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Electric Power Distribution Systems

CHAPTER 6
CAPACITORS IN DISTRIBUTION SYSTEMS

These lecture notes are from the book “Introduction to Electrical Power System
Technology’ by T.R. Bosela. It is only available to students who have taken this course.

Publication of this lecture presentation notes
STEALING on any platform by others is subject to STOP

IS NOT permission.
SHARING Remember, Stealing is not sharing. PLAGIARISM
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Introduction

The application of capacitors to electrical power systems can produce several desirable
effects. Improved voltage regulation, power factor correction, reduced line losses, and
released system capacity are a few of the advantages. Capacitors are usually installed on
a power system in a three-phase configuration, rather than single phase. The individual
capacitor units making up a bank may be either three phase or single phase. Capacitors
may be installed on the customer service or on the utility system.

The primary function of capacitors is to supply reactive power to the system. As
a result, capacitors supply a portion of the reactive power required by various lagging
power factor loads in the system. A reduction in line current magnitude, overall system
apparent power loading, and PR line losses are obtained. In addition, voltage drop is
reduced due to the decrease in line current magnitude and improvement in power factor.

This chapter will discuss the general construction and ratings of capacitors, three-
phase connections of single-phase units, switching, and control of capacitor banks. Ad-
ditional emphasis will be placed on sizing capacitors for power factor improvement and
locating capacitors for maximum loss reduction and voltage improvement.
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Capacitor Construction and Ratings
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Capacitor Construction and Ratings

Low-voltage (less than 1000 V) capacitor units may be either single phase or three
phase. The low-voltage, single-phase units typically have two bushings for connection
to the line. Three-phase low-voltage units are typically supplied with three bushings for

connection to all three-phase conductors on a three-phase system. Low-voltage capacitors
are usually connected in a delta configuration.

Table 9-1 Voltage and kVAR Ratings, Single-Phase, Medium-Voltage

Capacitors
Voltage kVAR

2400 12,470 50
2770 13,280 100
4160 13,800 150
4800 14,400 200
6640 15,125 300
7200 19,920 400
7620 20,800 500
7960 21,600
8320 22,130
9540 22,800
9960 23,800

11,400 24,940

Courtesy: Cooper Power Systems
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Capacitor Construction and Ratings

In accordance with the National Electrical Code®, all capacitor units are supplied
with an internal discharge resistor. The discharge resistor is connected in parallel with
the capacitor unit and provides a path for current to flow in the event that the capacitor
is disconnected from the source. For low-voltage capacitors, the residual voltage trapped
on the capacitor unit must decrease to less than 50 V within 1 min after de-energizing.
For medium-voltage capacitors, the residual voltage must decrease to less than 50V
within 5 min after de-energizing.

Table 9-1 lists standard voltage and kVAR ratings for medium-voltage capacitors.
Standard voltage ratings for low-voltage capacitor units are 240, 480, and 600 V. Stan-
dard kKVAR ratings for low-voltage capacitor units are too numerous to list here. The
reader is referred to manufacturers’ product literature.
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CONNECTIONS

Capacitors installed on medium-voltage, multigrounded, neutral utility distribution sys-
tems are usually either solidly grounded wye or floating wye connected. Figure 9-2 shows
some of the more common capacitor connections. A typical installation of a fixed ca-
pacitor bank on a 12.47-kV distribution feeder is shown in Fig. 9-3. A switched capacitor
bank installed on a 12.47-kV distribution feeder is shown in Fig. 9-4. These capacitors
are switched off and on by the oil switches located next to the capacitor units. In both
figures, the capacitors are installed in a grounded-wye configuration.
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CONNECTIONS

WYE CONNECTION

The solidly grounded wye connection shown in Fig. 9-2a is typically used on me-
dium-voltage distribution feeders. The voltage rating of the capacitor units in the
solidly grounded wye bank must be equal to or greater than the nominal line to
neutral voltage of the feeder. The kVAR rating of the capacitor units is selected to
provide the desired amount of reactive compensation. Additional single-phase capac-
itor units may be connected in parallel per phase to increase the rating of the bank.
The individual capacitor units in the bank must have the same kVAR and voltage

ratings. Group fusing of the capacitors is typically provided by fused cutouts. Since
the capacitor units are solidly connected between line and neutral, the failure of any
individual capacitor unit will not result in an overvoltage across the remaining units

in the bank.
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WYE CONNECTION

CONNECTIONS
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WYE CONNECTION

CONNECTIONS

Figure 9-3 Fixed capacitor bank installation on 12.47-kV distribution feeder. (Photo
Courtesy of Ohio Edison Company)
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CONNECTIONS

WYE CONNECTION

Figure 9-4 Close-up of switched capacitor bank installation on 12.47-kV distribution
feeder. (Photo Courtesy of Ohio Edison Company)
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CONNECTIONS WYE CONNECTION
EXAMPLE Determine the appropriate voltage and kVAR ratings for the capacitor units used to make

Capacitors Voltage-kVAR retings
Single-phase, Medium Voltage

up a 1800-kVAR, grounded-wye connected capacitor bank to be installed on a 12.47-kV,
three-phase, MGN distribution feeder.

Solution The kVAR per phase is equal to

Voltage kVAR kVAR/phase = 1800 kVAR/3 phases = 600 kVAR/phase
2400 12,470 50
i:gg 12:@38 128 Referring to Table 9-1, the following possible combinations exist:
4800 14,400 = 12-50 kVAR units per phase
6640 15,125 300 :
7200 19920 400 6-100 kVAR units per phase
7620 20.800 500 4-150 kVAR units per phase
7960 21,600 3-200 kVAR units per phase
8320 22,130 2-300 kVAR units per phase
9540 22,800
9960 23,800
11,400 24,940 MGN: Multi Graunded Neutral
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CONNECTIONS WYE CONNECTION

The most practical combination would be two 300-kVAR units per phase, for a total of
six units comprising the bank. Therefore, six 300-kVAR, 7200-V capacitor units are
needed for this bank. Single- or double-bushing units may be used.

The voltage rating of each capacitor unit is equal to the nominal line to neutral
voltage of the system.

Vi, = l—%ﬂ(—) = 7200 V
"3
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CONNECTIONS WYE CONNECTION

In larger capacitor banks installed on distribution or subtransmission substation
busses, individual fusing of the capacitor units may be employed. Figure 9-5 shows a
capacitor bank installed on a 23-kV substation bus. With the solidly grounded wye con-
nection using individual fusing of the capacitor units, a blown fuse detection scheme is
needed to detect operation of any of the individual fuse elements. One such blown fuse
detection scheme employs a current transformer connected between the neutral point of
the bank and ground. Under normal operating conditions with all capacitor units ener-
gized, the current flow from the bank neutral to ground is zero. However, if any of the
individual capacitor fuse elements operate, an unbalanced current will result. The sec-
ondary of the current transformer could be connected to an overcurrent relay to detect
the unbalanced current. Tripping of the capacitor bank breaker or switch could be initiated
or an alarm condition reported.
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CONNECTIONS

WYE CONNECTION

Edison Company)

Figure 9-5 Capacitor bank installation on 23-kV substation bus. (Photo Courtesy of Ohio
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CONNECTIONS

WYE CONNECTION

EXAMPLE A 4800-kVAR, 12.47-kV, solidly grounded wye capacitor bank is made up of eight
200-kVAR, 7200-V capacitor units per phase. A blown fuse detection scheme is to be

used to determine the presence of a blown fuse. Assume that one fuse in phase A is
blown and calculate the current flowing from the neutral of the bank to ground.

Solution ~ All eight capacitor units are energized in phases B and C. The impedances in

these two phases are

7200°
Zy=1Zc= -]

g 200000 =~ /3240

The impedance in phase A is equal to

The source voltage references are selected as

Vv = 7200£0° V,
Vin = 72002 —120° V,

7200° , _ 0
Zy,=—j m = —j37.0 Q VCN = 7200£120° V
www.altas.org Electric Power Distribution Systems Chapter 6 - 18




CONNECTIONS

WYE CONNECTION

The resulting capacitor bank line currents are

o = MARED = 194.6,90° A
37.04L-90°
72004 —120°

B = 3247 —00° 2222/ -30° A
7200£120° o

c= m = 2222/210° A

The neutral current is equal to

—(Iy + Iz + L)

—(194.62.90° + 2222/ —30° + 222.22210°
27.6490° A

Iy

Therefore, with one capacitor unit in the bank de-energized, the neutral current is equal
10 27.6 A. A current transformer and overcurrent relay could be used to sense this current
in the event of a fuse operation.
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CONNECTIONS

DELTA CONNECTION

EXAMPLE

In the delta connection shown in Fig. 9-2b, the individual capacitor units are connected
phase to phase. Therefore, the required voltage rating of the capacitor units must be equal
to or greater than the nominal line to line voltage of the system. Similarly to the
grounded-wye connection, the failure of any of the individual capacitor units will not
result in an overvoltage across the remaining units in the bank.

Determine the appropriate voltage and kVAR ratings for the capacitor units used to make
up a 2400-kVAR, delta-connected capacitor bank to be installed on a 13.8-kV, three-
phase, three-wire feeder.

