n '/{:} Ay 10}
498,83 ISDDV b B
IC-}-QQB. BBZQDD‘J
510
1.502
W -
498.83/30°
I.n = ————=276.70/ — 63.69° A
AT 1541 ! (xmms)
Since we have a balanced three-phase circuit and a positive phase
sequence we have:
I,z = 276.70/176.31° A (rms)
I.c = 276.70/56.31° A (rms)
P 11.22 [a]
1. E.Q_2 6.m5Q jise 2 11920
; Iaﬁ. +
510
v 15840
498. aaﬁuov
:
498.83/ — 30°
[b] La = [=30° = 249.42/ — 83.13° mA (rms)

1200 + j1600
Van = (1192 + j1584)(0.24942/ — 83.13°) = 494.45/ — 30.09° V (rms)

[Vag| = v/3(494.45) = 856.41V (rms)
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11-18 CHAPTER 11. Balanced Three-Phase Circuits

0.24942
c| Ll =
[d] Van = (1198.5 —I—j1599)(0.24942/ — 83.130) = 498.42/ —29.98°V (rms)

['Vab| = v/3(498.42) = 863.29V (rms)

= 144mA (rms)

P 11.23 [a]
izl a 1.50 a 28.500
AAAA L iy L ity
; Iaﬁ.
1265 4w C 338l
1, = 8O0 ors) 5313 A (rms)
a = P E—— == . - . I‘IIIS
A7 30 1 440 oS
I Lo 15.76/96.87° A (rms)
CA \/g

[b] S,s = —1365L%, = —22.358.75 — j29,811.56 VA
Pdovolopod/phaso = 22.359kW

Pabsorbed/phase = |Taa|?28.5 = 21.241 kW

21.241

% delivered = 5359

(100) = 95%

P 11.24 The complex power of the source per phase is
Ss = 20,000/( cos™ 0.6) = 20,000/53.13° = 12,000 + 516,000 kVA. This
complex power per phase must equal the sum of the per-phase impedances of
the two loads:

Sy=S51+5 so 12,000+ j16,000 = 10,000 4 S5

Sy = 2000 4 16,000 VA

‘/;‘ms 2
Also, Sy = | Z§|
|Vload|
Vims| = =120 V (rms
Vo] = 52 (rms)
~ Vims? (120)

Thus, Z; = =0.11 — 50.89Q2

S, 2000 + 516,000

Zy = 0.11 + j0.89 Q)
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Problems 11-19

P 11.25 The a-phase of the circuit is shown below:

—T | E Ve
120@0 [+36Q]  konkeval

{rms)

120/20°
I, = —==— =12/ 16.87°A
1T 86 [ 16.8T°A (xms)
I = M = 5/16°A (rms)
201200200 T

I=1,+1,=12/—-16.87° +5/—16° = 17/ — 16.61° A (rms)

S, = VI* = (120/20°)(17/16.61°) = 2040/36.61° VA

St =385, = 6120/36.61° VA

(128 + j96)107
1600

I.o =80 — j60A (rms)

P 11.26 [a] I, = = 80 + j60

Van = 1600 + (80 — 560)(0.2 + j0.8) = 1664 + j52V (rms)

I% o.zgx 10.882

ae m
—Ta
n e . _
Ic = 166:4]72;52 = —2.08 + j66.56 A (rms)

Lo = Lo + Ic = 77.92 + j6.56 = 78.2/4.81° A (rms)
[b] 8,6 = —(1664 + j52)(77.92 — j6.56) = —130,000 + j6364 VA
Syr = 35,/6 = —390,000 + j20,592 VA

Therefore, the source is delivering 390 kW and absorbing 20.592 kvars.
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1120 CHAPTER 11. Balanced Three-Phase Circuits

[C] Pdel = 390kW

Paps = 3(128,000) + 3|T,]2(0.2)
= 390kW = Pyo

[d] Qae = 3|Ic|?(25) = 332,592 VAR

Qabs = 3(96,000) + 3|L,4]%(0.8) + 20,592
= 332,592 VAR = Qqal

P 11.27 [a] Sra = 14,000/41.41° —9000/53.13° = 5.5/22° kVA

Sa = Sra/3 = 1833.46/22° VA

3000/53.13°

10/ 300 | 300 V (rms)

b] [V — |

'Viine| = |Vab| = V3| Van| = 300v/3 = 519.62 V (rms)

