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Abstract - Reactive power compensation improves voltage regulation, reduces power losses, and
enhancesthe reliability ofelectrical systems. In medium-voltage (35 kV) networks, static capacitor
banks (SCBs) are widely used for reactive power compensation. However, direct connection of
SCBs to substation bus systems forms switching circuits with very low active resistance, causing
severe transientovervoltagesduring switching operations, particularly under synchronous three -
phase switching with non-simultaneous zero crossing of phase currents. This work assesses
conventional SCB connection schemes and evaluates switching overvoltages for SCBs equipped
with discharge elements of various types and resistances, as well as analyzes effective protection
measures. The study employs mathematical modeling via computer simulation in the OrCAD X
Professional environment. Results show that SCB energization both without discharge elements
and with voltage transformers or resistors of 119 kQ and 120 kQ leads to voltage increases 0f
1.4-1.7 times, while SCB disconnection produces dangerous overvoltages in substation bus
systems. Surge arresters limit these overvoltages by a factor of 3—4, though frequent switching
may still accelerate insulation aging. Additional overvoltage mitigation isachieved by introducing
supplementary resistance into the switching circuit or by applying two-pole switching schemes.
The findings demonstrate the inefficiency of conventional SCB connection schemes and
substantiate practical methods for overvoltage protection.
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[5, 6]. Recent research has extensively explored the
mechanisms behind these high-frequency transients.
Studies have demonstrated that transient overvoltages are

I. Introduction

Improving power quality and maintaining voltage

stability are paramount for the reliability of modern
electrical power systems [1, 2]. Reactive power
compensation, particularly through the use of static
capacitor banks (SCBs) in 35 kV medium-voltage
networks, is a well-established practice to reduce power
losses and enhance transmission capacity [3, 4]. However,
the integration of SCBs into substation bus systems
introduces complex transient phenomena. The direct
connection of these banks often leads to severe switching-
induced overvoltages, which can accelerate insulation
aging and jeopardize the integrity of electrical equipment

particularly significant during synchronous three-phase
switching and under conditions where phase currents do
not cross zero simultaneously [7, 8]. The system’s
impedance, often characterized as "weak" in many
distribution topologies, further exacerbates these
overvoltage peaks, necessitating advanced damping
methods [9, 10, 11]. While traditional solutions such as
discharge elements and surge arresters remain the
standard [12, 13], emerging techniques including adaptive
preinsertion resistors and controlled switching strategies
have shown superior performance in mitigating transient
stress [14, 15, 16].
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Despite these advancements, many conventional SCB
connection schemes still lack the sophisticated control
required to suppress overvoltages in complex
renewable-integrated power systems [17, 18, 19]. The
evaluation of high-frequency transients through EMTP
and other simulation platforms has provided deep
insights into the impact of system parameters on
switching performance [20, 21, 22]. Furthermore, the
evolution of real-time monitoring and sensor fusion
technologies allows for better estimation of transient
parameters, paving the way for hybrid control
approaches that optimize switching sequences [23, 24,
25, 26).

Building upon this body of knowledge, this study
focuses on the specific challenges of 35 kV networks,
where SCBs serve as a primary means of reactive
power compensation [27, 28]. While previous works
have investigated fault-induced voltage recovery and
transient damping, there remains a critical need to
analyze the dependency of overvoltages on fault
currents during the clearance of short circuits in
medium-voltage environments [29, 30].

Despite the widespread use of conventional SCB
connection schemes, there remains a critical need to
evaluate their performance under extreme transient
conditions. Current literature often overlooks the
specific overvoltage risks associated with different
discharge element configurations in 35 kV networks.
This study addresses this gap by assessing conventional
SCB connection schemes and evaluating transient
overvoltages through detailed mathematical modeling.
The primary objective is to investigate the efficacy of
various protection measures and discharge resistance
values in limiting switching-induced overvoltages,
thereby substantiating practical strategies for enhancing
the insulation life and reliability of medium-voltage
substation systems.

IIOkVT 35 LkV

1. Methodology
I1.1. Methodology

The presented article is devoted to the determination
of overvoltages when switching on and off capacitor
banks equipped with discharge elements such as a
voltage transformer or a resistive element with
different resistance values. This problemis considered
in the part of the electrical network, the scheme of
which is shown in Figure 1.

The considered part of the network includes one
overhead and two 35 kV power transmission lines and
two substations a supply substation (SS) in which the
110 kV voltage of the supplied power is transformed
to 35 kV using a 110/35 kV transformer and a
distribution substation (DS) from which three loads
are powered. The load S;; = 10 MVA is directly
connected to the bus systems of this substation and
two loads S;,=13 MVA and S |3=7 MVA located at a
distance of 1 km and 1.2 km from this substation,
respectively, are powered by cable lines. The bus
systems of the distribution substation have a voltage
transformer, a compensation device (CD) (possibly
with a discharge resistance of DR), and all other
necessary elements.