Solution The kVAR per phase is equal to
kVAR/phase = 2400 kVAR/3 phases = 800 kVAR/phase

The most practical combination would be two 400-kVAR units per phase, for a total of
six units comprising the bank. Therefore, six 400-kVAR, 13,800-V capacitor units are
needed for this bank. Double-bushing units are required for the delta connection.

The voltage rating of each capacitor unit is equal to the nominal line to line voltage
of the system:

V, = 13,800 V
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CONNECTIONS DELTA CONNECTION
EXAMPLE Solution The kVAR per phase is equal to
kKVAR/phase = 2400 kVAR/3 phases = 800 kVAR/phase
The most practical combination would be two 400-kVAR units per phase, for a total of
Vi = 13,800 V six units comprising the bank. Therefore, six 400-kVAR, 13,800-V capacitor units are
needed for this bank. Double-bushing units are required for the delta connection.
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CONNECTIONS

FLOATING-WYE CONNECTION

The floating-wye connection shown in Fig. 9-2¢ is commonly used for larger kVAR
rated capacitor banks installed on distribution substation and subtransmission substation
buses. In this connection, the common or neutral point of the capacitor bank is not
directly connected to ground. Since the potential of the bank neutral is allowed to float

with respect to ground, the capacitor units should have two bushings. In some installa-
tions, however, single-bushing units are used, with the neutral connection made between
the individual capacitor units and the capacitor mounting rack. The capacitor mounting
rack itself is insulated from ground potential and is allowed to float with respect to
ground. With this type of connection, it is possible for the capacitor housings to become
energized.

The voltage rating of the capacitor units must be equal to or greater than the
nominal line to neutral voltage of the system. Individual capacitor units may be series
connected to achieve higher voltage ratings and parallel connected to achieve higher
kVAR ratings. Each unit in the bank should have the same kVAR and voltage rating.

www.altas.org
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CONNECTIONS FLOATING-WYE CONNECTION

EXAMPLE Determine the appropriate voltage and kVAR ratings for the capacitor units used to make
up a 8400-kVAR, floating-wye connected capacitor bank to be installed on a 69-kV,
three-phase, subtransmission substation bus.

Solution The kVAR per phase is equal to

kVAR/phase = 8400 kVAR/3 phases = 2800 kVAR/phase E o
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Figure 9-6 Capacitor bank of Example 9-4. Teanatensr
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CONNECTIONS FLOATING-WYE CONNECTION

Possible combinations include

Seven 400-kVAR per phase
Fourteen 200-kVAR per phase

The voltage rating per phase is equal to the nominal line to neutral voltage of the
system.

69,000

V3

To achieve the required voltage rating, two 19,920-V capacitor units will be connected
in series. Therefore, of the possible combinations listed, fourteen 200-kVAR units are
the only practical solution: seven parallel combinations of two in series per phase. Each
capacitor will have two bushings. The connection is shown in Fig. 9-6.

Vin = 39,840 V

www.altas.org Electric Power Distribution Systems Chapter 6 - 24




CONNECTIONS FLOATING-WYE CONNECTION

Because of the higher current rating of these larger banks, individual capacitor unit
fusing is recommended, rather than group fusing of the entire bank. To detect individual
blown fuses, a voltage transformer may be connected between the floating neutral point
of the bank and the substation ground grid. Under normal operating conditions with all
capacitor units energized, the voltage between the floating neutral and ground will be
essentially zero. In the event of an individual fuse operation, the voltage between the
floating neutral and ground will increase. An overvoltage relay connected to the second-
ary of the voltage transformer can be set to trip in the event of a capacitor unit failure.
This overvoltage relay may cause the circuit breaker or switch protecting the bank to
trip or may merely indicate an alarm condition.

The operation of individual fuses will also produce an overvoltage on the remaining
capacitors in the phase with the blown fuse. Capacitors are designed to operate satisfac-
torily at up to 110% of rated voltage. Any voltage higher than this will cause breakdown
of the dielectric and subsequent failure. The following example illustrates the method
used to calculate the neutral to ground voltage and the voltage across the remaining
capacitors in a floating-wye bank.
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CONNECTIONS FLOATING-WYE CONNECTION

A 12.47-kV, 3600-kVAR, floating-wye connected capacitor bank is made up of six
EXAMPLE 200-kVAR, 7200-V capacitor units per phase. The bank is connected to a 12.47-kV,
three-phase, MGN system bus. Assume that a fuse element blows on a single unit con-
nected in phase A. Calculate the voltage across the remaining capacitor units on all three
phases and the voltage between the floating neutral point of the capacitor bank and
ground.

Solution The capacitor units will be represented as constant-impedance elements. The
impedance of each unit is
7200°

—  —— .2
7 200000 = 12920

anp =

In the B and C phases, there are six parallel units. The combined impedance is
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CONNECTIONS

FLOATING-WYE CONNECTION

EXAMPLE In the A phase, there are five parallel units due to the blown fuse. The combined im-
(Continued) pedance is
Z,= —j51.84 Q)
The source voltages are selected as
Vav = 7200£0° V, Vv = 7200£—120° V, Ven = 7200£120° V
The equivalent circuit model is shown in Fig. 9-7, with mesh currents I, and I, indicated.
Writing loop equations for I, and I results in the following:
Loop I;: I,(—j43.2) + (I} — I,)(—j51.84) = Vo — Vay = 12,470£150°
Loop L: (I, — I})(—j51.84) + I,(—j43.2) = V4 — Vpy = 12,470230°
Gathering terms and arranging in matrix format,
—j95.04 +j51.84||L| _ |12,470£150°
+j51.84 —j95.04| |1, 12,470£.30
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CONNECTIONS FLOATING-WYE CONNECTION
EXAMPLE (Continued)

= -j51.84 0

[
CN
-j43.2 0
a

Ven —-j43.2 0
12
Ve
b
G
Figure 9-7 Circuit for Example 9-5.
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CONNECTIONS FLOATING-WYE CONNECTION

EXAMPLE Solving this system of equations for I; and I, results in the following:
(Continued) I, = 1622153 A, L = 1624-207° A

From the circuit diagram of Fig. 9-7, the capacitor bank line currents are
L =L — I, = 162£4-207° —1624—153° = 147.1490° A

Iz = -1, =1624-27° A

Ic =1, =1624-153° A

The voltages across each capacitor phase group are equal to
Vav =1y - Z, = (147.1290°)(51.84. —90°) = 7625.7,0° V
Vo = Ip - Zp = (1624 -27°)(43.2£-90°) = 6997.5.—117° V
Ven = 1o - Ze = (1624 —153°)(43.22.—90°) = 6997.5£-243° V
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CONNECTIONS FLOATING-WYE CONNECTION
Expressed as a percentage of rated voltages, the voltages across each capacitor phase
EXAM PLE group are
(Continued) _— 657
T 7200 o
6997.5
Venl = |Ven| = —— + 100 = 97.2%
[Van| = [Vew| 7200 00 = 97.2%

Note that the voltage across the remaining capacitors in phase group A has increased to
106% of rated voltage, while the voltage in phase groups B and C has decreased to
97.2% of rated. These changes are due to the neutral shift that occurs in a floating-wye
connected bank.

The voltage between the floating neutral point of the capacitor bank and ground
can be obtained by applying Kirchhoff’s voltage law around the A phase loop, resulting
in the following equation:

Ve = Vay — Iy~ Zy = Vay — Van
= 720020° — 7625.7.0°
= 425.7,180° V
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CONNECTIONS

FLOATING-WYE CONNECTION

EXAMPLE If a voltage transformer with a 7200-120-V ratio is connected between floating
(Continued) neutral and ground, the voltage on the secondary will be
120
V=4257 - ——=171V

7200
The calculations shown in Example 9-5 are rather cumbersome to perform. A rule
of thumb may be applied to limit the overvoltage on the remaining capacitors in the bank
to less than 110% of rated voltage. Simply stated, use either one capacitor unit per phase

or at least four units per phase.
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CONNECTIONS SPLIT-WYE CONNECTION

Two groups of capacitors may be connected in the form of the split-wye connection
shown in Fig. 9-2d. Series and parallel combinations of capacitor units may be employed
in a manner similar to the floating-wye connection to increase voltage and kVAR ratings.
The voltage rating of the capacitor units is selected based on the nominal line to neutral
system voltage.

To detect the operation of individual fuses, a current transformer is connected
between the floating neutrals of the two groups. Under normal conditions, each group of
capacitors represents a balanced three-phase load. The resulting neutral current is there-
fore equal to zero. In the event of a blown fuse on one or more of the units, an unbalanced
current will result. This unbalanced current is detected by the overcurrent relay connected
to the current transformer secondary. The overcurrent relay may trip a circuit breaker or
switch or merely signal an alarm.
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CONNECTIONS

SPLIT-WYE CONNECTION

A split-wye capacitor bank is made up of two 3600-kVAR, 12.47-kV sections, for a total
EXAMPLE installed rating of 7200 kVAR. Each section consists of six 200-kVAR, 7200-V, single-
phase capacitor units per phase. Individual fusing is provided on each capacitor unit. A
current transformer and overcurrent relay are provided for blown fuse detection. Assume

that one capacitor fuse operates in phase A of one of the split-wye sections, and calculate
the current flow in the neutral between the two sections.