P 11.28 [a] S)/s = 60,000(0.866) + j60,000(0.5) = 51,960 + j30,000 VA
Sa/s = 50,000(0.28) — 750,000(0.96) = 14,000 — 548,000 VA
Sa/6 = 24,040 VA
St/e = S1 + S + S3 = 90,000 — 518,000 VA

50 4100 A
a " .
+ — Ta +
o 90-318
L 1800/0 v VA
n .
N
90,000 — 718,000 .
L= ’ = 50— 510
ad 1800 J

Lo =50+ j10A
Van = 1800 + (50 + j10)(5 + 510) = 1950 + j550 = 2026.08/15.75° V (rms)
'Van| = v/3(2026.08) = 3509.27V (rms)

[b] Sy/6 = (1950 + j550)(50 — j10) = 103 + jO.8kVA

90,000
103,000

% efficiency = (100) = 87.38%
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P 11.29

P 11.30

P 11.31

STUBENTS-HUIE, cdit

recording, or likewise. For inf

Problems 1121

[a] S1 = 10,200(0.87) + 510,200(0.493) = 8874 + j5029.13 VA

Se = 4200 + j1913.6 VA
7250

V/3Vi I, sin 03 = 7250; sin @5 = 730220)(36.5) =0.517
Therefore cosf; = 0.856

Therefore

Py = 07%5—?07 x 0.856 = 12,003.9 W

Sy = 12,003.9 + j7250 VA

Sp =81 + Sy + S5 = 25.078 + j14.192k VA
1

Stjo = 357 = 8339.3 + jAT30.TVA

220
\/_ aA
L = 65.81 — j37.24 = 75.62/ — 20.51° A (rms)

= (8359.3 + j4730.7);  I', =65.81 + j37.24 A

[b] pf = cos(0° —29.51°) = 0.87lagging

From the solution to Problem 11.18 we have:

Sap = (480/0°)(192/ — 16.26°) = 88,473.7 — j25,304.5 VA

Spc = (480/120°)(48/ — 83.13°) = 18,431.98 + 5j13,824.03 VA

Sca = (480/ — 120°)(24/120°) = 11,520 + jOVA

Let pa, pn, and p. represent the instantaneous power of phases a, b, and c,

respectively. Then assuming a positive phase sequence, we have
Pa = Vanlar = [Vin cos wt][ L, cos(wt — 6,)]

Pb = Ubnipe = [Vin cos(wt — 120°)][1,, cos(wt — 645 — 120°)]

Pe = Uenlcc = [Vin cos(wt + 120°)][1,, cos(wt — 6, + 120°)]

The total instantaneous power is pr = p. + pp + pe, SO

7 = Vil [coswt cos(wt — 64) 4 cos(wt — 120°) cos(wt — 05 — 120°)
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11-22

P 11.32

P 11.33

CHAPTER 11. Balanced Three-Phase Circuits

+ cos(wt + 120°) cos(wt — 64 + 120°)]

Now simplify using trigonometric identities. In simplifying, collect the

coeflicients of cos(wt — 64) and sin(wt — 6,). We get

pr = VinIn[coswt(1 + 2 cos? 120°) cos(wt — 6,)
+2sin wt sin® 120° sin(wt — 04)]
= 1.5V}, [,y [cos wt cos(wt — 04) + sinwt sin(wt — 6,)]
= 1.5V}, 1, cos Oy

1600
|line| = ————= = 11.547 A (rms)
240/+/3
7 = VI 240/v3
YOI 11.547

Z, =12/ — 50°Q

Zn =37, = 36/—50° = 23.14 — j27.58Q/¢

Assume a A-connected load (series):

