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Abstract: This study evaluates the inconveniences raised by the installation of Shunt Capacitor Banks
(SCB) along the North East Power System (NEPS) in Afghanistan. Besides the numerous advantages,
a capacitor bank usually has some drawbacks in terms of transient currents which affect the quality
of power supply and exceed the withstand capability of associated equipment. In this study, transient
outrush current injects by installed SCB into the nearby faulted point at Pule Khumri and Chimtala
substations is investigated. Outrush transient is produced by SCB when the breaker is operating to
disconnect the faulted circuit. By applying different methods can mitigate outrush transient and protect
the system which Current Limiting Inductance (CLI) is preferred in this study. Integrating CLI in
series with SCB is the most relevant method which can limit the amplitude, frequency, and the rate
of rise of the outrush transient. The use of inductance could otherwise create some excessive voltage
which might exceeds the withstand capability of circuit breakers. Hence sensitivity analysis based
on Transient Recovery Voltage (TRV) to confirm the robustness of the proposed approach is carried
out. The evaluation is accomplished based on the result derived from the Electromagnetic Transients
Program (EMTP), ATP package.

Keywords: Capacitor bank; transient outrush current; transient inrush current; rate of rise of current;
power quality

1. Introduction

Modern civilization severely depends on electrical energy for agricultural, commercial, domestic,
industrial and social needs purposes. To avoid expanding the electrical systems, capacitor banks are
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widely installed across the existing networks. Using capacitor bank offers an economical method to
provide voltage support, reactive power support, and to increase power transfer capability. They are
also used to compensate the XI? losses in transmission systems. Capacitor banks are comparatively
cost-effective and can easily be installed anywhere on the electrical network. Generation capacity
release; system capacity enhancement; power losses reduction; voltage regulation, and power quality
improvement are the benefits that can be achieved by SCBs installation in electrical system [1].

However, capacitor banks can create some inconveniences among which transient inrush/outrush
current with a high amplitude and frequency is significant. Inrush current is produced due to load
variation which results in several switching which are needed for connecting and disconnecting the
capacitor bank in a typical day. Outrush current is produced when a breaker is operating to disconnect
the nearby faulted circuit. The magnitude and frequency of discharged outrush current are dependent
upon the total equivalent inductance between the capacitor bank and the faulted point. The inrush and
outrush current conduct by a transient surge can affect the supply quality and exceed the withstand
capability of the equipment [2-5].

The propose of this study is, to analyse the inconveniences created by the installed SCBs along
the NEPS in Afghanistan. Supply capacity in Afghanistan consists of import power and domestic
hydro and thermal resources [6-9]. NEPS is the leading energy system, provides lower-cost power to
cities and towns in the Northeast parts, including Kabul, the capital city. It encompasses import power
from three neighbouring countries (Uzbekistan, Tajikistan, and Turkmenistan). NEPS, as the largest
electrical system supplied 77% of all electricity demand in 2011. As the power system of exporter
countries are not synchronised, it obliges the country to handle the NEPS in isolated regions which
each unified with its nearby supplier. However, could all be interconnected if the supplier countries
decided to operate either in synchronisation or agreed to interconnect through High Voltage Direct
Current (HVDC) [10-12]. The existing and planned electricity grid in Afghanistan, is presented in
Figure 1 [13].

Due to unsynchronized operation of the system, a main part of the NEPS which is called
NEPS-Uzbekistan is evaluated in this study. Depending on the grounding of the capacitor bank and
types of the fault, the amplitude and frequency of the outrush transient can exceed the rating
withstand limit of equipment and impose severe stress on the system. For further consideration two
scenarios are evaluated to mitigate the outrush current generated by 25 Mvar and 120 Mvar capacitor
banks at Pule Khumri and Chimtala substations respectively. To limit the amplitude and frequency, as
well as the Rate of Rise of Outrush Current (RROC), CLI is integrated with each involved capacitor
bank. As the use of CLI would otherwise create some excessive voltage, a sensitivity analysis based
on Transient Recovery Voltage (TRV) is applied as well. The simulation for this study is performed
by the Alternative Transients Program (ATP), which is a version of Electromagnetic Transient
Program (EMTP).
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Figure 1. Afghanistan existed and planned power system map [13].

2. Capacitor banks application

Capacitor banks are assembled by the series/parallel combination of capacitor units (Figure 2). Most
of the capacitor banks at distribution and transmission level are Y connected and are either grounded or
ungrounded, as shown in Figure 3. Capacitor banks are comparatively cost-effective and can easily be
installed anywhere in electrical networks [14—16]. Besides their multiple benefits, capacitor banks can
impose some inconveniences, which severely affect power quality on sensitive customer loads. It may
also damage key equipment, potentially having a high impact on system reliability. To study dangers
caused by transient inrush/outrush current, time-domain computer programs are developed [17,18].
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Figure 2. Capacitor unit configuration [14].
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Figure 3. Single and multiple Y connection of shunt capacitor units.