Solution The circuit in Fig. 9-8a models the condition with one fuse blown on one
capacitor unit. The first step in determining the neutral current flow between the two
sections is to calculate the neutral to ground voltage present on the floating neutral of
the bank. The equivalent parallel impedances per phase are calculated with the modified

equivalent circuit shown in Fig. 9-8b. The procedure used to calculate the line currents
is similar to that shown in Example 9-5.

The loop equations in matrix format are

—jas2  +j23.6)[1] _ [12470£150°
+j23.6  —j45.2||L| T [12,.470230°
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CONNECTIONS

SPLIT-WYE CONNECTION
EXAMPLE
§
s i T e
I | ]
ol
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CONNECTIONS SPLIT-WYE CONNECTION
EXAMPLE
A B 25
la ¥ gV IcV
IM_Y_ Vg1 |c1l
T~ /‘l\ T~ P T~ —~
=j51.84 0| —j43.2 n| —j43.2 0| —j43.2 0|-j43.2 |-j43.2 0
S
IN

(a) Equivalent Circuit Model.

www.altas.org Electric Power Distribution Systems Chapter 6 - 35
CONNECTIONS SPLIT-WYE CONNECTION
EXAMPLE

G
-

Multigrounded Neutral

(b) Reduced Equivalent Circuit.

The loop equations in matrix format are

—j45.2 +j23.6) || _ [12,470£150°
+j23.6 —j45.2||L; 12,470£30°
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CONNECTIONS

SPLIT-WYE CONNECTION

EXAMPLE (Continued)

Solving this system of equations for I, and I, results in the following:

I, = 328.64—151.5° A, I, = 328,64 —-208.5° A

The capacitor bank line currents are

Is
Iy
IC

=1, — I, = 328.6/—208.5° — 328.6.—151.5° = 313.6.90° A
= —I, = 328.6£/—28.5° A
=1, = 328.6£—151.5° A
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CONNECTIONS SPLIT-WYE CONNECTION
EXAMPLE (Continued)

A B C
T g T Y
Ia1 i i lcry
—j51.84 6[—143 2 §|\—143 2 fn-\ —j43.2 Etm.z E:j43.2 E\
Iy
(a) Equivalent Circuit Model.
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CONNECTIONS SPLIT-WYE CONNECTION
EXAMPLE (Continued)
c
) _j23.5 0 ]\ —ij21.6 1]
/L g ]( N’
Ven - + X/ -j21.6 0
I
Vnee
b
lc
_I_ Multigrounded Neutral
(b) _Reduced Equivalent Circuit.
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CONNECTIONS SPLIT-WYE CONNECTION

EXAMPLE (Continued)

The voltages across each capacitor phase group are equal to

Vav = Iy - Zy = (313.6£90°)(23.6L—90°) = 7401L0° V
Van = Ip - Zp = (328.6£—28.5°)(21.6£—90°) = 7098/, —118.5° V
Ven = Ie - Ze = (328.6£—-151.5°)(21.6£—90°) = 7098, —241.5° V

Expressed as a percentage of rated voltage, the voltages across each capacitor phase
group are

7401
Vol = 2901 100 = 102,89
Vawl = 2200 ’

7008
Vool = Verl = 2228 100 = 98.6%
[Vanl = [Ven] 7200 2

It is interesting to compare the results of this example with Example 9-5. In this example,
the voltage across the remaining capacitors in phase group A has increased to 102.8%
of rated voltage, while in Example 9-5 the voltage increased to 106% of rated. The
difference is that there is less of an imbalance due to the increased number of capacitors
per phase in the bank.
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CONNECTIONS SPLIT-WYE CONNECTION

: The voltage between the floating neutral point of the capacitor bank and ground
EXAMPLE (COﬂtInUE‘d) can be obtained by applying Kirchhoff’s voltage law around the A phase loop, resulting
in the following equation:

Vg = Van — Ly -2y = Vyy — Vyur
7200£0° — 7401.20°
= 2014180° V

Again, note the comparison between the results of Example 9-5 and this example.

In reference to Fig. 9-8a, the neutral current flowing between the two sections of
the split-wye bank is equal to

Iy =1y + I + I

The currents I+, I, and I, are given by
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CONNECTIONS SPLIT-WYE CONNECTION

EXAMPLE (COﬂtiﬂUE‘d) The currents I+, Iz, and I, are given by
Van 7401 £0°
I = = = 142.8290°
M T 5184, —90°  518dL—900  [2BLTA
L= Vav _70982-1185° . ey
Bl 432,-90°0  432.-90° me
Ven 7098/ —241.5°
Eep = N = = 164.32—151.5° A

43.2£-90° 43.2.-90°

The neutral current flowing between the split-wye connection is

Iy

142.8/90° + 164.3/—-28.5° + 164.34—151.5°
14.0290° A

Therefore, under the specified conditions, approximately 14 A of current will flow be-
tween the two sections of the capacitor bank through the current transformer.
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POWER FACTOR IMPROVEMENT

Power capacitors are used to a large extent to improve the power factor of industrial
plants and utility power systems. As a result of improved power factor, the apparent
power loading and line current are reduced. Reduced line losses are also achieved due
to the reduction in line current. Power factor correction capacitors are typically installed
in the form of a three-phase bank. Since each phase contains capacitors of equal rating,
the result is a balanced three-phase connection.

The ability of capacitors to improve power factor can be understood by examining
the one-line diagram for an industrial plant shown in Fig. 9-9. The load is assumed to
be operating at a lagging power factor. As such, the load will absorb active power P oap
and reactive power Qpoap from the system. A capacitor bank added to the bus will
supply reactive power Qcap. This results in a decrease in the reactive power supplied by
the source Qg and, consequently, an improved power factor. Unity power factor occurs
if the reactive power supplied by the capacitor is equal to the reactive power consumed
by the load. Under unity power factor conditions, the source does not supply any reactive
power (o the load.

www.altas.org Electric Power Distribution Systems Chapter 6 - 43

POWER FACTOR IMPROVEMENT

If the reactive power supplied by the capacitor is less than the reactive power
consumed by the load, the overall plant power factor will improve, but remain lagging.
If the reactive power supplied by the capacitor bank exceeds the reactive power consumed
by the load, a leading power factor will result. This condition is sometimes referred to
as overcompensating. It is generally undesirable to operate a system at a leading power

factor.
PLoaD PLoaD
3 A Lagging Power
= $ : Factor Load
Source SYS Qeap LOAD
Capacitor

Figure 9-9 One-line diagram illustrating use of capacitor for power factor improvement.
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POWER FACTOR IMPROVEMENT

From Section 1.13, recall the power concepts for single-phase and balanced three-
phase loads. In particular, Egs. (1.67), (1.68), and (1.69) give expressions for the appar-

ent, active, and reactive powers for balanced three-phase loads. These equations are
repeated here for reference:

S3p = \/§V1|’1
Psy = V3Vyl, cos(0)
Oz = —\/EV.J! sin()
The angle 0 is the power factor angle of the load and is assumed to be positive for

leading power factor loads. The quantity cos(8) is the load power factor (PF), and the
term sin(0) is the reactive factor (RF).

Equations (1.67), (1.68), and (1.69) can be used to express the complex form of
the apparent power.

Sip = Py + jQsg

www.altas.org

Electric Power Distribution Systems Chapter 6 - 45

POWER FACTOR IMPROVEMENT

For actual and desired load conditions, a power triangle can be constructed based on Eq.
(9.1) as shown in Fig. 9-10. Here the following variables are defined:

S LOAD

S DES

Oroap = reactive power consumed by the load before adding capacitors
pes = reactive power supplied by the source after adding capacitors
Proap = active power consumed by the load

= apparent power consumed by the load before adding capacitors

= apparent power supplied by the source after adding capacitors

LOAD

Figure 9-10 Power triangle for system of Fig. 9-9.
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POWER FACTOR IMPROVEMENT

QLOAO

In the analysis that follows, it is assumed that the active power consumed by the
load will remain constant both before and after addition of capacitors. The amount of

reactive compensation supplied by the capacitor bank is
Qcar = Qroap — Qoes
The apparent power for the actual and desired power factor conditions can be
expressed in terms of the active power demand and actual and desired power factors as

follows:
PLoap

SLoAD
’ PFLoap

_ Proap

S = =
DES PFDES

where PF| gap and PFpgg are the actual load and desired system power factors, respec-
tively.

The reactive power can be expressed in terms of the apparent power and active
power for the actual and desired power factor conditions as follows:
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_ el 2 12
Qroap = (Sacr — Pioap)

Opgs = (SZDES - PiOAD)”Z

Substituting Eq. (9.3) into (9.5) and Eq. (9.4) into (9.6) results in the following:

2 12
0 _ (P LOAD) _p?
LOAD PFAc'r LOAD
Pmu): . "
= |[2ean) _ p
ObEs [( PFoes LoAD

Substituting Egs. (9.7) and (9.8) into Eq. (9.2) results in
1”2 12

(o) g,
PFpgs ’

P 2
LOAD 2
Ocar (_o_ ) = Ploap

PF‘L()A D.

12 1 1/2
[} —|=———m—1
) ((PFDES)E ) ]

Equation (9.9) can be used to determine the reactive power rating of a capacitor bank
required to improve the power factor to a desired level.