Sy = %(150 % 10%)(0.96 — j0.28) = 48,000 — 514,000 VA

g 1600/
A¢ 748,000 — 514,000

= 6.912 4 j2.016 Q/¢

Zag = 6.912 — 72.016 Q2

+ f
6.9120

600V

1

Now assume a Y-connected load (series):

-42.0160

B

1
Zyo = 5Zns = 2304 = j0.6720/¢
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Problems 11-23

*
N A
£2.3040
600V
—_— -j0.87202
*5

Now assume a A-connected load (parallel):

16002
P, =
[ Ra
16002
Ray = — 750
297 48,000
6002
Qo = Xa
Xt = _l600®_ _ 95.714 Q)
A% 000 ¢

7.50% 600V ],1325 714

Now assume a Y-connected load (parallel):

1
Rys = 5Ras =250

1
Xyo = 5 Xap = ~8.5710

2.5Q 600V 1

-48.57102
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11-24 CHAPTER 11. Balanced Three-Phase Circuits

P 11.34 [a] Pour = 746 x 100 = 74,600 W
Pin = 74,600/(0.97) = 76,907.22 W
V3V 11 cosf = 76,907.22

22
I, = 76,907 = 242.58 A (rms)
v/3(208)(0.88)
[b] Q@ = V3V I, sin¢ = v/3(208)(242.58)(0.475) = 41,511.90 VAR
P 11.35
a 0.1¢ 0.8l A 153600
. A P A0
* —— L, — L
+
v, 210 ki . T -4 480
\{ C&0 kvar4UUQﬁLV
I, -
&
I
N

400017 = (210 + 5280)10°

210 280
IT = T +]T = 52.5 +]70A (rms)

I, =525 —j70 A (rms)

4000/0°
L= — = 940 + jT0A
27 15.36 — j4.48 +JT0A (rms)

IaA = Il + 12 = 292.5 ‘l—]OA (rms)

Van = 4000 + j0 + 292.5(0.1 + ;j0.8) = 4036.04/3.32° V (rms)

['Vab| = V3| Van| = 6990.62V (rms)
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P 11.36

Problems 11-25

[a]

20 1160 I,
-0
+ ? T.a +
24000 £ 8000
\E \E 57.6
° 1 2 +§734.4
33000 T-§6000
.

24,000/3 /0°

I, = — 66.5 — j49.9 A
177400 + 7300 J (rms)
24,000+/3 /0° ‘
L= 2 VOLs 3331 i949A
277300 — 7600 +J (rms)
57,600 + 734,400
QOO0 H IO 44177
24,000v/3

I;=1.4—j17.7A (rms)
Lo =1 + I, + I3 = 101.2 — j42.7A = 109.8/ — 22.9° A (rms)
Van = (24 j16)(101.2 — j42.7) + 24,000v/3 = 42,454.8 + j1533.8V (rms)
Sy = VI, = (42,454.8 + j1533.8)(101.2 + j42.7)
— 4,230,932.5 + j1,968,040.5 VA
S = 35, = 12,692.8 + j5904.1kVA
[b] Si/s = 24,000V/3(66.5 + j49.9) = 2764.4 4 j2074.3kVA
Sa/e = 24,000v/3(33.3 — j24.9) = 1384.3 — j1035.1kVA
Ss/4 = 57.6 + j734.4kVA

S,(load) = 4206.3 4 j1773.6kVA

4206.3

% delivered = (m

) (100) = 99.4%

1
P 11.37 [a] Sy = g(41.6)(0.707 + 70.707) x 10® = 9803.73 + j9803.73 VA
9803.73 4 79803.73 ‘
A= — = 70.76 + j70.76 A (rms
I.o =70.76 — j70.76 A (rms)
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11-26 CHAPTER 11. Balanced Three-Phase Circuits

a 0040 j0.030

" Y i
+ % L. + |
o 3
n N
240 4 4
Van === (0.04 + 50.03)(70.76 — 570.76)