2.1. Switching inrush current

Capacitor banks switching transients are becoming more critical especially with increasing the rate
of its installations in power systems. This is because of frequent utility operations, occurring due to
multiple switching per day and hundreds of time per year depending on the need for system voltage/var
support from the capacitor banks. Switching a capacitor bank makes a change in circuit which a finite
amount of time is required to approach a stable operating point. In capacitive discharge, there is a
fixed energy amount depends on the stored capacity of involved capacitor banks just before switching
and the amount store immediately after the event. Switching transient is produced due to voltage
differences between the system and installed capacitor bank, characterized by high magnitude and
frequency [19,20]. The maximum inrush current produce by SCB is derived from Eq (2.1). Transient
inrush current has to be limited so as not to be harmful to the circuit breakers, capacitor bank, and the
network. There are two possibilities to limit switching inrush current. The first one is to connect the
capacitor at an exact time such that it can match the system voltage, and another way is to use a CLI in
series with the capacitor bank [21,22].

C
Lye = V2 XV x ][22 2.1)
Lg

where Cjy is the capacitance of the shunt capacitor bank, Lg is system inductance, and V is a line to
ground voltage.

2.2. Transient outrush current

Transient outrush current with high amplitude and frequency is associated with a capacitor bank
and the breaker when disconnecting a nearby faulted circuit. In capacitive discharge, there is a fixed
amount of energy which depends on the energy stored in capacitance just before the event. In such a
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situation, depending upon the grounding of the capacitor bank and types of the fault, it can break the
withstand capability limit of the circuit breaker, strike the capacitor bank and affect whole the system.
The magnitude and frequency of outrush transient are dependent upon the total equivalent inductance
between the capacitor bank and the fault, capacitor bank rating, and the point on the voltage waveform
where the breaker disconnects the circuit [23—25]. For further evaluation, a typical system layout and an
equivalent circuit are indicated in Figures 4 and 5, respectively. Use of CLI is an important discussion
to mitigate the inrush/outrush current and protect the electrical systems. In Y connected systems, CLI
can be used in different places between the switching device and the capacitor, between the bus and
switching device, or between the end of each capacitor bnak and the neutral point. Technically it is also
possible to distribute it throughout the capacitor bank (small inductors for each capacitor unit). Sizing
the CLI should be done in such a way that the transient inrush/outrush currents through the switching
device will not exceed its capability. The frequency and maximum capacity of outrush current are
illustrated in Eqs (2.2) and (2.3) respectively [26—28].

L2

System Ll
Inductance —>>

@_m_ Ipk Fault

Capacitor bank self
inductance-L1
T

Capacitor bank-C1

Figure 4. System diagram.

T—

= }:

€1 s Tvo

Figure 5. Equivalent circuit for outrush current calculation.
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1

7= LefCi

(2.2)

Ci

eq

ipk =Vy X (2.3)

where; f is frequency of transient outrush current, C is the total capacitance of discharging capacitor
bank, V) is initial voltage of C;, L, is self inductance of Cy, L, is inductance between capacitor and
fault and L., is equivalent inductance. For a three phase capacitor bank, a reasonable estimate of the
peak outrush current is illustrated in Eq (2.4):

. 1000 Q. kvar
l,,k:"37rf><\/ 7 2.4)

For 50 and 60 Hertz systems the equations are approximated as shown in the following equations:

. 3 kvar
ik = 5 \ QT (2.5)
. 4 [Qckvar
lpk = g Q I (26)

where; i, is peak current [kA], f is power system frequency [Hz], Q. is capacitor bank rating [Kvar],
and L is inductance per phase between capacitor bank and fault [u H].

3. Outrush current evaluation and mitigation in NEPS

Although hand calculations can make some estimations of capacitor outrush transients, an EMTP
study is required to model the complex behaviours of the power system. Once the model is developed,
many scenarios can be simulated and detailed statistical studies can be performed. In this study two
scenarios are considered to investigate the challenges created by installed SCBs along NEPS. Through
the first scenario, outrush current is evaluated during three phases to ground fault, nearby 25 Mvar
capacitor bank in Pule Khumri substation (Figure 6). Based on simulation result, an outrush current is
injected by the installed capacitor bank toward the faulted point when circuit breaker (S-PL-3) operates
to disconnect the circuit. Outrush current produced with high amplitude (11.5 kA) and considerable
rate of rising (2.61 kA/us) as presented in Figure 7 can severely damage the circuit breakers and
unstable whole the system. To properly visualize the negative impacts of installed SCB into a nearby
fault, the same scenario is considered with ignoring capacitor bank, as result has shown in Figure 8.
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Figure 6. Location of the fault and capacitor bank.
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Figure 7. Outrush current injected by 25 Mvar SCB at Puli Khumri substation.
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In the second scenario, the outrush current is evaluated by assuming three phases to ground fault at
Chimtala substation, as presented in Figure 9. Based on calculation and simulation result, an outrush
transient with a peak value of 6.5 kA and intensive rate of raising of 2.14 kA/us is injected by the
installed 120 Mvar SCB into the faulted point as shown in Figure 10.
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Figure 9. Three phase to ground fault at Chimtala substation.
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Figure 10. Peak and rate of rise of outrush current at Chimtala substation.
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To mitigate the injected outrush current as well as to protect the system, 3 mH and 2 mH inductors
are applied in series with each considered capacitor banks in Pule Khumri and Chimtala substations
respectively. The values of integrated CLIs are calculated based on trial and error experiments as
well as a minimum/maximum allowable limit to fulfil the network’s withstand capability. Diagram of
the system and mitigated outrush current for each considered scenario is presented in Figures 11-13,
respectively.
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Figure 11. Applied CLI capacity at Pule Kumri and Chimtala substations.
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Figure 12. Limited outrush transient at Pole Khumri substation.
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Figure 13. Limited outrush transient at Chimtala substation.