1
=P | (- —
LOAR ((PFLOAD)-
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POWER FACTOR IMPROVEMENT

Sekilden:
_Sl Qll tg(_pl = _(_21_ tg¢2 = & = %

P B P1

Qc T
- IQZ @ =P, tgo, ’Ql = Pltg(p2 +Qc‘ ?

P Pitg o, =Pitg 9, + Q.

Hattan Cose, glic katsayisi ile iletilen ﬂ
P,, S, ve Q, gugcleri yerine Cosgp, glic
katsayisi altinda P,, S, ve Q, guglerini Qc = Pl (tg P — tg ([)2)
iletmek icin Q. kadar bir kompanzasyon
glcu gereklidir.

Kompanzasyonla kazanilan

gorandrgic: Sg

S1>S2 ‘51'52:53 ‘
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EXAMPLE
An industrial plant has an active power demand of 500 kW at a power factor of .76
lagging. Determine the required amount of capacitance required to raise the power factor
to the following:
a. 0.8 lagging
b. 0.85 lagging
c¢. 0.9 lagging
d. 0.95 lagging
e. Unity
Assume that capacitor steps are available in 50-kVAR increments,
Solution Direct application of Eq. (9.9) results in the following:
1 12 1 1/2
a, Qcap = SOOKW « ||—= — — | —
- Qrap =300k [(()476' 1) (U.xu- l) ]
= 52.6 kVAR =~ 50 kVAR
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POWER FACTOR IMPROVEMENT

EXAMPLE
(Continued)

1 12 1 172
b. Qcap = 500 kW - ( l) *( 71)

076" 0.85°
= 117.7 kVAR =~ 100 kVAR
1 12 1 12
L‘.QCM.ZSOOKW‘(W—I) _(W——l) ]

= 185.4 kVAR = 200 kVAR
1 12 1 12
d. Ocap = 500 kW - |[— — —[—= -1
Cear (0.76’ I) (0.952 )
= 263.2 kVAR =~ 250 kVAR

1 12 1 12
e. Ocap = 500 kW - (m*l) *(m"— l)

= 427.6 kVAR = 400 kVAR

Notice that in order to improve the power factor to 0.95 power factor approximately
250 kVAR of capacitors is required. However, to improve the power factor to unity
requires 400 kVAR of capacitors.
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POWER FACTOR IMPROVEMENT
A large industrial plant is supplied power at 12.47 kV and has a demand of 4000 kW
EXAMPLE at a power factor of (.7 lagging. The source impedance is 0.5 + j1.3 {}/phase. Calculate

the amount of capacitors required to improve the power factor to 0.97 lagging. Assume
300-k VAR increments in capacitor size. Also calculate the line current and line I°R losses
before and after addition of the capacitors.

Solution The initial plant load conditions are

Py = 4000 kW
4000 kW
¥~ 07
Qs = (5714.3% — 4000%)'" = 4080.8 KVAR

= 5714.3 kVAR

The line current magnitude before adding the capacitors is

5714.3 kVA

V3. 1247 kV
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POWER FACTOR IMPROVEMENT

EXAMPLE The I°R losses per phase in the supply line are
(Continued) Py = 264.6° - 0.5 = 35,000 W/phase

For all three phases, the total loss is

Py, =3 Py = 105000 W or 105 kW
The required capacitor kVAR can be calculated from Eq. (9.9).

1 1/2 1 12
-~
0.7° 0.97°

= 3078 kVAR = 3000 kVAR (1000 kVAR per phase)

Ocap = 4000 kW -

The plant load conditions with the addition of 3000 kVAR of capacitors are

Pay = 4000 kKW
034 = 4080.8 KVAR — 3000 kVAR = 1080.8 kVAR
Sy = (40007 + 1080.8%)"* = 4143.2 kVA
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EXAMPLE (Continued) | The line curent s R R s
V3 - 1247 kV

The IR losses per phase in the supply line are

Py = 191.87 - 0.5 = 18,400 W/phase

For all three phases, the total loss is
P3\|’ =3- Pm, = 55.2()0 W or 552 kW

Note that the line current has been reduced by 27.5%, while the power loss has been
reduced by 47.3 %.
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VOLTAGE IMPROVEMENT

In addition to improved power factor, capacitors will produce a voltage rise on the bus
that they are connected to. This voltage rise is due to the leading current of the capacitor
being supplied through the inductive reactance of the source. Consider the circuit shown
in Fig. 9-11. The rated capacitor current is given by

I = Qcap

- \/5 * Vl_l_

VLN + Vrise

. —iXe T

Line to Neutral Equivalent Circuit

Figure 9-11 \Voltage rise due to capacitor.

Qcap = three-phase reactive power rating of the capacitor in volt-amperes
reactive (VAR)

rated line to line voltage of the capacitor bank in volts

Il

vLL
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The voltage rise produced by the capacitor is equal to
Vrisc = XI, : I('

where X, is the inductive reactance of the line and /. is the rated capacitor current.
Substituting Eq. (9.10) into (9.11) results in the following:

vrise = XL QCAP

V3.V,

The percent voltage rise produced by the capacitor is equal to the actual voltage rise in

volts, as given by Eq. (9.12), divided by the nominal line to neutral system voltage,
multiplied by 100. In the form of an equation,

Ve
%Vrisc = €. 100
Vin
Substituting Eq. (9.12) into (9.13) results in
[ Ocar ]
%Vrise =X - M)_ - 100

VLN
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VOLTAGE IMPROVEMENT

Recall that for balanced three-phase operation Vl L

VI\I

LY,

Substituting Eq. (9.15) into (9.14) results in a simplified expression for the voltage rise
due to capacitor installation.

TV = X, - |2S28| . 100
ViL
A more convenient form of Eq. (9.16) is
kVARcAp
DVie = X * |7/
me [10 - kViL
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EXAMPLE A 1200-kVAR, 12.47-kV, three-phase capacitor bank is to be installed at the end of a
three-phase distribution feeder 2 miles in length. The impedance of the feeder is 0.306
+ j0.639 {)/mile. Calculate the percentage of voltage rise due to this capacitor.
Solution The inductive reactance of the line is
X, = (2 miles) - (0.639 {}/mile) = 1.278 )
Direct application of Eq. (9.17) results in
1200
%Vie = 1.278 * | —/————=
o Im : 12.472]
= 0.986% =~ 1.0%
Therefore, a voltage rise of approximately 1% will result.
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LOCATION AND SIZING
FOR OPTIMAL LiNE LOSS REDUCTION

In addition to improved power factor and resulting decrease in line current, the instal-
lation of capacitors on a distribution circuit will reduce the line losses along the feeder.
Example 9-8 illustrated the reduction in I°R losses due to the installation of a capacitor
bank at the end of a 12.47-kV three-phase feeder. It is desirable to determine the optimal
size and location of capacitors to maximize reduction in line losses.

As previously discussed, the capacitor bank will absorb a leading current from the
source, while inductive lagging power factor loads absorb a lagging current. The mag-
nitude of the line current can be expressed as follows:

L=+ 0"

1, = magnitude of in-phase component of line current

1, = magnitude of quadrature component of line current

The current absorbed by a capacitor bank will subtract from the quadrature component
of line current, resulting in the following:

L=+, — 1"
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where /. is the magnitude of the capacitor current. For a constant active power load on
the circuit, the in-phase component of line current will remain essentially constant. There-

fore, the minimum line current magnitude will occur when /. is equal to /,. When this
equality is established, the power factor is unity and the line losses will be minimum.

For concentrated loads, the optimum value of capacitor correction will be the value
that corrects the power factor to unity. The optimum capacitor location would be at the
load bus itself. Since the load has been corrected to unity power factor, the resulting line
current supplied by the source, and hence line losses, will be minimized.

Determining the optimum location and size of capacitor banks to be installed on
radial distribution feeders is slightly more complicated than determining the requirements
for an industrial plant. Unlike industrial plant buses, the loads on radial distribution
feeders are distributed along the length of the circuit or circuit segment. The nature of

the distributed loads will vary depending on circuit topography. Large concentrated loads
in addition to distributed loads are also very common on distribution circuits,

The time-varying nature of the loads will also be a significant factor in determining
capacitor requirements. As discussed in Chapter 4, the loads on a power system change

depending on time of day, day of the week, season, and the like. The power factor at
which these loads operate will fluctuate as well.
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LOCATION AND SIZING FOR OPTIMAL LiNE LOSS REDUCTION

Generally, the rating of fixed capacitor banks installed on a distribution feeder will
be equal to the minimum reactive power consumed by the loads connected to the feeder
at light load conditions. The voltage rise produced by fixed capacitors must be calculated
under light load conditions to ensure that the system voltage is not excessive. Various
combinations of switched capacitor units can be applied to supply additional amounts of
compensation as the load dictates. Recordings of active and reactive load on the distri-
bution feeders are taken at the distribution substation circuit exits. These recordings are
then used to determine the correct amount of fixed and switched capacitors to add to the

circuit.
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Figure 9-12a shows the reactive power load profile characteristic of a 4.16-kV, three-

EXAMPLE phase, MGN distribution feeder. Determine the amount of fixed and switched capacitor
kVAR to be added to correct the circuit power factor.
3000
2500 r 900 kVAR
" Switched
2000 .
4 74 4
$ 1500 7 7/ /////%
1000 < 4] \é k 900 KVAR
s00 A \\\\\\ \Rﬁ Fled
12:00 AM 6:00 AM 12:00 PM 6:00 PM 12:00 AM
(a) 900 KVAR Fixed and 900 kVAR Switched.
Figure 9-12 Reactive demand curve, Example 9-10.
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LOCATION AND SIZING FOR OPTIMAL LiNE LOSS REDUCTION

EXAMPLE Solution  From Fig. 9-12a, the minimum reactive power occurs at 2:00 am and is equal

(Continued) to approximately 970 kVAR. Therefore, a fixed capacitor bank of 900 kVAR (300 kVAR
per phase) will be added to the circuit. The switched capacitor requirements will be
selected to correct the power factor to as close to unity as possible, without producing a
leading power factor. An additional bank of 900 kVAR will be switched on at 10:00 am
and off at 8:00 p™ to provide reactive compensation during peak load conditions. Figure
9-12a shows the portion of reactive power supplied by the 900-kVAR fixed bank and
the 900-kVAR switched bank.