It was assumed that in the considered part of the
network, the power factor is 0.69, and it should be
increased to 0.9. According to the values of these
power coefficients and the consumed active power, the
power of the compensating device is determined.

55
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VT

Figure 1. Electrical network diagram

Page 2



Gulgaz Ismayilova et al/ International Journal of Energetica (IJECA) Vol. 11, N°1, 2026, pp. 01-09

The considered part of the network includes one
overhead and two 35 kV power transmission lines and
two substations a supply substation (SS) in which the
110 kV voltage of the supplied power is transformed
to 35 kV using a 110/35 kV transformer and a
distribution substation (DS) from which three loads
are powered. The load S;; = 10 MVA is directly
connected to the bus systems of this substation and
two loads S;,=13 MVA and S ;3=7 MVA located at a
distance of 1 km and 1.2 km from this substation,
respectively, are powered by cable lines. The bus
systems of the distribution substation have a voltage
transformer, a compensation device (CD) (possibly
with a discharge resistance of DR), and all other
necessary elements [19-21].

It was assumed that in the considered part of the
network, the power factor is 0.69, and it should be
increased to 0.9. According to the values of these
power coefficients and the consumed active power, the
power of the compensating device is determined. The
definition is carried out according to the well-known
formula [22-25]:

Qcq = P (tan &; —tan @) ()

where, P — active power consumption, tan¢,and
tang, corresponds to the values of the power factor
cosgp,and cosg,. According to the setvalues of these
values, it is determined that Qcp=7.67 MVAR.
According to this value of the capacitor bank power,
the resistance of the discharge resistor was determined
by formula (1). It is found that this resistance is 119
kQ [26] .
As mentioned above, to discharge capacitor banks
after they are disconnected, a voltage transformer can
also be used as a discharge element, as an active-
inductive element. In the presented work, a voltage
transformer (VT) manufactured by Siemens, type
4MSF 36, the maximum power of which is 2000 VA.
The voltage on capacitor banks during their
switching on and off was determined by mathematical
modeling using computer technology [15, 21]. The
OrCAD X Professional algorithmic language was
used.
The calculations were carried out for cases in which it
was assumed that the discharge of capacitor banks is
carried out separately by a discharge resistor with a
resistance of 119 kQ, 120 Q, and a voltage transformer
(VT). Moreover, the calculation was performed with
VT in the presence and absence of surge arresters
(SA).

The calculation results are shown in Table 1 and in
Figures 2-3. In Table 1, the maximum values of these
values are shown in the upper rows, and their steady-
state values are shown in the lower rows.

I11. RESULTS and DISCUSSION
I11.1 Transients during Capacitor Bank Energization

As can be seen from the table, when the compensating
device is switched on in the absence of a discharge
resistance, the maximum voltage in phase A of the
busbar system (and in capacitor banks) increases from
a value of 24 kV corresponding to the normal mode to
a value of 41 kV (since the switch was carried out at
the time the voltage of phase A of the busbar system
passed through its maximum value). The maximum
voltages in the other phases are lower; they are 33 kV
and 32 kV, respectively. Subsequently, these voltages
decrease to their steady-state value, which is the same
in all phases and equal to 26 kV, which is 2 kV higher
than the values of these values under normal operation.
As can be seen, the voltage increase is 1.7 times in
phase A, and 1.4 times in phases B and C. Almost the
same increase in voltage is observed in load 1 (is an
active inductive load).

1.2  Transients during Capacitor Bank De-
energization

In the absence of discharge resistance, disconnecting
capacitor banks does not lead to dangerous voltage
values in them. When the switch is turned off, when
the phase A current pass through its zero value, the
voltages in phases A, B, and C are 26 kV, 10 kV, and
17 KV, respectively, which decrease to zero with the
establishment of a new mode. However, on the side of
the busbarsystem, there is a very dangerous increase in
voltages, especially in phases B and C, due to the
cutoff of high currents in these phases.

The voltage increase in phase A of the busbar systems
is 45 kV (an increase of 1.9 times), and in phases B and
C, respectively, 331 kV and 316 kV. At the time of
disconnection, the currents in phases B and C were
equal to +358 A and -358 A, respectively, and these
currents were cut off. The resulting overvoltages are
high-frequency with a very short duration. They fade
out within 2-3 milliseconds. Indeed, due to the fact that
capacitor banks are directly connected to bus systems,
the active resistance in this circuit has a very small
value (almost zero), and this leads to an abrupt increase
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in voltage with a short duration. Voltage curves in
capacitors and busbar systems when switching on and
off the control panel are shown in Figure 2. As can be
seen from Figure 2a, in the absence of a discharge
element, when disconnecting capacitor banks, the
decrease in their voltage is very slight (practically not
observed), since no discharge element would create a
condition for discharging capacitors when they are
disconnected.

