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Abstract
This paper presents a procedure for calculating
switching overvoltage on the main circuit breaker
of a medium-voltage (MV) cable feeder, to which
induction and/or synchronous generators are
connected, during a three-phase short circuit. When
a fault occurs, the feeder is disconnected by the
circuit breaker located at its beginning. After the
set operating time of the relay protection, since
islanded operation is not permitted, the connected
distributed generators will also be disconnected.
It is shown that, during the period when the
network is disconnected while the generators
remain connected, the overvoltage factor reaches
values between 2.2 and 2.5, depending on the types
of generators and the location of points of common
coupling. The individual transient responses
of the distribution network and the mentioned
types of distributed generators differ significantly.
Using the superposition theorem, the calculation
of switching overvoltage is demonstrated with
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1 List of symbols and abbreviations
1.1 Symbols
d, Distance (km); e, Instantaneous electromotive force
of the equivalent voltage source (kV); I , Current (kA);
i, Instantaneous current (kA); j, Imaginary unit (-);
L, Inductance (H); lfeeder, Feeder series-inductance
per unit length (H/km); m, Transformation ratio
(kV/kV); R, r, Resistance (Ω, p.u.); rfeeder, Feeder
series-resistance per unit length (Ω/km); S, Apparent
power (MVA); s, Slip (p.u.); S′′N , Sub-transient
short-circuit power of the medium voltage distribution
network (MVA); T , Time constant (s); t, Time (s); U ,
Voltage (kV); V , Voltage (kV); X , x, Reactance (Ω,
p.u.); Z, Impedance (Ω); α0, Initial phase angle of the
pre-fault voltage, i.e. phase angle corresponding to
the three-phase voltage magnitude at t = 0 s (rad); ϕ,
Phase angle of current with respect to voltage (rad); σ,
Total leakage factor (p.u.).
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1.2 Superscripts
′, Transient parameter; ′′, Sub-transient parameter.

1.3 Subscripts
0, Initial or pre-fault value; 1, Point that corresponds
to the terminals of the induction or synchronous
generator; a, Aperiodic constant; AB, AC, AF ,
Parameter that corresponds to the circuit between
the point A to another point; AB, BC, CF ,
Parameter of the circuit between two points; d,
Direct-axis short-circuit parameter; e, Equivalent
circuit parameter; F , Variable that corresponds to the
circuit between the points C and F; feeder, Parameter
of the feeder; IG, Induction generator’s parameter or
variable; B− IG, Induction generator connected at the
point B; IGT , Parameter of the induction generator
step-up transformer; L, Variable that corresponds to
the circuit between the points B and C; left, right,
Parameter or variable of the universal equivalent
circuit on the left or right side from the distributed
generator or medium voltage distribution network,
respectively;m, Magnetising circuit parameter;max,
Maximum value; N , Medium voltage distribution
network’s parameter or variable; n, Rated value; r,
Rotor circuit parameter; s, Stator circuit parameter;
sc, Short-circuit value; SG, Synchronous generator’s
parameter or variable;B−SG, Synchronous generator
connected at the point B; SGT , Parameter of the
synchronous generator step-up transformer; source,
Parameter or variable of the universal equivalent
circuit, in the branch representing the inputs; x, where
x = IG, x = N or x = SG, Variable that corresponds
to the input; σ, Parameter that corresponds to the
leakage flux.

1.4 Abbreviations
DG, Distributed generator; IG, Induction generator;
MV, Medium voltage; SC, Short-circuit; SG,
Synchronous generator.

