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PROBLEMS 809 

14.3 	 What is the most common primary distribution voltage class in the United States? 

14.4 	 Are reclosers used on: (a) overhead primary radial systems; (b) underground primary 
radial systems; (c) overhead primary loop systems; (d) underground primary loop 
systems? Why? 

SECTION 14.3 

14.5 	 What are the typical secondary distribution voltages in the United States? 

14.6 	 What are the advantages of secondary networks? Name one disadvantage. 

14.7 	 Using the internet, name three cities in the United States that have secondary network 
systems. 

SECTION 14.4 

14.8 	 A three-phase 138 kV 6./ 13.8 kV Y distribution substation transformer rated 40 MVA 
OA/ 50 MVA FA/ 65MVA FOA has an 8% impedance. (a) Determine theJated.cur­
rent on the primary distribution side of the transformer at its OA, FA, and FOA rat­
ings. (b) Determine the per unit transformer impedance using a system base of 
100 MVA and 13.8 kV on the primary distribution side of the transformer. (c) Calcu­
late the short-circuit current on the primary distribution side of the transformer for a 
three-phase bolted fault on the primary distribution side. Assume that the prefault 
voltage is 13.8 kV. 

14.9 	 As shown in Figure 14.24, an urban distribution substation has one 30-MVA (FOA) 
and three 33.3 MVA (FOA), 138 kV6./125 kV Y transformers denoted TRI - TR4, 
which feed through circuit breakers to a ring bus. The transformers are older trans­
formers designed for 55°C temperature rise . The ring bus contains eight bus-tie circuit 
breakers, two of which are normally open (NO), so as to separate the ring bus into 
two sections. TR I and TR2 feed one section, and TR3 and TR4 feed the other sec­
tion. Also, four capacitor banks, three banks rated at 6 Mvar and one at 9 Mvar, are 
connected to the ring bus. Twenty-four 12.5-kV underground primary feeders are 
served from the substation, 12 from each section. The utility that owns this substation 
has the following transformer summer loading criteria based on a percentage of 
nameplate rating: 

1. 120% for normal summer loading. 

2. 150% during a two-hour emergency. 

3. 130% 30-day emergency loading. 

Determine the following summer ratings of this substation: (a) the normal summer 
rating with all four transformers in service; (b) the allowable substation rating assum­
ing the single-contingency loss of one transformer; and (c) the 30-day emergency 
rating under the single-contingency loss of one transformer. Assume that during a 
two-hour emergency, switching can be performed to reduce the total substation load 
by 10% and to approximately balance the loadings of the three transformers remain­
ing in service. Assume a 5% reduction for unequal transformer loadings . 

I 
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FIGURE 14.24 
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14.10 	 For the distribution substa tion given in Problem 14.9, assume that each of the four 
circuit breakers on the 12.5-kY side of the distribution substation transformers has 
a maximum continuous current of 2,000A/phase during both normal and emer­
gency conditions. Determine the summer allowable substation rating under the 
single-contingency loss of one transformer, based on not exceeding the maximum 
continuous current of these circuit breakers at 12.5-kY operating voltage. Assume a 
5% reduction for unequal transformer loadings. Comparing the results of this 
problem with Problem 14.9, what limits the substation allowable rating, the circuit 
breakers or the tran sformers ? 

SECTION 14.5 

14.11 	 (a) How many M vars of shunt capacitors are required to increase the power factor on 
a 10 MYA load from 0.85 to 0.9 lagging? (b) How many Mvars of shunt capacitors 
are required to increase the power factor on a 10 MYA load from 0.90- to 0.95 lag­
ging? (c) Which requires more reactive power, improving a low power-factor load or a 
high power-factor load? 

14.12 	 Re-work Example 14.3 with R Load = 40 D/ phase, XLoad = 60 D/ phase, and Xc = 
60 D/ phase. 
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TABLE 14.5 Permissi ble Dail y Short-Time Loading of Liquid-Filled Distribution 
Transformers Based on N omlal Life Expectancy [5] 

Average Initial Load in Per Unit of Transformer Rating 

Period of Increased 0.9 0.7 0.5 
Loading. Hours Maximum Load in Per Unit of Transformer Rating 

0. 5 
1.0 
2.0 
4 .0 
8.0 

1. 59 
1.40 
1.24 
1.12 
1.06 

1.77 1. 89 
1. 54 1.60 
1.33 1J7 
1. 17 1.1 9 
1.08 1.08 

(Power distribution engineering: fundamentals and applicat ions by Bu rke. Copyright 1994 by 
TAYLOR & FRANCIS GROUP LLC - BOOKS. Reproduced with pennission of TAYLOR & 
FRANCIS GROUP LLC - BOOKS in the format Textbook via Copyright Clearance Center) 

14.5 
SHUNT CAPACITORS IN DISTRIBUTION SYSTEMS ­

Loads in electric power systems consume real power (MW) and reactive 
power (Mvars). At power plants, many of which are located at long distances 
from load centers, real power is generated and reactive power may either be 
generated, such as during heavy load periods, or absorbed as during light 
load periods. Unlike real power (MW), the generation of reactive power 
(Mvar) at power plants and transmission of the reactive power over long dis­
tances to loads is not economically feasible. Shunt capacitors, however, are 
widely used in primary distribution to supply reactive power to loads. They 
draw leading currents that offset the lagging component of currents in induc­
tive loads. Shunt capacitors provide an economical supply of reactive power 
to meet reactive power requirements of loads as well as transmission and dis­
tribution lines operating at lagging power factor. They can also reduce line 
losses and improve voltage regulation. 

