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ABSTRACT

Switching transients, generated during energizing and de-energizing operations of capacitor banks can damage the
capacitor itself and other sensitive components in the network. To reduce such effects, this study suggests a High Pass
Filter (HPF) transient limiter to provide low impedance at the instant of capacitor energizing, thus, allowing the switching
transients to decrease effectively. In addition, this study covers different operational cases to find suitable methods or
techniques that can be used to limit the impact of capacitor transient switching. The simulation which was based on an
electrical network model in low voltage (LV) power systems (0.415 kV) was modelled using Power System Computer-
Aided Design (PSCAD) software, focused on the peak transient magnitude, event duration and switching frequency. The
results are presented in detail. The outcome of this study can serve as an essential guidance for manufacturing technologists
as well as electrical engineers in addressing and developing capacitor banks, thus solving transient switching issues for low

voltage systems.
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INTRODUCTION

Capacitor banks are widely utilized as a part of
both transmission and distribution systems, to boost
system capacity, decrease power losses, and improve
voltage conditions and performance of transformers at
different parts in the grid. However, despite all significant
features of connecting capacitors in the field, they can also
contribute to power quality problems. The switching
process to energize and de-energize these capacitor banks
happen often because of the system load variation or
voltage fluctuation. These switching operations lead to
transient overvoltage, which may damage the switching
appliances termed as “striking” or “re-striking” of the
switching device. The energizing of the capacitor bank
causes high in rush current and transient voltage
oscillation at the capacitor bank station [1]. Generally, the
decline in service power, cost and release of system
capacity are the major motivators, with loss reduction and
upgrading of voltage level stability being additional
benefits of lesser importance. With the trend towards a
higher cost of electric power bills and lowering of system
capacity, it is expected that there will be many more
opportunities for capacitor applications at the medium
voltage level [2] in the future. In low voltage (LV)
systems, capacitor banks may reduce and totally prevent
power factor penalties [3]. Transients are microsecond to
lower order millisecond scale fluctuations, in the steady
condition voltage or current waveform. There is no
obvious similarity between transients and dip or swells,
though, for the plurality fraction discussion, any instance
with a duration less than half a cycle is apparently called a
transient [4]. At present, there are no concrete solutions in
general for these transient issues. In this paper, we analyze
the issues of capacitor banks during the switching
operations, and propose solutions to reduce such.

TRANSIENT OVERVOLTAGE MITIGATION
TECHNIQUES

The current devices which are used for transient
overvoltage control make an effort to reduce the transient
overvoltage or overcurrent at the time it is generated or
limit the overvoltage at local and remote locations; these
devices are illustrated below. Preceding research has
recommended that the efficiency of such control
procedures depends on the system and that close analysis
is needed to choose the ideal control project. Analysis of
distribution system capacitor applications is not often
adequately done, and generally banks are fitted with no
control of transient overvoltage. All these procedures have
several pros and cons in relation to reducing transient
overvoltage, cost, requirements for installation, and
operational maintenance and reliability. There are several
methods of limiting transient overvoltage during capacitor
bank switching. They try to reduce the overvoltage
transient while the capacitor bank is energized at the point
of application. There are numerous technologies
obtainable that help in reducing capacitor overvoltage and
inrush current transients. The devices of transient
mitigation are classified as follow [5].

Pre-insertion resistor

This is a very effective way of minimizing the
degree of surge caused by capacitor switching transients
[6]. The addition of pre-insertion resistors helps to
minimize the severity of the transient by temporarily
providing greater losses in the circuit, which lead to a
reduction in the peak values of the voltage and current
transients [7]. However, synchronizing the resistor and the
main contacts is needed, and improperly sized resistor may
produce higher transient when the resistor is by passed and
therefore in many applications thorough maintenance is
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needed when there is excessive insertion time in
replacement process [8].
Pre-insertion Inductors

The Advantages of adding extra inductance to
the supply during the energizing is that it reduces voltage
transients at the utilization voltage bus [9]. Hence
disadvantages of pre-insertion inductors are; limitation of
ideal values because of the dissipation of energy is
constrained, peak inrush current, bypass transient
magnitude and physical size and weight.