— 133.61 + j0.71 = 133.61/0.30° V (rms)

|Vas| = v/3(133.61) = 231.42V (rms)
[b] Sp/s = (133.61 + 50.71)(70.76 + j70.76) = 9404 + j9504.5 VA
Sp =381 = 28,212 4 j28,513 VA
Check:
S, = 41,600(0.7071 4 j0.7071) = 29,415 + j29,415 VA
Py = 3|Lal*(0.04) = 1202 W
P, = P, + P, = 28,212 + 1202 = 29,414 W (checks)
Qo = 3|L.a|%(0.03) = 901 VAR
Qg =Qr+ Q¢=28,513+901 =29,414 VAR (checks)

P 11.38 [a]
Iy, — >

L

=}
1600/0 v |5 5

[

1
Sy = 5(540)(0.96 +j0.28) = 172.8 + j50.4kVA

1
S = 5(28.4 —j208.8) = 12.8 — j69.6kVA

Sy =S, — S = 160 + j120kVA

(160 + j120)103

I, =
L2 1600

= 100 + 575
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Problems

I =100 —j75A (rms)

1600
Zy = —— = 1024+ j7.68Q
¥ =100 - 575 i

Zn =32y =30.72 + j23.04(2

30.720
e iy
+
1600\4@@0&! 423.040
B
(1600)2
bl B = {50510 168 = Ra=3R=48
(1600)?
= - =121.330Q Xpa =3X, =64Q
120 % 10° T AT
.
+
IEDD\EQD‘J 2480 1640
Be—
P 11.39 [a]
a e—in .
; Ia.ﬁ.
v 25uu@°v 8./ 0
n e .
N
1 900 5 ‘
Stje =5 900+ 555 (0. 8)] 10% = 300,000 + j400,000 VA
. 300,000 + ;400,000 ‘
= 5500 =120 4+ j160 A (rms)

Lo =120 — j160 A (rms)

Vian = 2500 + (1 + 3)(120 — j160)
= 3100 + j200 = 3106.44/3.69° V (rms)
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11-28 CHAPTER 11. Balanced Three-Phase Circuits

V| = v/3(3106.44) = 5380.5V (rms)

[b]

10 i3 A

a # Ay

> I + \1/11 \I/Iz
a
¥ . 2500/0 v 5 i,
n 2
o)

I, =120 — j160 A (from part [a])
1
S2 = 0~ j3(1125) x 10° = —j375,000 VAR

— 375,000
2500

I, = j150 A (rms)

I = = —j150 A (rms)
Lo = 120 — j160 4 j150 = 120 — 510 A (rms)
Van = 2500 4 (120 — 510)(1 + j3)
— 2650 + 7350 = 2673.01/7.52° V (rms)
|Van| = v/3(2673.01) = 4629.8V (rms)
[c] [Taa] =200 A (rms)
Poss/e = (200)%(1) = 40kW

P,s = 300,000 + 40,000 = 340 kW
300
% = =—(100) = 88.2%

340
[d] |Taa] = 120.416 A (rms)

Py = (120.416)%(1) = 14,500 W

300,000
— 2P 100) = 95.4
7on = 377500 (100) = 95-4%
250072
Zea O _j16.67Q
le] Zeap/v = S35 500 = 7
L 661, o= ! — 159.155 uF
wC - h ~6.67)(120m) o0k
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P 11.40

P 11.41

P 11.42

P 11.43

STUBENTS-HUIE, cdit

recording, or likewise. For inf

[a] From Assessment Problem 11.9,
Therefore I,, = j135.7A (rms)
2450/v/3

Therefore Zoy = 1357 = —710.42€2
1
Theref Cy = = 254.5 uF
HEOTE Y = 110.42) (21 (60) a
Zoa = (—7510.42)(3) = —531.26Q

254.5

Therefore Ca = 5 = 84.84 uF

[b] Cy = 254.5 uF
[c] [Taa| = 101.8 A (rms)

Wini = [Vag||Taal cos(/Vag — [Laa) =
Wine = |Ves||Lec| cos(/Veg — [Iec) =

CHECK: W, + W, = 673.9 = (2.4)%(39)(3) = 673.9W

V3(Ws — Wh)
tan g = Y2~ T 75
e O A7
¢ = 36.87°

2400v/3 Iy, | cos 66.87° = 40,823.09

1| = 25 A
2400
Z] = -5 =960 7 = 96/36.87° Q
Van
Ia - I —9
A=y = [I.|/=0s
Zs=\Z|/8s, Vo= |VL|/[=90°V