EXAMPLE 14.3 Shunt Capacitor Bank at End of Primary Feeder 

Figure 14.21 shows a single-line diagram of a 13.8-kV primary feeder supplying 
power to a load at the end of the feeder. A shunt capacitor bank is located at 
the load bus. Assume that the voltage at the sending end of the feeder is 5% 
above rated and that the load is Y-collnected with RLoad = 20 D/ phase in par­
allel with load jXLoad = j 40 D/phase. (a) With the shunt capacitor bank out of 
service, calculate the following: (1) line current; (2) voltage drop across the line; 
(3) load voltage; (4) real and reactive power delivered to the load; (5) load 
power factor; (6) real and reactive line losses; and (7) real power, reactive 
power, and apparent power delivered by the distribution substation. (b) The ca­
pacitor bank is Y connected with a reactance Xc = 40 D/phase. With the shunt 
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FIGURE 14.21 

Single-line diagram of a 
primary feeder for 

Example 14.3 
(J. D . Glover, "Electric 

Power Distribution," 
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Technology and The 
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Wiley & Sons, New 

York, NY, 1995. 
Reprinted with 

permission of J OM 
Wiley & Sons, Inc.) 
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capacitor bank in service, redo the calculations. Also calculate the reacti\t 
power supplied by the capacitor bank. (c) Compare the results of (a) and (b). 

SOLUTION 

a. Without the capacitor bank, the total impedance seen by the source is: 

. 1 
ZTOTAL = RUNE +)XUNE + 1 1 

RLOAD + j XLO AD . 

. 1 
ZTOTAL = 3 +)6 +-1--1 

20+ j40 

ZTOTAL = 3 + j6 + 0.0559/~26 . 570 
= 3 + j6 + 17.89/ 26.56° 

ZTOTAL 	= 3 + j6 + 16 + j8 = 19 + j14 

= 23.60/ 36.38° D/phase 

1. The line current is: 

1.05(13.8/J3)~ 
hINE = 	 VSLN/ZTOTAL = 23.60/36.380 

= 0.3545/ - 36.38° kA/phase 

2. The voltage drop across the line is: 

VDROP = ZLINE lUNE = (3 + j6)(O.3545/ -36.38°) 

= (6.708/63.43°)(0.3545/ -36.38°) 

= 2.378/ 27.05° kV 

IVDROpl = 2.378 kV 
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3. 	The load voltage is: 

VLOAO = VSLN - ZUNEhINE = 1.05(13.8 /J3)~ - 2.378/27.05° 

= 8.366 - (2.117 + ) 1.081) = 6.249 - ) 1.081 

= 6.342/-9.814° kVLN 

IVLOAO I = 6.342J3 = 10.98 kVLL 

4. 	The real and reactive power delivered to the three-phase load is: 

PLOA03q.> = 3(VLOAoLN)2/ RLOAD = 3(6.342)2 / 20 = 6.033 MW 

QLOAD3q.> = 3(VLOADLN)2 / XLOAD = 3(6.342)2/40 = 3.017 Mvar 

5. The load power factor is: 

p.f.= cos[tan-' (Q/P)] 
~:o: the reactive = cos[tan-1(3.017/ 6.033)] 
. '3 and (b). 

= 	0.89 lagging 

6. The real and reactive line losses are: 

urce is: 
 PUNELOSS3q.> = 3 IUN E2 RuNE = 3(0.3545)2 (3) = 1.131 MW 

QUNELOSS3q.> = 3 IUNE2XuNE := 3(0.3545)2(6) = 2.262 Mvar 

7. 	The real power, reactive power, and apparent power delivered by the 
distribution substation are: 

PSOURCE3q.> = PLOA03 q.> + PUNELOSS3q.> = 6.033 + 1.131 := 7.164 MW 

QSOURCE3 q.> := QLOAD3q.> + QUNELOSS3q.> := 3.017 + 2.262 = 5.279 Mvar 

SSOURCE3q.> := V(7·1642+ 5.2792) := 8.899 MVA 

b. 	 With the capacitor bank in service, the total impedance seen by the source is: 