Control of voltage closing zero

This method uses a complex electronic control
and the Zero Voltage Closing (ZVC) control closes or
energizes the bus capacitor near voltage zero to reduce
overvoltage and inrush current transient. The applications
of ZVCs are boosted by the fact that, the timing reference
of such could be repeated by using new microprocessor
technology to control supervision of ZVC devices, closing
tolerance of +2 ms is effective, transients are most
effectively limited by this method and there is no need for
field timing adjustment with the attractive automatic
calibration. Disadvantages of this method are the possible
occurrence of restrikes on some ZVC devices,
sophisticated electronic control can be expensive and
effectiveness of ZVC control is system dependent.

Metal oxide varistor (MOV)

Application of MOV may limit the transient
overvoltage to the protective level at the point of
application. The MOV switch from high impedance to low
impedance mode as the transient voltage exceeds a certain
threshold value, clamping the voltage output. The voltage
protection level of the MOV should be selected in a way
that it is lower than the impulse withstanding voltage of
the equipment to be protected. However in LV systems,
customer application may be subjected to severe energy
duty if voltage magnification occurs.

Symmetrical structure transient limiter (SSTL)

The SSTL, a series connected device, is
characterised by the following features; A high impedance
appears immediately following the energizing of the
capacitor, there is practically zero effect on the control of
energizing transients following the injection of the
harmonic; the steady state is quickly recovered following
the switching transients and the in the steady state SSTL
has almost zero impedance [10].

High pass filter

The importance of this technique is that the filter
provides low impedance bypassing to reduce the
overvoltage transients without leading to nuisance

tripping.

METHODOLOGY

The isolated capacitor bank under consideration
is connected to the low voltage system (LV) 0.415 kV,
50.0 kvar, five steps. Utilities frequently use capacitor

banks for the maintenance of the distribution voltage level
under different loads. The utility capacitor banks
switching event is a rather common power-system
phenomenon. Figure-1. shows a single-line diagram of a
characteristic utility capacitor bank switching event in a
power-distribution system. To assess the impact of utility
capacitor switching transient on LV system, Figure-2.
provides a simplified depiction and an equally similar
circuit of the power system. The simplified representation
for a capacitor switching transient events limiter in a
standard power system is discussed. The analysis can be
made simple by presenting the power system as an LC
circuit as shown in Figure-2. for the transient response
[11]. The determination of this simulation is to determine
the highest degree of overvoltage transient, and inrush
current generated when energizing 0.440 kV capacitor
banks, and these models use several runs in PSCAD
/EMTDC, to differ close time of a circuit breaker of the
capacitor bank in time period 0. 005s (one cycle of sine-
wave frequency equals 50Hz) and then increases of the
time step obtained results are illustrated below and also
the system load varies from 20, 40, 60, 80 kW, while
the power factor is changed from 0.7 - 0.9 the obtained
results are illustrated below .  Several cases were
simulated using PSCAD/ EMTDC in order to evaluate the
devices used in limiting transient overvoltage. [12]

Main supply Transformer 11.0/0.415 kV BUS load  80.0 kKW
-
A

g Circuit breaker
)

Ls=0.5 (uH

¢

50.0 KVAR

Capacitor bank T

Figure-1. Model of single line isolated capacitor banks
50.0 kvar, 5.0 steps.

From Figure-2 the differential equation can be

written as follows:
17) p—

Lot g\?‘}
Figure-2. Equivalent circuit of isolated capacitor banks.