Wi = | V| |I| cos[—90° — (—6,)]
= |VL| |IL| COS(9¢ — 900)
= |VL| |IL| Sin9¢>

therefore \/§Wm = \/§|VL| Iz |sin by = Qtotal

nc,, U er Saddle River, NJ. All rights reserved. This publication is protected by Copy
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L = (101.8 — j135.7) A (rms)

(199.58)(2.4) cos (65.68°) = 197.26 W

(199.58)(2.4) cos(5.68°) = 476.64 W
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P 11.44 [a]

[b]

P 11.45 [a]

[b]

STUBENTS-HUIE, cdit

CHAPTER 11. Balanced Three-Phase Circuits

Z =16 —j12 =20/ — 36.87° Q
Van = 680/0°V; oo Taa = 34/36.87° A

Vie = Vay — Vo = 680v/3/ = 90° V

W = (680v/3)(34) cos(—90 — 36.87°) = —24,027.07 W

V3W,, = —41,616.1W
Qs = (34%)(—12) = —13,872VAR

Qr = 3Q4 = —41,616 VAR = v/3W,,

Wy — Wy = ViIp[cos(0 — 30°) — cos(6 + 30°)]
= VI [cos 6 cos 30° + sin 0 sin 30°
— cos 6 cos 30° + sin 0 sin 30°]
=2V I sin0sin 30° = VI, sin 6,
therefore V3(Wy — W) = V3V, I sinf = Qr
Zy = (8 + j6)Q
Qr = V/3[2476.25 — 979.75] = 2592 VAR,
Qr = 3(12)%(6) = 2592 VAR;
Zy = (8 —j6)Q
Qr = V/3[979.75 — 2476.25] = —2592 VAR,
Qr = 3(12)*(—6) = —2592 VAR,;
Zy=5(1+35V3)Q
Qr = V/3[2160 — 0] = 3741.23 VAR,
Qr = 3(12)%(5V/3) = 3741.23 VAR;
Zy =10/75°Q
Qr = V/3[—645.53 — 1763.63] = —4172.80 VAR,
Qr = 3(12)*[~10sin 75°] = —4172.80 VAR
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P 11.46

P 11.47

STUBENTS-HUIE, cdit

Van
IaA

0= /Van — [Taa

Zy= 2110 =

01 = [Vap — [laa

For a positive phase sequence,
/Vag = /Van + 30°

Thus,

01 = /Van +30° — [Toa = 0 + 30°

Similarly,

Ven
ICC

0= /Ven — [Iec

Zy= 2110 =

= /Ves — [Ic
For a positive phase sequence,

/Vep = [Vpa — 120° = /Vap + 60°

0y = /Vap +60° — (/Toa + 120°) = 6; — 60°
= 0 +30° — 60° = § — 30°

[a] Z, = 100 — j75 = 125/ — 36.87° Q2

(13,200)>

= 52U 115,136 & 1836.352 VA
125/36.870 o0 7890,
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11-32 CHAPTER 11. Balanced Three-Phase Circuits

13,200
V3

Wit = (13,200)(182.9) cos (0 — 66.87°) = 948,401.92 W

[b]

[30°T:, = S, so I,n = 182.9/66.87°

Wina = (13,200)(182.9) cos(—60° + 53.13°) = 2,397,006.08 W
Check:  Pr=3(1,115,136) W = W1 + Wina.