1 
ZTOTAL := RUNE +)XUNE + I 1 	 1 

RLOAD + jXLOAD - jXc 

. 1 
ZTOTAL = 3 +)6 + 1 1 I 

20 + )40 - )40 

1 
ZTOTAL = 3 +)6 + 0.05 = 23 + j6 := 23.77 /14.62° D/ phase 

1. The line current is: 

1.05 (13.8/ J3) / 0° 
JUNE = VSLN / ZTOTAL = 23.77/14.620 

= 	0.3520/ -14.62° kA/ phase 

http:2.378/27.05
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2. 	The voltage drop across the line is: 

VDROP = ZUNE hINE = (6.708/63.43°)(0.3520/-14.62°) 

= 	2.361/48.81 ° kV 

IVDROpl = 2.361 kV 

3. 	The load voltage is: 

VLOAD = VSLN - ZUNE JUNE 

= 1.05(13.8 /v'3)LQ: - 2.361/48 .8 1° 

= 8.366 - (1.555 + j1.778 ) 

= 6.81 - j1.778 

= 7.038/-14.62° kVLJV 


IVLOAD I = 7.038v'3 = 12.19 kVLL 


4. 	The real and reactive power delivered to the three-phase load is: 

PLOAD31' = 3(VLOADLN)2/RLOAD = 3(7.038)2/20 = 7.430 MW 


QLOAD31' = 3(VLOADLN)2/XLOAD = 3(7.038)2/40 = 3.715 Mvar 


5. 	The load power factor is: 

p.f.= cos[tan-1(Q/P)] 


= cos[tan-1(3.715/ 7.4301] 


= 0.89 lagging 


6. 	The real and reactive line losses are: 

PUNELOSS31' = 3 IUNE2 RUNE = 3(0.3520)2(3) = 1.115 MW 

QUNELOSS31' = 3 IUNE2 XUNE = 3(0.3520)2(6) = 2.230 Mvar 

7. The reactive power delivered by the shunt capacitor bank is: 
2 . 2 .

Qc = 	 3(VLOADLN) /Xc = 3(7.038) / 40 = 3.715 Mvars 

8. 	The real power, reactive power, and apparent power delivered by the 
distribution substation are: 

PSOURCE31' = PLOAD31' + PUNELOSS31' = 7.430 + 1.115 = 8.545 MW 

QSOURCE3qJ = QLOAD31' + QUNELOSS3qJ - Qc 

= 3.7 15 + 2.230 - 3.715 


= 2.230 Mvar 


SSOURCE31' = )(8.5452 + 2.2302) = 8.675MVA 

http:7.038/-14.62
http:2.361/48.81
http:2.361/48.81
http:6.708/63.43�)(0.3520/-14.62
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c. 	 Comparing the results of (a) and (b), with the shunt capacitor bank in ser­
vice, the real power delivered to the load increases by 23% (from 6,033 to 
7.430 MW) while at the same time: 

• 	 The line current decreases 
• 	 The real and reactive line losses decrease 
• 	 The voltage drop across the line decreases 
• 	 The reactive power delivered by the source decreases 
• 	 The load voltage increases 

The above benefits are achieved by having the shunt capacitor bank (instead 
of the distribution substation) deliver reactive power to the load. • 

The location of a shunt capacitor bank along a primary feeder is im­
portant. If there were only one load on the feeder, the best location for the 
capacitor bank would be directly at the load , so as to minimize 12R losses 
and voltage drops on the feeder. Note that if shunt capacitors were placed at 
the distribution substation, 12R feeder losses and feeder voltage drops would 
not be reduced, because the total power including MW and Mvar wo;]ld still 
have to be sent from the substation all the way to the load , Shunt capacitors 
at distribution substations, however, can be effective in reducing 12R losses 
and voltage drops on the transmission or subtransmission lines that feed the 
distribution substations, 

For a primary feeder that has a uniformly distributed load along the 
feeder, a common application is the " two-thirds" rule; that is, place 2/3 of 
the required reactive power 2/ 3 of the way down the feeder. Locating shunt 
capacitors 2/ 3 of the way down the feeder allows for good coordination be­
tween LTC distribution substation transformers or voltage regulators at the 
distribution substation, For other load distributions, computer software is 
available for optimal placement of shunt capacitor banks, We note that ca­
pacitors are rarely applied to secondary distribution systems due to their 
small economic advantage [3 , 5], 

During the daily load cycle, reactive power requirements change as a 
function of time, To meet the changing reactive power requirements, many 
utilities use a combination of fixed and switched capacitor banks. Fixed ca­
pacitor banks can be used to compensate for reactive power requirements at 
light loads , and switched capacitor banks can be added during heavy load 
conditions, The goal is to obtain a close-to-unity power factor throughout the 
day by switching capacitor banks on when needed and off when not needed, 
Methods of controlling switched capacitor banks include the following: 

1. 	 Voltage control 
2. 	 Curren t con trol 
3. 	 Var control 
4. 	 Time control 
5. 	 Temperature control 
6. 	 Radio dispatch/ SCADA control 