L., :—ti(t)+ ij.i(t)jt —v(t) (1)

Where L ¢ is the effective line inductance and
Cet is the effective capacitance.
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The characteristic impedance Z,

L
7 0 = eff (2)
C eff
And the resonant frequency,
w0, = # =n= w7n (3)
Leff C eff 2

Where n is the per-unit natural frequency and @ is the
fundamental power system frequency the peak current

| _ v pk (4)

peak
Z 0

The peak value of the capacitor voltage Vpk can be
expressed as

n?
VPeak =1 pk Zo[nz_l] (5)

The worst case of the voltage peak may happen
on restriking the voltage across the contact if the switch is
twice the supply voltage as follows [13]

VP.criticaI =Vpeak - (_ VCeﬁ )= 2Vpeak (6)
The instantaneous current above can be said to be
2V
I peak — pesk ™)
Z 0

Figure-3 illustrates the model circuit of isolated
capacitor banks with high pass filter, in high pass filter
frequency, optimal factor m, and MVAR are required. The
capacitor capacitance is given by

2
MVAR . = kxv— (®)

C

The output MVAR of the filter

= W’ ©

(XC_XL)

Where X, is th
The resonant frequency fo of the filter is given by

1

fpo (10)
27 A/LC
Where L and C the inductance and capacitance of the
filter, the induct L
(11)

= 1
@z ) (f,)(c)
The fundamental current through a harmonic filter is given
by
_ V(Line — Line)

' axe X,

(12)

Transiormer 1.0 0418 0V
N

%,
‘\' Ls 1 o Loeadd 0D W

—HA) (O ) —r—y
- LM S

Cagrad Ao Baand - I
B0 KVAR ]
+

filter

Figure-3. Model circuit of isolated capacitor bank with
high pass filters.

L (11)

= 1
@z ) (f,)(C)

The fundamental current through a harmonic filter is given

by

|- V (Line — Line ) (12)
\@(X c X L )

The nth harmonic current through the filter can be

e . ,
calculated by 1 ren (n) = -5 nimpedance harmonic
n

number of frequency[14].
The optimal factor m is given by

L
R%C
The filter reveals the following characteristic:

1- it offers low harmonic impedance during

transients switching

2-  The filter is accomplished for different values of

frequencies.

A High Pass filter can effectively dampen higher
frequency resonances produced by system capacitance.
Although this capacitance cannot be eliminated, High-Pass
Filters can be beneficial in several ways. High-Pass Filter
Resistors can give a low impedance path around a standard
notch harmonic filter because its impedance shows no
increase with frequency. Figure-4 illustrates how the
impedance of the High-Pass Filter at high frequency is
minimized by applying a High-Pass Resistor[15].

m

(13)
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Figure-4. High - pass filter compared to standard notch-
tuned filter [16].

SIMULATED RESULTS AND DISCUSSION

For the switching of isolated capacitor bank,
several cases were simulated using PSCAD software.
Simulation model of the low voltage distribution capacitor
bank 50.0 KAR five steps, 0.415 kV was established to
determine the effects of capacitor bank energization and
de-energization in low voltage system. Specifically, we
concentrated on the peak transient overvoltage, transient
duration, transient overvoltage and harmonic order, and
high frequency inrush currents that are a result of this
switching operation of capacitor at different loads. Figure-
1 is a simplified model of single line isolated capacitor
banks 50.0 kvar, 5.0 steps, and Figure-3. illustrates the
proposed high pass damping filter.

Table-1. shows the peak transient overvoltage
line—to-line when it is energized by 0.415kV. The line
voltage reaches about 2.22 pu at four step switching.
Figure-5 illustrates the graph showing the pu. Peak voltage
magnitude when switching the isolated capacitor bank in
low voltage system (LV). Figure-5 explain transient
overvoltage duration during the switching.