P 11.48 From the solution to Prob. 11.20 we have

L.a = 210/20.79° A and I,z = 178.68/ — 178.04° A

[a] W1 = |Vac||Laa| cos(fac — Oan)
— 480(210) cos(60° — 20.79°) = 78,103.2 W

[b] W2 = |Vic| Tbs| cos(Ope — OuB)
— 480(178.68) cos(120° + 178.04°) = 40,317.7W

Pap = (192)2(2.4) = 88,473.6 W
Psc = (48)%(8) = 18,432 W
Pca = (24)%(20) = 11,520 W
Pag + Pgc + Pea = 118,425.7

therefore Wi + Wy =~ P otal (round-off differences)

144(0.96 — j0.28)10°
7200

Viy = 7200/ — 120° V; Ve = 7200/120°V

P 11.49 [a] I, = — 20/ —16.26° A

Ve = Vin — Ven = 7200v/3/ — 90° V
Ip =20/ — 103.74° A
Wit = (7200v/3)(20) cos(—90° + 103.74°) = 242,278.14 W

[b] Current coil in line aA, measure I,4.
Voltage coil across AC, measure V zc.

[c] I.a = 20/16.76° A
Vea = Vaxn — Ve = 7200v/3/ = 30° V
Wiz = (7200v/3)(20) cos(—30° — 16.26°) = 172,441.86 W
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[d] Wi + Wi = 414.72kW

Pr = 432,000(0.96) = 414.72kW = Wy, + Wi

P 11.50 [a] Wi = |Vgal|Ibs|cosd

Negative phase sequence:
Via = 240v/3/150° V

240/0°

——— =18/30° A
13.33/ — 30° [30°

IaA =

Iz = 18/150° A

Wy = (18)(240)V/3 cos 0° = 7482.46 W

Wy = |VeallIec| cos 6

Voa = 240V/3/ = 150°V

Lc = 18/—90° A

W, = (18)(240)V/3 cos(—60°) = 3741.23 W
[b] P, = (18)%(40/3) cos(—30°) = 3741.23 W

Pr =3P, =11,223.69 W

Wy + Wy = 7482.46 + 3741.23 = 11,223.69 W

Wy + W, = Pr (checks)

1
P 1151 [a] Z = ;Za =448+ j15.36 = 16/73.74° Q)

600/0°

e 375/ - T3.74° A
To/rane o oL=TBIL

aA —

Ls = 37.5/ — 193.74° A

Vac = 600v3/=30°V

Ve = 600v3/—90°V

W1 = (600v/3)(37.5) cos(—30 + 73.74°) = 28,156.15 W

Wy = (600v/3)(37.5) cos(—90 + 193.74°) = —9256.15 W
[b] Wi+ W, = 18,900 W

Pr = 3(37.5)%(13.44/3) = 18,900 W
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CHAPTER 11. Balanced Three-Phase Circuits

[c] V3(W) — Wa) = 64,800 VAR

Qr = 3(37.5)%(46.08/3) = 64,800 VAR

P 11.52 [a] Negative phase sequence:

Vg = 240v3/—30°V
Ve = 240v/3/90° V

Vea = 240V/3/ — 150° V

240v/3/ — 30°
= Y == 90.78/ — 60° A
AB 20/30° [=60°
240+/3/90°
Ipc = — "= —6.93/90° A
BC 60/0_0 /
2404/3/ — 150°
Ica = V3/ - 150° =10.39/— 120° A

40/ — 30°

Lo =Iag +1ac= 18/— 30° A
Ic =Icg +Ica = Ica + Igc = 16.75/ — 108.06°

W1 = 240v/3(18) cos(—30 + 30°) = 7482.46 W
Wina = 240v/3(16.75) cos(—90 + 108.07°) = 6621.23 W

[b] Wit + Wino = 14,103.69 W

P 11.53 |[a]

STUBENTS-HUIE, cdit

Py = (12v/3)%(20 cos 30°) = 7482.46 W
Ps = (4V/3)%(60) = 2880 W
Po = (6v/3)?[40 cos(—30°)] = 3741.23 W

Py + Ps + Pc =14,103.69 = Wy + Wi

1.2Mvar

1.70MVE

45

1.2MW
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Problems 11-35

[b]
1.2Mm
[c]
=]
4.15° v_-86803.5/4.12 v
_,H__,~——rJi4*~—”"_”‘__j::;:::::::;é? (14.8)=1022.4/45 &
b
[}
a5 /|\ il .
Zi————IaJD.6}=127.BD{—45 A
. v, =7967/0" v

I,=213.00/-45 &

[d]

a
v_=15,2468.11/34.12 v

207V
V[?
P 11.54 =L
[a] @ =%
(13,800)2
= 158.70Q
Xel = 15510 = 19870
R e ! = 16.71 uF
wC O = on(60)(158.70) O H
13,300/v/3)2 1
[b] |Xc| = M —(158.70)

1.2 x 106 3
C = 3(16.71) = 50.14 uF

P 11.55 [a] The capacitor from Appendix H whose value is closest to 50.14 uF is 47 uF.