4. TRV analysis

CLIs application along NEPS provoke a possibility that if a fault occurs in such a way an excessive
TRV can be imposed across the contacts of the circuit breaker when disconnecting the circuit. This is
due to the high frequency of the inductor, which causes high-frequency oscillation on the load side of
the circuit breaker when their is an attempt to interrupt the faulted circuit. TRV is a voltage, recovers or
jumps back up to rated level across the contacts of a circuit breaker in electrical networks [29,30]. To
confirm the robustness of the proposed approach, a sensitivity analysis based on TRV is applied in this
study as well. For further evaluation, an EMTP calculation is performed to evaluate the TRV across
the contacts of circuit breaker (S-PL-2) when a three-phase to ground fault considered in Pule Khumri
substation. The result is shown in Figure 14 confirm that there is no excessive voltage produced by
integrated CLIs on the NEPS.
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Figure 14. TRV across terminals of circuit breaker (S-PL-2) in Pule Khumri substation.

5. Discussion

Fast transients due to inrush/outrush produce by capacitor banks causes a change in circuit
configuration and create high di/dt in electrical networks. Transient currents and other power quality
disturbances cause techno-economical losses due to damage of equipment and loss of electricity
production. CLI can be used to reduce the di/dt and enhance, transient ground rise potentials. It often
used in series with each capacitor bank to limit transient currents during switching (inrush current) or
faults (outrush current). This study investigated the transient outrush current created by the installed
SCBs along the NEPS in Afghanistan. For appropriate investigation, the calculations are performed
by using EMTP, ATP package. Based on the simulation results, the energized SCBs are gating
discharge with a high amplitude and frequency into the nearby fault when the associated circuit
breaker is disconnecting the circuit. To mitigate the outrush transient and protect the system, a set of 3
mH and 2 mH CLI is integrated with both installed SCBs in Pule Khumri and Chimtala substations
respectively [31].

Sizing the fixed inductors has been done in such a way that outrush currents through the switching
device would not exceed the device’s capability. The values of CLIs are calculated based on trial and
error experiments as well as a minimum/maximum allowable limit to fulfil the network’s withstand
capability. Limited outrush current for considered locations are indicated in Table 1. CLI integration
otherwise may cause some unfortunate consequences by causing overvoltage that can fail circuit
breakers. To limit the severity of the initial TRV across contacts of circuit breaker and confirm the
robustness of the proposed approach, a sensitivity analysis based on TRV, is applied as well. Based on
simulation result the peak and voltage acceleration associated with the initial TRV is less than that
resulting from the ANSI-specified rate of rising of recovery voltage of 1.8 kV/us [30].
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Table 1. Outrush transient before and after CLI application.

Capacitor RROC Applied Imax [kA] RROC
location Tmax [kA] [kA/u sec] reactor limited [kA/u sec]
[mH] limited
Puli Khumri 11.5 2.61 3 4.6 18.5
Cimtala 6.5 2.14 2 4.3 15.3

6. Conclusions

Though their are numerous advantage associated with the use of capacitor bank for voltage
improvement in power system. However, it usually has some drawbacks in terms of transient currents
which affect the quality of power supply and exceed the withstand capability of associated equipment.
This paper investigated, inconveniences caused due to outrush current injected by capacitor banks into
nearby faulted point along NEPS in Afghanistan. Enhancing the capability of associated equipment
with higher dielectric tolerance to withstand outrush transient, require higher renovation cost, which
is economically infeasible. The CLI integrated with each considered capacitor bank, successfully
reduced the severity of outrush currents, enhanced the interrupting capability of circuit breakers and
improved the quality of power supply. As the use of CLI would otherwise create some excessive TRV
which could exceed the withstand capability of circuit breakers. Therefore, a sensitivity analysis
based on TRV is applied to confirm the robustness of the proposed approach. This approach allowed
the mitigation of outrush current problem without exceeding the TRV across contacts of circuit
breakers. Overall the safety and reliability of the NEPS are enhanced by using the proposed
configuration.
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