111.3 Comparative Analysis of Discharge Elements

The calculation results for the case of a discharge
resistance with different values are also shown in Table
1. Compared to the case of switching on capacitor
banks in the absence of discharge resistance, if they are
switched on in the presence of such resistance with a
value of R=119 kQ (this value is determined according
to (1)), there are practically no changes in the voltage
values in bus systems, capacitor banks, and load 1,
respectively.

In the subsequent calculation, the resistance of the
discharge resistor was assumed to be one hundred
times less than the value R=119 kQ, ie., equal to 120
Q. As can be seen from the table, in this case, when
switching on capacitor banks, the voltage values in bus
systems, in capacitor banks, and in load 1 do not
change significantly. As noted above, this article also
discusses the use of voltage transformers to discharge
capacitor banks, and a Siemens, type 4MSF 36 was
used. According to the results, in the case of using a
voltage transformer, when switching on capacitor
banks, the voltage in them and in the busbar systems
are almost the same as in the case of using a resistive
element.

111.4 Effectiveness of Surge Arresters

From all of the above, it follows that the presence of
various discharge resistances during activation does not
practically affect the voltage values. However, the
difference in the busbar systems when switching off is
significant. As is known, the protection of substations
from overvoltage is carried out by surge arresters. The
results corresponding to the disconnection of the
capacitor banks show that in the presence of SA in the

bus systems, the overvoltages in them and in load 1
decrease by 3-4 times, i.e., up to 3.87 Up, which are
acceptable.

Thus, the DR located in the substation bus systems do
not allow the creation of excessively large
overvoltages, but very often the permissible maximum
overvoltages created will lead to rapid aging of the
insulation. The voltage curves in the busbar systems
when the capacitor banks are switched off and in the
presence of an DR are shown in Figure 2.

I11.5 Supplementary Protection Methods

Overvoltages in capacitor banks and in busbar systems
of the substation to which they are connected, and
consequently, in load 1, can also be limited by a
resistor connected in parallel to the fuses protecting the
SCB at high currents to increase the active resistance in
their switching circuit. The presence of such a resistor
in the circuit will make up for the lack of active
resistance in the switching circuit, and of course,
increasing the active resistance will reduce
overvoltages both when switching on and off the
capacitor banks. Such a resistor should be applied in
the following order. When switching on capacitor
banks, the branch with the resistor should be closed,
and the branch with the fuse should be open.
Immediately after performing the switch-on operation,
the branch with the fuse should be closed, and the
branch with the additional resistor should be open.
When disconnecting the capacitor banks, the branch
with the resistor should be closed, and the branch with
the fuse should be open. Operate by disconnecting the
capacitor banks. This article also discusses this
protection option for capacitor banks. From the results
of this calculation, shown in the Table. 1 shows that,
compared with the case of disconnecting capacitor
banks when using a voltage transformer as a discharge
element, adding a resistor connected in parallel to the
fuse reduces overvoltage in bus systems by 1.2 — 1.3
times.

It should also be noted that, instead of adding a resistor
to the trip circuit, two-pin switches can also be used.
Relevant conclusions have been drawn from the work
performed.
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Table 1. The voltage in the bus systems of the substation is 35 kV, in the capacitor banks,

and in aload of 1

Presence of a Uppys Uspus Uchus Ujch Ugch Ucen Usn Ui Ucn
discharge

element kv kv kv kv kv kv kv kv kv
Normal 235 24,0 23,9 0 0 0 239 23,6 234
mode

activation under 40,6 32,8 314 40,6 32,8 314 40,1 32,7 310
DR = 00 26,4 26,2 26,2 26,4 26,2 26,2 25,9 26,0 26,0
deactivation 45,2 331 316 25,9 93 16,7 44,9 205 203
under 23,7 24 24 0 0 0 238 23,7 23,7
DR = 00

activation under 40,5 324 31,2 40,5 32,4 31,2 39,9 32,0 30,8
DR=119 kQ 26,6 26,7 265 26,6 26,7 265 26,1 26,1 259
deactivation 274 284 311 27,0 123 14,8 26,7 199 223
under 239 24,2 23,6 0 0 0 238 238 23,6
DR=119 kQ