Table-2 shows that the peak inrush current grows
in relation to the number of steps switched into the system
because the large energy storage in the bank at the instant
of steady frequency oscillations. The increasing of the
number of the steps increases the capacitance of the
system that leads to lower Therefore the magnitude of the
oscillating voltage decreases as the shared common
voltage among capacitor banks is increased. It can clearly
be seen that the transient overvoltage can be as high as 512
V for the phase voltage, which is approximately 2.19 pu as
shown in Figure-6. When energizing 15.0 Kvar with load
of 80.0 kW.

Several load conditions were considered for
capacitor energization which are summarized in Table-3.
The simulation of transient inrush overvoltage waveforms
during the switching of 15.0 Kvar step with load 80.0 kW
reached 2.19 pu and frequency about 2.93 kHz as shown
in Figure-7.

Table-1. Peak transient overvoltages when energizing the
0.415 kV, 50 KVAR capacitor banks in LV. Systems.

Capacitor | Capacitor | Capacitor | Regulator | Switching| Peak Ime -to

banks | stepsinkvar | switching | switching | capacitor | line voltage at
steps sequences | program | kvar 0.415 &V)

(&V) | Per

unit

1 50 50 1 50 0677 | 183

2 30 30 1 100 | 0678 | 163

3 10.0 10 2 150 | 0504 ) 217

4 130 30 3 300 10825 | 21

) 150 Total =30 - 300 | 083 | 201

Transicnt due Line voltage CA

1.00

08 ~—1 Positive peak magnitude 2.12 I

~ 060

el
% om0

a8

The peak magnatude is
Jarger of the sysiem
ahues of the two peaks

m this event 2,12

Transicnts switching

E 0.00 requency = 246 kHz
]

E e

=

% 080

LY Negative peak magnitude 1.4 pu, |

.00

00750 00800 00850 00800  0.0850 01000  0.1050 0.1100

Time (sccond )

Figure-5. The pu. Peak voltage magnitude when switching
the isolated capacitor bank in low voltage system (LV).
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Figure-6. Transient duration during the energization of the
isolated capacitor banks 0.415kV.

Figure-9 explains the pu transient overvoltage
due to capacitor bank switching steps. Due to the large
energy storage in the bank at the instant of steady state
operation, the peak inrush current raises with the number
of switching steps. Moreover, increasing the number of
the steps increases the capacitance of the system which
leads to lower frequency oscillations. While the lower
inductance and capacitance will fast the magnitude of
frequency. Therefore, the magnitude of oscillating voltage
decreases due to the shared common voltage among the
capacitor banks. Figure-8 explained the transient per unit
in (kV) due to capacitor banks.
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Table-2. Simulation results of peak transient overvoltage
when energizing capacitor banks by steps sequence.

Bank | Capacitor |  Phase Voltage (kV) | perunit | Frequency | Duration
steps | staps voltage |  (kHz) of
kVAR Max, values M. transients
values Time (5)
! il 0313 0.339 215 1678 0.0006
) 100 0472 0.339 197 1468 (0.0007
3 150 0.323 0.339 219 2037 0.0003
1 300 0312 0.340 213 2540 0.0004
j 0o 0.508 0.342 212 1958 0.0005

Table-3. Transient overvoltage steps at different loads.

Capacitor | 3 fvar 100 kvar 150 kvar I bvar 0 krar
steps(fvar)
Bumkload | Voltage(®V) | VolgeV) | Vobage(kV) | Viltage(sV) | Valtage(0)
(Bw) [Tomse [P [Phase [P [Phase [Peruwst|Phase [P [Phase [Parumd
voltage | wnt  |vol |wmt |volt [vok vt |wat |vel |vet
valt volt vot