It is also possible to install two steps of switched capacitor banks to provide a
more precise control of reactive power requirements. These two banks may consist of
one step of 600 kVAR switched on at 8:00 aM and off at 10;00 pm and a 900-kVAR
bank switched on at 12:00 pm and off at 6:00 pm. The addition of additional switched
steps is more costly than a single switched step. As always, the increased cost must be
balanced against the benefits provided. Figure 9-12b shows the reactive power supplied
by one fixed bank and two switched banks.
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LOCATION AND SIZING FOR OPTIMAL LINE LOSS REDUCTION
EXAMPLE
(Continued) 3000
2500 | 900 kVAR
\“ Switched
2000 \\
g 1500 //>\>> // )‘ 600 KVAR
* ™ Switched
1000 s..=__/\ ,/\/ \ /
900 kVAR
560 \\i&\\\\ \ \_'_'Fixed
12:00 AM 6:00 AM 12:00 PM 6:00 PM 12:00 AM
(b) 900 kVAR Fixed, 600 and 900 kVAR Swiiched.
Figure 9-12 Reactive demand curve, Example 9-10.
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LOCATION AND SIZING FOR OPTIMAL LiNE LOSS REDUCTION

To determine the most economical size and location of a capacitor bank installed
on a radial distribution feeder, consider the circuit segment shown in Fig. 9-13a. The
reactive load current is assumed to be uniformly distributed along the length of the line.
The reactive current at the beginning of the line segment is designated /,. The reactive
current at the and of the line is considered to be a lumped load and is designated as K/,.
Thus, the reactive current at the end of the line segment is expressed as a multiple of
the reactive current at the beginning of the line segment. The length of the line is des-
ignated as /. Figure 9-13b shows the reactive load current plotted as a function of distance
from the beginning of the line segment.

The equation for the reactive load current as a function of x is

KI, —
ix) = B = Ay x + 1
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-_|

B
|1J ] e
R

EEREE

Uniformly Distributed Reactive Current

Lumped
Reactive
Load
[ (a) Line Segment. |

I
I
|
|
|

.
3
X

l

(b) Reactive Current Profile.

Figure 9-13 Reactive load current distribution.
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LOCATION AND SIZING FOR OPTIMAL LiNE LOSS REDUCTION

The active power loss per phase due to the reactive component of load current is

1K1, — 1 i
Pioss=Li I[ lx+11RdX

!
= glf(Kz + K + )R

where R is the resistance per unit length of the line.

Note that if the load on the circuit consisted of only a lumped sum load with no
uniformly distributed load the value of K would be 1. Applying Eq. (9.20) with K =1
results in

Pluss = [%[R
Equation (9.22) is the familiar PR relationship for power loss.

If the load on the circuit consisted of a uniformly distributed load with no concen-
trated load at the end, the value of K would be zero. The power loss per phase due to
the reactive component of load current would be
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1o
Py = 31l(1< + K+ DR
l
= -PR
3 1

If a single capacitor bank is added to the circuit, the reactive load profile is modified
as shown in Fig. 9-14. The reactive current supplied by the capacitor is equal to /.. The
equation for the reactive component of load current must be split up into two parts,
depending on which side of the capacitor bank is of interest. The reactive component of
load current is given by

KI, — 1
ix) =-—11—lx+11 -1, for0<x<x

KI, -1
i(x) = 'flx + 1), forx' <x<l

The power loss per phase with the addition of the capacitor is
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LOCATION AND SIZING FOR OPTIMAL LINE LOSS REDUCTION

Poy, = L {K" [_ . I - 1,.] R dx

! —y 2
+J[&‘l—‘x+1l R dx

i Vo2 l
= 1T LA = K + X0 = 2000 + 3

BK*+ K+ 1)

J
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! L |
’1 < X T| k|1
>7 7 —=
¢¢¢¢¢ —J’¢¢¢Lumpgd
| Capacitor | E:ggt've
(a) Line Segment. |
| |
i) A l ‘
I+ | ’
~— = '
~—
: I
Kl 1 C
Y
X' X
(b) Reactive Current Profile.
Figure 9-14 Reactive load current distribution with capacitor added.
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For a given load profile, line length, and resistance, the quantities K, /,, R, and / are
constant in Eq. (9.26). The only two variables are /. and x’, the capacitor size and
location, respectively. To determine the optimum capacitor size and location to minimize
circuit losses, the partial derivatives of Eq. (9.26) are taken with respect to the two
variables /. and x" and equated to zero. The following equations result:

P oss 2
S =0 = - [WI = K] + (@2 - 200

ox

2

oP 0ss X' ! g
o =0 =TI = 0] + 201, - 2

v

= ‘%[1](1 — ) 2L, — 21

Equations (9.27) and (9.28) must be solved simultaneously to determine the optimum
values of /. and x". Solving Eq. (9.27) for x’ results in

) o Sl =3By L
LAl = K) 2
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It is convenient to express the capacitor current /. as a function of the reactive load
current /; as follows:

1(. = Cl!l
Substituting Eq. (9.30) into (9.29) and simplifying results in

,_12—(1
)

Equation (9.31) gives the optimum location for a given capacitor size and ratio K.

Substituting Eq. (9.30) into (9.28) and simplifying,

dg’;_oss —0= %[1,(1 ~ K)] + 2ad, — 21))

c

Il

%(1—K)+2a—2
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Substituting Eq. (9.31) into (9.32) and simplifying, 12 — w

==l - &)
210 - K
0= +20—2
1
. ad .
2
3
=—-a — 1
2

Solving Eq. (9.33) for o results in o = 2/3.

From the previous derivation, it would appear that the optimum-sized capacitor
would have a current rating equal to two-thirds times the reactive load current at the
beginning of the line segment. A capacitor rating of two-thirds times the reactive current
at the beginning of the line segment does provide optimum line loss reductions up to a
K value of 1/3. This result can be verified by substituting « = 2/3 into Eq. (9.31) and
solving for x" as a function of K. The result is

For K=

2 1
= A=zl
3 [1 - K] X’ : Optimum location

W W=
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Examination of Eq. (9.34) indicates that for values of K greater than 1/3 the value of x’
exceeds /. This value of x’ is of course longer than the line segment itself. As such, the
optimum size of 2/3 is only valid for K less than or equal to 1/3.

If K exceeds 1/3, the optimum location is at x' = [, which is at the end of the
segment. The optimum value of o will no longer be 2/3, but can be calculated by sub-
stituting x' = [ into Eq. (9.32) and solving for «, as follows:

/
0=5(1-K +2 -2

0=1—-K+2a —2

from which o =

1 '
K>= =
For > 5 IZI,> X !
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EXAMPLE

A section of a 12.47-kV distribution line has a length of 3 miles. The reactive power
loading was measured as 2000 kVAR at the distribution substation line exit. The reactive
power loading at the end of the 3-mile section was estimated as 600 kVAR. Determine
the optimum capacitor rating and location to minimize line loss on this section of feeder.

Solution  The ratio of reactive power at the end of the line section to the reactive power
at the beginning of the line section is

_ 600KVAR _
2000 kVAR

Since the ratio K is less than 1/3, the optimum capacitor rating is two-thirds times the
reactive power loading at the beginning of the line section.

kKVARcap = 2 - 2000 kVAR = 1333.3 kVAR

The optimum capacitor location is given by Eq. (9.34).

2
X = 5 (3 miles) ( ) = 2.86 miles

1
1 -03
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EXAMPLE (Continued)

Therefore, a capacitor bank of approximately 1333.3 kVAR located a distance of ap-
proximately 2.86 miles from the substation is required to minimize line losses on this
section of feeder. A capacitor bank rating of either 1200 or 1500 kVAR will be appro-
priate. The bank will be comprised of either four 100-kVAR or five 100-kVAR single-
phase units per phase.
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EXAMPLE

An 8.32-kV distribution feeder has two major line sections, as shown in Fig. 9-15. Two
capacitor banks are to be installed, one on each line section, to minimize losses. Using

the estimated reactive power flows shown, determine the optimum rating and location
for each line section.