activation under 40,3 31,8 30,6 394 3.7 30,6 39,6 31,3 30,3
DR=120 kQ 259 264 26,1 257 25,9 26,1 25,7 255 25,7
deactivation 29,3 315 332 26,6 93 16,0 29,0 195 213
under DR=120 24,1 24,2 236 0 0 0 238 234 235
kQ

activation under 40,3 33,0 31,2 40,5 33,0 31,2 40,0 32,5 30,8
VT 26,7 259 26,6 26,1 26,1 26,1 26,0 26,0 26,3
deactivation 714 365 295 26,3 91 17,0 71,0 215 182
under 24,0 235 23,9 0 0 0 23,7 23,2 23,6
VT

activation under 31,0 254 24,0 31,0 254 24,0 28,6 319 30,8
VT and 264 26,2 26,2 26,4 26,2 26,2 25,8 25,9 259
additional DR

deactivation 54,9 281 227 20,3 291 7,2 54,6 165 140
under VT and 24,0 235 239 0 0 0 23,7 23,2 23,6
additional DR

activation under 404 32,7 31,3 40,4 32,7 31,3 39,9 32,3 30,9
VT and DR 32,2 26,5 26,7 25,8 26,4 26,1 26,4 26,2 26,4
deactivation 79 911 90,1 48,5 35,3 43,0 64,6 125 115
under 239 235 23,9 0 0 0 22,5 23,2 23,6
VT and DR

Figure 2 illustrates the transient response of capacitor
banks and busbar systems, highlighting the impact of
circuit parameters on overvoltage generation during
energization and de-energization. .
e 2(@) Shows persistent trapped charge post-
disconnection due to the absence of a discharge
path..
e 2(b) lllustrates the switching-induced overvoltages
during SCB de-energization, where current
chopping (at phase currents of +358 A) causes

severe high-frequency voltage spikes, reaching
peak magnitudes of 331 kV in phase B and 316 kV
in phase C.

2(c) A magnified view of the high-frequency
transients in the busbar system, illustrating the
rapid oscillation decay within 2-3 ms post-
disconnection, where the near-zero active
resistance leads to an abrupt voltage surge
approximately 1.9 times the nominal 24 kV
operating voltage in phase A.
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Figure 3 represents the mitigation effect of surge

arresters (SA) on transient overvoltages within the

substation busbar system during de-energization

events.

e Transient Suppression: lllustrates that the presence
of surge arresters effectively limits high-frequency
overvoltages.

e \ltage Limitation: Confirms that peak transient
levels are restricted to acceptable limits,
approximately 3.87 U, (90 KkV), preventing the
excessively high voltage spikes observed in the
absence of protection.

e System Stability: Demonstrates the rapid
stabilization of busbar voltages following the
disconnection of capacitor banks, ensuring
operational safety for substation equipment.

100KV

VA

-100KV
300ms 320ms 340ms 360ms
O V(N15750) < V(N03048) Vv V(N15784)

380ms 400ms 420ms 440ms

Figure 3. Voltage curves in busbar systems when switching off
capacitor banks and in the presence of an emergency

IV. CONCLUSION

This study investigated the transient phenomena

associated with the switching of 35 kV static capacitor

banks and evaluated various mitigation strategies to
protect electrical substation equipment. The main
findings are summarized as follows:

e Transient Characteristics during Switching: The
research analyzed the voltage profiles during both
energization and de-energization under various
discharge conditions. It was observed that
energizing the static capacitor banks results in a
14 to 1.7-fold increase in voltage across the
capacitor banks, substation bus systems, and
connected loads. Notably, this voltage rise is
independent of the type or resistance value of the
discharge element used.

e De-energization Risks: While de-energizing the
capacitor banks does not pose a threat to the
capacitors themselves, it generates severe and
dangerous overvoltages within the substation bus
systems and downstream loads. These transients
are particularly acute in phases B and C due to the
high-current chopping effect, occurring when the

phase A current passes through its zero-crossing
point.

o Efficiency of Surge Arresters: The integration of
surge arresters at the substation busbars was
identified as the most effective protective measure.
Surge arresters provide significant transient
suppression, limiting overvoltages by a factor of 3
to 4.

e Advanced Mitigation Techniques: To further
enhance grid resilience, the study proposes the use
of an additional resistor connected in parallel to
the protection fuses. This configuration reduces
de-energization overvoltages by an additional 1.2
to 1.3 times. Furthermore, the implementation of
two-pole circuit breakers is recommended as a
viable operational alternative to improve switching
control and minimize transient severity.

These findings provide a clear technical framework for
designing robust protection systems in 35 kV
distribution networks, emphasizing the necessity of
surge arresters and supplementary switching techniques
to ensure long-term equipment insulation integrity.
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