00558 |13 |04 |13 | 0557 186 |03 |173 | 0318 |L67
00529 |17 |0460 148 [0538 |17 (052 |16 |0.509 |18
000302 {162 (0430 145 [0520 |167 (0511 L5 | 0501 |12
00477 |13 | 0441 | 142 | 0504 162 |04%9 |181 (0493 |19
0045 (147 (0430 | 140 | 0488 |L57 | 0483|138 | 0407 |17
60 0436 |14 |044 137 (0474 |13 (0478 |14 | 0480 |35
0| 0418 (135 (0416 | 134 (0461 149 | 0463 |13l | 0473 |12
80 0403 {130 |0408 132 (049|145 (0460 | 148 0467 |1l

voltage phase Transient per unit_peak overvoltage =2.19
060
r s
040 . Transient
00 Capacitor voltage frequency
Y'Y =2937 kHz
< o
& oo !
Z A i Transient
EE ] } _ : duration
2% i Transient | =0,0003 s
240 \ duration |
4% —"
l i
00N O 00T 000 000 OO
Time (s)

Figure-7. Step 3 Transient inrush over voltages when
energizing 15.0 Kvar with load 80.0kilowatt.

With the energizing of the isolated capacitor
banks without the proposed high pass filter, the calculated
waveforms of the transient overvoltage and harmonic
orders are presented in Table-4 and the block diagram in
Figure-9. It is also clear that the transient overvoltage can
rise to 395 V and the 3rd order harmonic is 0.0591 for
phase voltage.

25

/’

Transient Per unit voltage (kV)
"
wn
‘

==p=Step 1: 5.0 (Kvar)

=l=Step 2: 10.0 [Kvar]
‘Step 3: 15.0 [Kvar)

i Step 40 30.0 (Kvar)

-

=]
in

et Step 5: 50.0 [Kvar]

Load (KW)

Figure-8. Transient over voltages due to capacitor bank
steps.

It is clear that the degree of transient overvoltage
harmonic order for the simulation outcome has been
significantly minimized to 364 V, and 3".order harmonic
is 0.049 respectively. Table-5 and Figure-10 illustrate the
situation, after controlling the switching transients, with
the application of the high pass damping filter.

Table-4. Transient overvoltage and harmonic order
without insertion of the high pass damping filter.

Harmonic order Magnitude( %of | Maximum oscillating
fundamental voltage (kV)
1 100%
2 1.12 0395
3 331
4 338
) 286
b 2112
7 3.60
012 4
10
» 01
E 0.08
,‘“'i 0.06 00531
£ -
20044 0.0358 0036
5 00286 (02722
H
002 0012
0 -

Harmonic Order

Figure-9. Transient’s overvoltage and harmonics order
without insertion of high pass damping filter.
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Table-5. Transient’s overvoltage and harmonics order
with insertion high pass damping filter.

Harmonic Magnitude( %0of

order fundamental

Maximum oscillating
valtage (kV)

100% 0364
1.04
4.93
334
167
2355
3.37

P = L B o e R )

=]
i
ra

10

o
o

=}
=
&

0.0267 0.0255

Magnitude of Fundamentl %
=}
=
&

Harmonic Order

Figure-10. Transient’s overvoltage and harmonics order
with insertion high pass damping filter.

CONCLUSIONS

There are several considerations involved in the
mitigation of transients generated by capacitor banks. As
the initial peak of the capacitor switching transients
normally causes most of the damage following the
energizing, there is a need to choose a suitable limiting
device to reduce these transients to the levels that can be
accepted. This study has proposed the theoretical analysis
and simulation results to show how capable the proposed
high pass damping filter is in restraining the capacitor
switching transients. The suggested limiter has a simple
configuration and there is no requirement to add any
control circuit. The high pass damping can automatically
be inserted into the circuit and give low impedance to
minimize the switching transients following the energizing
of the capacitor. Harmonic filtering is the best way to
eliminate this distortion from the power system. High Pass
Filter (HPF) represented the optimum solution to
distortion problems created by transient switching of
capacitor banks. Pre-insertion high pass damping filter
offers a cost-effective solution for reducing capacitor
switching transients. Filter circuit offers a low impedance
route to reduce harmonic distortion to required levels.

The simulation results have confirmed that the
proposed high pass damping filter can effectively cope up
with the transient phenomena, without affecting the
performance of the capacitor in the steady state.