1500 kVAR 1200 kVAR 200 kVAR
I 2 miles I 2.3 miles I Figure 9-15 Circuit for Example 9-12.
Section | I Section |l ‘

Solution The correct procedure is to locate and size the capacitors at the line section
farthest away from the source. Next, the reactive profile of the next line section closer
to the source will be modified, and the location and size of capacitors for this line section
determined. This procedure will result in the minimizing of losses for each line section
of interest. Therefore, line section II will be analyzed first, followed by line section I.
SECTION 11:  The ratio K is calculated as
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EXAMPLE (Continued _ 200 kVAR _ —t> k<l
( ) K 1200 kVAR 0167 & 3

Since K is less than 1/3, the optimum capacitor bank rating is two-thirds time the reactive
load at the beginning of the line section. The optimum capacitor location is determined
by applying Eq. (9.34).

, 2 . 1
X = 3 (2.3 miles) (l 0167

) = 1.84 miles  kVARc,p = % - 1200 = 800 kVAR

Therefore, a capacitor bank with a rating of 900 kVAR will be the most practical for
this line section. This 900-kVAR bank will be installed approximately 1.84 miles from
the beginning of line section 1I in order to minimize losses in this section of feeder.
SECTION 11 With the 900-kVAR capacitor bank installed in line section II, the reactive
power flow over line section I needs to be modified. The reactive power flows at the
beginning and end of line section I are equal to the initial reactive flows minus the
reactive power supplied by the 900-kVAR capacitor bank in line section II. Thus, the
reactive power flows at the beginning and end of line section I are equal to 600 and
300 kVAR, respectively.
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EXAMPLE (Continued)

300 kVAR _

= = 0.5
600 kVAR

The ratio K 1s calculated as K

Since K is greater than 1/3, the optimum location of the capacitor bank is at the end of
line section I. The optimum capacitor bank rating is determined by applying Eq. (9.35).

05+ 1
)

o = 0.75

The capacitor bank rating is KVARcap = 0.75 - 600 = 450 kVAR

Therefore, a bank rating of 450 kVAR will be installed at the end of line section I to
minimize losses on this section of line.
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Summary

If the ratio K is less than or equal to 1/3, then the optimum-sized capacitor has a rating
equal to two-thirds times reactive load at the beginning of the line segment. The optimum
location can be calculated by applying Eq. (9.34).

If the ratio K is greater than 1/3, the optimum capacitor location is at the end of
the feeder segment. The optimum capacitor rating is calculated by applying Eq. (9.35).

On most distribution feeders, the two-thirds rule is commonly used to locate and
size capacitor banks. This rule states that a capacitor bank rating equal to two-thirds the
reactive load at the beginning of a line section should be located a distance of two-thirds
the length of the feeder from the source to minimize line losses.
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CAPACITOR SWITCHING

In many instances, it is desirable to install several steps of switched capacitor units,
rather than one large fixed bank. This is particularly true if the load reactive power
requirements fluctuate by a substantial amount during the day. When a de-energized
capacitor is energized, the capacitor essentially behaves as an electrical short. A large
current will flow into the capacitor bank under these conditions. The inductance of the
source will tend to limit the magnitude of the current flowing into the capacitor bank
when energized. Energizing a single bank is referred to as isolated bank switching.

Likewise, when energizing one step of a multistepped capacitor bank, a high-mag-
nitude current will result as the energized step discharges into the step being energized.
This type of switching is referred to as back to back switching. Generally, back to back
switching results in higher-magnitude currents than isolated bank switching.
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CAPACITOR SWITCHING

The calculation of currents during capacitor switching is an extremely important
consideration in capacitor applications. Contactors and circuit breakers used for capacitor
switching are limited in the amount of momentary current the contacts can safely with-
stand. This momentary current rating is specified by the switch or breaker manufacturer.
Failure to limit momentary current below specified values will result in contact welding,
increased pitting of the contacts, or severe damage to the switch.

The high-magnitude currents that occur during capacitor switching are also of rel-
atively high frequency compared to the system frequency. These high-frequency currents
produce high-frequency voltage spikes on the system that may interfere with the opera-
tion of various control circuits. When switching large capacitor banks, it is important to

provide overvoltage protection or isolated power supplies for proper operation of the
control circuitry.
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Isolated Bank Switching

Exact calculations of capacitor switching currents are extremely difficult to perform man-
ually. To provide some basic guidelines, the following assumptions will be made:

. The system will be analyzed on a single-phase, line to neutral equivalent basis.

. The source will be modeled as a dc voltage source.

. The magnitude of the dc voltage source will be constant.

. The dc voltage source will have a magnitude equal to the peak line to neutral
system voltage.

5. Resistance will be neglected.

T

slg

_l_ VUW is) y .
T T

T

-~

The validity of these assumptions lies in the fact that the transient period of interest
usually occurs in much less than one cycle of the nominal system frequency. As such,
the magnitude of the source voltage will not change substantially during the period of
interest.
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The equivalent circuit based on the preceding assumptions is shown in Fig. 9-16.
The magnitude of the source voltage is

\/_ skg
2:V T
V, = ———= I @y
V3 == ¥y t=o0
l s 1
An approximate value of source inductance is given by T sC
1 kvil_ f = system frequency
Ls kVy = line to line system voltage

2 - f MVASC o
MVAge = three phase short circuit MVA

The capacitance per phase of the capacitor bank is given by

S MVAR‘mled
2-m- fraled - (kVLI_,ramd)2

Cc
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To determine the capacitor current, the LaPlace transform method is used. Figure
9-16 shows the equivalent circuit for isolated bank switching in the s domain. In reference
to Fig. 9-16, the capacitor current is given by

sbL

S
I Vols
i Ite) * ke = sLy + (1/s0)
— ¥ t=20 :
- = g I
T a6 57 + (1/LC)

Figure 9-16  Equivalent circuit for isolated bank capacitor switching.

Equation (9.39) must be rearranged to a form suitable for taking the inverse LaPlace
transform. The following results:

C\"_w, -
o=vg) Fa) T

www.altas.org Electric Power Distribution Systems Chapter 6 - 85

CAPACITOR SWITCHING Isolated Bank Switching

2 A\ w, 1
= =_ o 0 W, = 735
) ‘"(L) (_sz n w;’,) L)

£

Equation (9.41) can be used to determine the frequency of the transient inrush current.
The inverse LaPlace transform of Eq. (9.40) is

c1”
i) = £ 1) = V(,{L—] sin(w,f)

The maximum instantaneous value of the inrush current is

C 172
Imnx = Vn : [Z‘
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EXAMPLE

A 1200-kVAR, 4.16-kV capacitor bank is installed on a plant bus. The plant bus is
supplied from a 5000-kVA, 69kV—4.16Y/2.4kV transformer having an impedance of 7%.
Neglecting the impedance of the 69kV source and resistance, determine the maximum
instantaneous value and the frequency of the inrush current. Also, determine the induc-
tance and current rating of the inductors that must be added to reduce the inrush current

to 1000 A.
Solution  The transformer inductive reactance is  x = (.07 - @16 kVy _ 0.2422 QO
5 MVA
The transformer inductance is _ 02422 6.425 X 10°* H
260
The capacitance per phase is equal to = 1.2 MVAR - -4
€T o0 @lekvy T 89X I0TF
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EXAMPLE The peak source voltage is equal to v V2 - 4160 — 3396 V
(Continued) Y-
Applying Eq. (9.43) results in 1.839 x 10 +\'2
= ——] = 1817 A
lnar = 3396 (6.425 X 10*“)
The frequency of the transient inrush current is
1
= = = 2909 rad/sec
©0 T (1,839 X 1077 - 6.425 x 1077

= 463 Hz

To determine the amount of inductance to be added in order to limit the inrush
current to 1000 A, Eq. (9.43) is solved for L, as follows:

V2

2
' max

L ==%C
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EXAMPLE
(Continued)

Substituting in known values, 3396°
£ 10007

S 1.839 X 107 = 2.1209 x 107* H

The inductance to be added is equal to  Lig = 2.1209 X 107 — 6.425 x 107
= 14784 X 107° H
~ 1.5 mH

Therefore, an inductor of approximately 1.5 mH should be added in each phase of the
capacitor bank in order to limit the inrush current to acceptable values. The inductors
used for current limiting are typically air core in design. Iron core inductors are not
recommended for current-limiting purposes since the iron will saturate under high current
conditions. The result of core saturation is a reduction in the inductance of the inductor.
Therefore, the effectiveness of the iron core inductor to limit switching currents will be
greatly reduced.

The continuous current rating of the inductors must be equal to the continuous
current rating of the capacitor bank.

1200 kVAR

in o e————— 166.5A
T V3416 kV
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Back to Back Switching

The equivalent circuit model for back to back capacitor switching is shown in
Fig. 9-17. There are a total of N steps of capacitance that may be switched on and off
as reactive power demands dictate. The most severe switching duty will arise when the
last step is being energized, with all other steps energized, and the system voltage is at
maximum peak value. Under these conditions, the energized steps will discharge into the
step being switched on. For the purposes of this analysis, the source contribution will be
neglected.