1 1
Xo| = — = —56.4Q
Xel = 2a 27(60)(47 x 10-6)

V|2 (13,800)
3Xe  3(56.4)

Q= = 1,124,775.6 VAR
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11-36 CHAPTER 11. Balanced Three-Phase Circuits

1,200,000 + 575,224
13,800//3

13,800
V3

V| = v/3(8134.8) = 14,089.9V

[b] = 150.6 + j9.4 A

Van =

J0° + (0.6 + j4.8)(150.6 — j9.4) = 8134.8/5.06°

This voltage falls within the allowable range of 13 kV to 14.6 kV.

P 11.56 [a] The capacitor from Appendix H whose value is closest to 16.71 uF is 22 uF.

1 1
Xo| = — = = 120.57Q
Xel =25 27(60)(22 x 10-5)

VI]?  (13,800)?

= — 1,579,497 VAR
=% T s O /¢
1,200,000 — j379,497
[b] Iy = == 200 509 j15.9A
13,800/v/3
13,800
Van = f0° + (0.6 + j4.8)(50.2 + j15.9) = 7897.8/1.76°
\/_

'Van| = V/3(7897.8) = 13,679.4V
This voltage falls within the allowable range of 13 kV to 14.6 kV.

P 11.57 If the capacitors remain connected when the substation drops its load, the
expression for the line current becomes

13, 800
V3

or I, =—j150.61A

—51.2 x 10°

Hence I.o = 7150.61 A

Now,

13,800
V3

The magnitude of the line-to-line voltage at the generating plant is

Van =

J0° + (0.6 + j4.8)(j150.61) = 7244.49 + j90.37 = 7245.05/0.71° V

|Vab| = v/3(7245.05) = 12,548.80 V.

This is a problem because the voltage is below the acceptable minimum of 13
kV. Thus when the load at the substation drops off, the capacitors must be
switched off.
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Problems 11-37

P 11.58 Before the capacitors are added the total line loss is
P, = 3|150.61 + j150.61|*(0.6) = 81.66 kW
After the capacitors are added the total line loss is
P, = 3|150.61/*(0.6) = 40.83 kW

Note that adding the capacitors to control the voltage level also reduces the
amount of power loss in the lines, which in this example is cut in half.

13,800

P 11.59 |[a] 7

I, =60 x 10* + 5160 x 10° — j1200 x 10°

I 60v/3 — 710403
aA = 13.8

Lo =753+ 7130.53A

13,800

3
= 7345.41 + j114.46 = 7346.3/0.89° V

= 7.53 — j130.53 A

Van = J0° + (0.6 + j4.8)(7.53 + j130.53)

V| = v/3(7346.3) = 12,724.16 V

[b] Yes, the magnitude of the line-to-line voltage at the power plant is less
than the allowable minimum of 13 kV.

13,800

P 11.60 [a] —=1I, = (60 + j160) x 10?
V3 ot
60v/3 + 7160v/3
= V3HII60VS +5j20.08 A
13.8
La = 7.53 — j20.08 A
13,800
Van = /0° + (0.6 + j4.8)(7.53 — j20.08)

3
= 8068.34 + j24.10 = 8068.38/0.17° V

['Van| = V/3(8068.38) = 13,974.77V

[b] Yes: 13kV < 13,974.77 < 14.6kV
[c] Poss = 3|7.53 + j130.53|%(0.6) = 30.77kW
[d] Poss = 3|7.53 — j20.08[%(0.6) = 0.83kW

[e] Yes, the voltage at the generating plant is at an acceptable level and the
line loss is greatly reduced.
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