ACKNOWLEDGEMENTS

The authors express their appreciation and thanks
for the Centre for Electromagnet and Lightning Protection
(CELP) of the Department of Electrical and Electronics
Engineering, Universiti Putra Malaysia (UPM), and
University of Blue Nile -Faculty of Engineering, for their
invaluable support in making this work a success.

REFERENCES

[1] Suwanasri T., Wattanawongpitak S. and Suwanasri C.
2010. Multi-step  back-to-back capacitor bank
switching in a 115 kV substation. in Electrical
Engineering/Electronics  Computer.  International
Conference on Telecommunications and Information
Technology (ECTI-CON). pp. 459-463.

[2] D. F. Miller. 1976. Application guide for shunt
capacitors on industrial distribution systems at
medium voltage levels. IEEE Transactions on
Industry Applications Vol. 5, pp. 444-459.

[3] K. Hur and S. Santoso. 2008. On two fundamental
signatures for determining the relative location of
switched capacitor banks. IEEE Transactions on
Power Delivery. Vol. 23, No. 2, pp. 1105-1112.

[4] Dugan R. C., M. F. McGranaghan and H.W. Beaty.
1996. Electrical power systems quality. McGraw-Hill
New York, USA.

[5] D.V. Coury. et al. 2003. Transient analysis
concerning capacitor bank switching in a distribution
system. Electric Power Systems Research. Vol. 65,
No. 1, pp. 13-21.

[6] T. T. Chang W. H. and Chen 2010. Pre-insertion
Resistor of Switching Shunt Capacitor Banks
ir.lib.ncut.edu.tw/.

[7]1 M. lizarry-Silvestrini. and T. Vélez-SepUllveda. 2006.
Mitigation of Back-to-Back Capacitor Switching
Transients on Distribution Circuits. Department of
Electrical and Computer Engineering. 2006,
University of Puerto Rico. pp. 1-8.

[8] Mohammad S.G. et al. 2013. Safety issues of
capacitor banks in medium voltage systems. 7" IEEE
International Conference in Power Engineering and
Optimization (PEOCO). pp. 422-426.

[9] R. A. Adams. et al. 1998. Solving customer power
quality problems due to voltage magnification. IEEE
Transactions on Power Delivery. Vol. 13, No. 4, pp.
1515-1520.

[10]T. Shu-Ting, C. Jiann-Fuh and L. Tsorng-Juu. 2011.

Symmetrical ~ Structure  Transient Limiter for
Suppression of Capacitor Switching Transients. IEEE

17156



VOL. 10, NO. 22, DECEMBER 2015

ARPN Journal of Engineering and Applied Sciences

©2006-2015 Asian Research Publishing Network (ARPN). All rights reserved.

www.arpnjournals.com

Transactions on Power Delivery. Vol. 26, No. 4, pp.
2821-2828.

[11] Greenwood. A. N. 1991. Electrical Transients in
Power Systems. 2d ed. John Wiley & Sons. New
York, USA.

[12] Mammadov H. et al. 2008. Comparison of transients
while switching-off capacitor banks by vacuum and
auto-compression circuit-breakers. In: Proceedings of
the Fourth TPE International Conference. pp. 4-6.

[13] Moreno-Mufioz A. 2007. Power quality: mitigation
technologies in a distributed environment. Springer
Science & Business Media. London, UK.

[14] Natarajan R. Power system capacitors. 2005. Taylor
and Francis. CRC Press. New York. USA.

[15]H. Fujita and H. Akagi. 1991. A practical approach to
harmonic compensation in power systems-series
connection of passive and active filters. IEEE
Transactions on Industry Applications. Vol. 27, No.6,
pp. 1020-1025.

[16] Shea J. J. Apparatus and method employing an optical
fiber for closed-loop feedback detection of arcing
faults. 2006. Google Patents.

ISSN 1819-6608

17157