:_ ______ I(s) +

I SLeq % o
/’L\
17\

) 1
\.:"' Isceq sbLy Cq=C+Cy+ -+ Cy

V.
. 1
L I° Ty

Figure 9-17 Equivalent circuit for back to back capacitor switching.
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Ceq . C] + Cz + e+ CN*I

where Cy, Cy, *++ Cy- are the capacitance values per phase of the N — | capacitor steps
already energized. Each of these capacitance values may be calculated by applying Eq.
(9.38) for each step.

Likewise, L., represents the equivalent inductance of the current-limiting inductors
in series with the N — 1 capacitor steps already energized. This inductance is given by

| 1 1
— ==t — e
ch Ll L2 N-—-1
where Ly, L, ---, Ly, are the values of inductance for each step.

The voltage present on the energized capacitors is assumed 1o be equal to the peak
value of the nominal line to neutral source voltage, as given by Eq. (9.36). In reference
to Fig. 9-17, the transient current flowing into the de-energized capacitor bank is

V,/s
sLeg + Ly) + (1/5Cq) + (1/sCy)

I(s) =
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The natural frequency is

V,/s
I(s) =
©) = e ¥ L + (1/sCog) + (5Co) HE,, + TiC\ P
B VollLeg + Ly) o = ( Leg + Ly )

2 4 771 = ,71 =
Ceq(ch T+ LN) CN(ch + LN)
e vn/(Leq + LN)
2 4 WCq + 1/Cy
ch + LN

Substituting Eq. (9.47) into (9.46) and simplifying results in the following:

| W,
[(Leg + L(1/Ceq + 1/CWI™ 5* + o

I(s) =V,
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pmm—————
| I(s) *
| 5Le
q t=0
/J-\
") 1
\"I: I sCeq sky
2"
== 1
8 e,
S T T st

Figure 9-17 Equivalent circuit for back to back capacitor switching.

The inverse LaPlace transform of Eq. (9.48) is

L (s)

Il

i)
" 1
“Leg + La)(1/Ceq + 1/Cy)]

7 sin(w,t)

The maximum instantaneous value of the inrush current is
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1

[max = Vo 1/2
[(Leg + L)(1/Ceq + 1/CWI™

Equation (9.49) gives the expression for the transient inrush current flowing into the last
step to become energized in a multistep bank. The peak value of the transient inrush
current is given by Eq. (9.50) and the frequency by Eq. (9.47).

Equations (9.44) through (9.50) can be simplified when the capacitor bank is made
up of equal kVAR-rated steps. The capacitance per phase and the corresponding current-
limiting inductors are assumed to have the same value. Let the capacitance and inductance
per step be equal to C and L, respectively. For N — 1 equal-sized steps, Eqs. (9.44) and
(9.45) become

Cq=C-N-1  =-L
1 N-1
Substituting Egs. (9.51) and (9.52) into (9.47) and (9.50) results in
1 N - 1{C\'?
w, = .=V +——|—=
(LC)”?- max o N (L)

www.altas.org Electric Power Distribution Systems Chapter 6 - 94




CAPACITOR SWITCHING Back to Back Switching

To determine the rating of the current-limiting inductors required to limit the maximum
peak transient inrush current to a specified value, Eq. (9.54) is solved for the inductance
L, as follows:

PN,

L=C"-
L N

Important Application Note

The derivation of the equations for back to back switching were derived by neglecting
the source contribution to switching current. This assumption may not be valid for ca-
pacitor banks installed on stiff utility system buses where there is a high availability of
fault current. The maximum permissible momentary duty can be derated to 80% of rated
to provide a more reasonable estimate of transient switching currents expected. However,
if a substantial amount of source contribution is expected, a more detailed analysis may
be warranted. This detailed analysis may be performed using a transient analysis package
such as the Electromagnetic Transient Analysis Program, or EMTP.
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EX AM PLE A 13.8-kV, three-step capacitor bank is comprised of three steps of 1800 kVAR each.

The vacuum contactor used to switch the steps on and off has a momentary current rating
of 10 kA. Neglecting the source contribution and derating the momentary switch rating
to 80% of rated, determine the amount of inductance needed to limit the transient inrush
current to an acceptable value for the following cases:

a. One step energized, second step coming on
b. Two steps energized, third step coming on

Make recommendations as to the proper inductor rating.

Solution The capacitance per step is determined by applying Eq. (9.38).

: 1.8 MVAR
2@ 60 - (13.8 kV)?

= 25071 X 107°F

The momentary rating of the switch will be derated to

Inax = 0.8 - 10,000 A = 8000 A
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EXAMPLE (Continued)

The maximum peak system voltage is V2 - 13,800
V,=———— = 11,2663 V
V3

a. With one step energized and the second step coming on, the number of steps N is
equal to 2. Application of Eq. (9.55) results in the following:

1126632 2 — 1)
80007 2?

~
Il

2.5071 X 107°

12431 X 10°°H
~ 125 pH

Therefore, inductors of approximately 12.5uH would be required if this were a two
step bank.
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b. With two steps energized and the third step coming on, the number of steps N is
EXAMPLE - e "
. equal to 3. Direct application of Eq. (9.55) results in
(Continued) A G- 1)
L=——7—-25071 X 107° - ———
8000° 3°
=221 X 107°H
~ 22 uH

Therefore, an inductor of approximately 22 wH should be installed in each phase of
each step in order to limit the transient inrush current to an acceptable level.

The worst-case switching scenario occurs when two steps are energized and the
third step is switched on. Comparison of the results of parts a and b indicates that
the inductors should have a rating of 22 pH. As in Example 9-13, these inductors
will be installed in each phase of each step in series with the capacitor units. Since
the inductors are series connected, the continuous current rating of the inductors
should be equal to the rated current of each capacitor step.

1800 KVAR
fpg = —————— =753 A
V3 - 138 kV
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EXAMPLE A 12.47-kV capacitor bank consists of the following steps:

Step 1: 2400 kVAR
Step 2: 1200 kVAR
Step 3: 600 kVAR

The three steps may be switched at random to provide the required degree of reactive
compensation. Determine suitable current-limiting inductor ratings to limit the maximum
transient inrush current to 6000 A.

Solution Since the capacitor bank is comprised of different kVAR-rated step sizes, Eq.
(9.55) is not directly applicable. However, a conservative design approach is (o assume
that all steps of the bank are equal to the kVAR rating of the largest step and then to
apply Eq. (9.55). For this example, the inductor design will be based on three equal steps
of 2400 kVAR each. The maximum transient inrush current is then calculated based on
actual kVAR step sizes and all possible switching combinations. The results of the cal-
culations for all possible switching combinations will be checked to ensure that the
maximum transient inrush currents are within design specifications.
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EXAMPLE The capacitance per phase for the 2400-kVAR step is equal to
. 2.4 MVAR
C gy = ' s =409 X 10°°F
(Continued) Y2 m - 60 - (1247 kV)Y
Likewise, for the 1200- and 600-kVAR steps,
, =205 X 10°E  C;=102X 107°F
The peak instantaneous value of the source voltage is - V7 - 12470 0180 v
’ V3 '
The number of steps N is equal to 3. Direct application of Eq. (9.55) results in the
following inductance:
2 L g2
L =409 x10°. ——10'183 @ = b
6000 3
=523 X 10°H
=~ 50 pH
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EXAMPLE (Continued)

Therefore, an inductor having an inductance of approximately 50 wH is required in each
step.

With the 2400-kVAR step energized and the 1200-kVAR step being switched on,
the following relationships apply.

Leq = Ll! LN = sz ch = Cll CN = C2

Applying Eq. (9.50) gives the peak transient inrush current.

1
[(100 X 107%)(7.323 x 1092 = 3762 A

lnax = 10,180 -

With the 2400-kVAR step energized and the 600-kVAR step being switched on,
the following relationships apply:

ch = Ll! LN = L}; ch = CI- CN = CJ

Applying Eq. (9.50) gives the peak transient inrush current.
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EXAMPLE (Continued)

1
[(100 X 107%)(1.225 x 10°)]"?

Inax = 10,180 -
= 2909 A

With the 1200-kVAR step energized and the 600-kVAR step being switched on,
the following relationships apply:

L::q = LZ» LN = LSV ch = CE' CN = C,'i
Applying Eq. (9.50) gives the peak transient inrush current.

1

Ihax = 10,180 - =
max [(100 X 10 6)(1.468 X ]05)]”2

= 2657 A

With both the 2400- and 1200-kVAR steps energized and the 600-k VAR step being
switched on, the following relationships apply:
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EXAMPLE (Continued)

Leg=LiflLy =25 x 107°H, Ly=L;=50x10°H
Cq=C1+Cr=614X10°F, Cy=C;=102XxX10"°F

Applying Eq. (9.50) gives the peak transient inrush current.

1

Inax = 10,180 - = 7]
[(75 % 107°)(1.1433 x 10°)]"?

3477 A

The results of this example indicate that the choice of 50-pH current-limiting in-
ductors is indeed conservative. This method of selecting current-limiting inductors can
provide an initial starting point in the design. The inductor size may be decreased and
the transient currents recalculated until a more realistic inductor size is obtained. This is
left as an exercise for the student.
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OPERATION AT
OFF-RATED VOLTAGE AND FREQUENCY

In some instances, it is necessary to operate capacitors at voltages and frequencies other
than rated. The result is a change in the actual reactive power rating of the capacitor
bank. The actual reactive power rating of the capacitor bank can be determined for any
operating voltage or frequency by recognizing that the capacitance of the capacitor bank
is constant regardless of the actual applied voltage or frequency. This value of equivalent
line to neutral capacitance can be calculated from Eq. (9.38). The capacitive reactance
is given by

_ 1
2.7 fau " C
where f,., is the actual operating frequency of the capacitor, and C is the capacitance as

given by Eq. (9.38). Substituting Eq. (9.38) into (9.56) results in the following:

X - .f_ﬂ . (](VLL.mlcd)2
oot fact MVAerned

X«'.acl

Equation (9.57) indicates that the capacitive reactance is inversely proportional to the
actual operating frequency.
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The actual line current drawn by the capacitor 1s 7 = ViNact
=
XC.'dL‘l

VLL.acM

Xr.acl

where Vip . is the actual line to line operating voltage. Substituting Eq. (9.57) into
(9.58) results in

I — _.]:eﬁ . MVAleed . VLL,acl
ot f;-alcxl (kvl..L.mwd)h \/5

The actual three-phase reactive power rating of the capacitor bank is

MVAR. = V3 + (Vitae) - (o) X 1076
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Substituting Eq. (9.59) into (9.60) and simplifying results in

f:'\cl . (kVI.L.itL‘l)2

MVAR,, = MVAR, g -
l rated f;’i\lcd (k\fl,l,,.ruled)2

A more convenient form of Eq. (9.61) is

f;lcl . (kVLL.:Im)2

kVAR, = kVAR,jeq - ~
“ ted Jraed  (KVLL ratea)”

Equation (9.61) or (9.62) can be used to calculate the actual reactive power output
of the capacitor bank at off-nominal voltage and frequency. Keep in mind, however, that
capacitors should not be operated at above rated voltage.
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EXAMPLE

A three-phase capacitor bank is made up of six 200-kVAR, 2770-V, 60-Hz, single-phase
capacitor units per phase. The capacitors are floating wye connected and will be applied
on a 4.16-kV, 60-Hz plant bus. Determine the actual reactive power rating of the capac-

itor bank under these conditions.

Solution  The rated line to line voltage of the capacitor bank is
KViL e = 2770 - V'3 = 4800 V
The rated reactive power of the capacitor bank is
kKVAR g = (6 units/phase)(200 kVAR/unit)(3 phases) = 3600 kVAR

The actual reactive power of the bank is determined by applying Eq. (9.62).

60 H 2
KVAR,, = 3600 KVAR - —= . ﬂ = 2700 kVAR
60 Hz 48007

Therefore, the reactive power output has been reduced to 75% of nameplate value due

to operation at reduced voltage.
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CONTROLS

As previously discussed, capacitor banks may be permanently connected (fixed) or
switched as reactive power demands dictate. Fixed capacitors are generally sized to sup-
ply reactive power equal to the minimum reactive power demands of the system.
Switched capacitors are used to supply the variable amount of reactive power needed as
the load increases. Switching of the capacitor banks may be done either manually or
automatically. Several types of automatic control can be used to initiate switching of
capacitor banks. These include time clock, power factor, and voltage. The type of control
selected depends on the primary function of the capacitor bank itself.

Time clocks can be used where the reactive power demand is a predictable function
of time. Examination of the reactive load profile for a given distribution feeder or sub-
station bus will indicate the desired switching times. The reactive power consumption of
industrial plant loads may also be a predictable function of time based on manufacturing
and shift schedules. It must be understood that capacitor switching based on time ignores
the actual load conditions and may produce undesirable results. However, capacitor
switching based on time of day is the most economical of all automatic switching
schemes.
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If the primary function of the capacitor bank is to control the load power factor to
a specified value, a controller that senses the load power factor is the most desirable.
This type of control operates independently of time and generally produces the most
desirable effect. Typically, a set of current and/or voltage transformers may be needed
to provide the appropriate electrical quantities to the controller. The costs associated with
controllers based on load power factor are generally higher than time-based control. This
is due to the increased complexity of the controller itself, as well as the need for voltage
and current transformers.

Control based on voltage is used where the primary function of the capacitor bank
is to provide voltage improvement. The capacitor is switched on and off based on the
magnitude of the system voltage. An increase in the reactive power demand of a lagging
power factor load causes a reduction in the bus voltage. This decrease in voltage is sensed
by the controller and switching action is initiated. Conversely, as the reactive power
demand of the load decreases, the bus voltage increases. Under these conditions, the
controller switches the capacitor steps off to prevent excessive bus voltages from occur-
ring.
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Switching of multistep capacitor banks is usually performed one step at a time. A
time delay between step switching is often included to allow the system to adjust to the
new conditions. The amount of time delay is often adjustable by the user. Also, an
adjustable reactive power bandwidth is provided to prevent excessive hunting of the
controller, thereby minimizing switching operations. Excessive switching will cause pre-
mature wear of the switch contacts and control mechanism.
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PROBLEMS

9.1, Determine the required voltage and kVAR ratings of the capacitor units used to construct a
2100-k VAR, grounded-wye connected capacitor bank. The bank is to be installed on an

8.32-kV MGN distribution substation bus. Use equal kVAR ratings for all capacitors in the
bank. Specify the required number of high-voltage bushings.

9.2, The capacitor units in the bank of Problem 9.1 are protected by individual fuse elements.
Determine the resulting neutral current if one of the fuse elements blows.

9.3. Determine the required voltage and kVAR ratings of the capacitor units used to construct a
1800-kVAR, delta-connected capacitor bank. The bank is to be installed on a 13.8-kV plant
bus. Use equal kVAR ratings for all capacitors in the bank. Specify the required number of
high-voltage bushings.

9.4. Determine the required voltage and kVAR ratings of the capacitor units used to construct a
2700-kVAR, floating-wye connected capacitor bank. The bank is to be installed on a
24.94-kV MGN distribution substation bus. Use equal kVAR ratings for all capacitors in the
bank. Specify the required number of high-voltage bushings.

9.5. The capacitor units in the bank of Problem 9.4 are protected by individual fuse elements.
Determine the resulting neutral to ground voltage and the veltage across the remaining
capacitor elements in the bank if one of the fuse elements blows.
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9.6. A floating-wye capacitor bank is constructed of three 200-kVAR, 2400-V capacitor units per
phase. The capacitor units are individually fused. Determine the voltages on the remaining
capacitor units in the bank and the neutral to ground voltage if one of the fuse elements
blows. Is this an acceptable design? If not, recommend an alternative design. Specify quan-
tity, kVAR, and voltage ratings of capacitors used in the new design.

9.7. A split-wye capacitor bank is made up of two 4500-kVAR, 13.8-kV sections, for a total
installed rating of 9000 kVAR. Each section consists of five 300-kVAR, 7960-V, single-
phase capacitor units per phase. The capacitor units are individually fused. Determine the
current flow in the neutral between the two sections if one fuse element blows in one of the
sections.

9.8.  An industrial plant is supplied service at 4.16 kV. The plant has an active power demand of
1200 kW at a power factor of 0.72 lagging. Determine the following:
a. Apparent power demand
b. Reactive power demand
¢. Line current magnitude
d. Amount of capacitors required to improve the plant power factor to 0.95 lagging
e. Active, reactive, and apparent power demands after addition of the capacitors
f. Line current magnitude after addition of the capacitors
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PROBLEMS

9.9.

9.10.

9.11.

A 12.47-kV, three-phase, MGN, distribution feeder has a length of 3-miles. The impedance
is 0.129 + j0.591 /mile. An 1800-kVAR capacitor bank is installed at the end of the
feeder. Calculate the percentage of voltage rise due to the installation of this capacitor bank.

A 4-mile section of 12.47-kV, three-phase distribution feeder has a uniformly distributed
load and a concentrated load at the end of the line section. The reactive power loading at
the beginning of the line section was measured as 3200 kVAR. The reactive power loading
at the end of the line section is estimated to be 600 kVAR. Determine the rating and location
of a capacitor bank required to minimize line losses along this section of line.

A 3600-kVAR, 13.8-kV capacitor bank is installed on a plant bus supplied from a 7500-k VA,
138 kV-13.8 kV transformer having a nameplate impedance of 6.8%. Neglecting the im-
pedance of the 138-kV source and transformer resistance, determine the maximum instan-
taneous value and frequency of the transient inrush current when the capacitor bank is
switched on.
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PROBLEMS

9.12.

9.13.

9.14.

For the plant in Problem 9.11, it is desired to limit the maximum peak transient inrush
current to 1000 A in order to minimize voltage dips during switching. If current-limiting
inductors are required, specify the inductance and continuous current rating.

A four-step, 4.16-kV capacitor bank consists of three steps of 1200 kVAR and one step of
600 kVAR. The maximum momentary rating of the switching device is 5000 A. Determine
the inductance and continuous current rating of the current-limiting inductors required for
this situation.

A 2400-kVAR, 60-Hz, floating-wye connected capacitor bank is constructed of four
200-kVAR, 7960-V, single-phase capacitor units per phase. Calculate the actual reactive
power rating if connected to a 12.47-kV bus.
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CHAPTER 6
CAPACITORS IN DISTEIBUTION SYSTEMS

END OF THE CHAPTER
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