2 Introduction
The most frequent fault in an electric power system
(EPS) is a single-phase earth fault. If the fault occurs
at the voltage peak, the overvoltage factor may reach
values of up to 2.7 [1]. During the clearing of a
three-phase fault, the overvoltage factor may also
attain high value. For instance, in a passive electrical
distribution network 10kV, the overvoltage factor
at the main circuit breaker, in the case of a busbar
three-phase short circuit, is 1.997 [1].
There is not much available literature addressing the

issue of switching overvoltages in active distribution
networks. The over-voltage issue in low voltage
distribution networks with high penetration of
PVs is analyzed in [2]. A two-level voltage control
methodology is proposed to deal with the over-voltage
problem. The paper [3] reviews technical and
operational barriers such as voltage fluctuations,
congestion, and intermittency in RES-dominated
grids. A novel three-layered implementation
framework is proposed- comprising component,
service, and regulatory layers- that unifies device-level
technologies, grid services, and policy instruments
into one coordinated roadmap. In power systems,
single-phase earth faults are the most common
type of fault. When a three-phase four-wire system
supplied by an ungrounded synchronous generator
is subjected to SLG faults, the unfaulted phases
are expected to exhibit significant ground-fault
over-voltage (GFOV). Mitigation of this is via
effective grounding, as described in IEEE Std 62.92.2.
However, for inverter-based resources (IBRs),
the physical mechanism that leads to GFOV in
synchronous machines is not present. The paper
[4] investigates whether GFOV is a problem in IBRs,
and whether conventional mitigation requirements,
such as providing a grounding transformer (GTF),
are suitable for IBR installations. An overvoltage
adjustment strategy based on integrated voltage
sensitivity in active distribution networks, focusing on
the impact of photovoltaic energy sources on voltage
regulation is discussed in [5]. In [6], a new method
was introduced and evaluated to address the decline
in power quality in distribution networks. Unlike
previous studies, this approach considered random
fluctuations in both individual loads and distributed
generators over time focusing on improving the grid
performance variables such as voltage profile index
and power losses. The research paper [7] presents the
impact of voltage rise effect and reverse power flow
constraint in power systems with a high concentration
of renewable distributed generators (RDG). The
analysis is conducted on a sample distribution
network (DN), i.e., IEEE 13-bus test system, with RDG
penetration by considering the most critical scenario
such as low power demand in DN and a peak power
injection by RDG. For studying the impact of voltage
rise and reverse power flow, a mathematical model of
a DN integrating RDG is developed. The study [8]
conducts a comprehensive evaluation, encompassing
both steady-state and transient behaviours, leading to
a holistic assessment of a real-world biogas generation
system integrated into a medium-voltage network.
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The key contributions of this study include identifying
the effects of distributed generation systems (DGSs)
on short-circuit currents, protection coordination, and
defining voltage levels that briefly exceed the CBEMA
quality curve. Ref. [9–16] focuses on the behavior of
inductive, resistive, solid-state, and superconducting
FCLs, including their transient response during fault
interruption, their dynamic impedance characteristics,
and their ability to reduce switching overvoltages.
This paper proposes a methodology for calculating
overvoltages in an active distribution network, in
which distributed energy resources of different types
are connected to the feeder, under the condition of a
three-phase short circuit. The calculation is performed
for a fault occurring at the most unfavorable moment,
while taking into account the following two facts:
• Circuit breakers interrupt the current at the instant

when it reaches zero;
• On a feeder with distributed power plants

connected, the fault currents contributed by the
generators do not reach their peak values at the
same time as the fault current supplied from the
grid [1, 17–20].

The analyses presented in this paper are conducted for
a section of an active distribution network of nominal
voltage 10kV, whose single-line diagram is shown in
Figure 1, and for which the three-phase short-circuit
current calculations were carried out in [17–20].
The feeder is supplied from the medium-voltage
network, and different types of distributed generation
(DG) may be connected at points B and C (if an
induction generator, IG, is connected at point B, then
a synchronous generator, SG, is connected at point
C, and vice versa). The ratings of the IG and SG
are selected such that, at no point and at no moment
during normal operation, does an impermissible
voltage rise occur, nor does any section of the feeder
become overloaded. For a fault occurring at the
most unfavorable instant, the times at which the
corresponding fault currents reach their maximum
values fall within the range from t = 0.005s to t =
0.011s.
After the fault current is interrupted by the circuit
breaker at point A, the circuit is separated into
two segments in which independent transient
phenomena take place: the transient process on the
medium-voltage (MV) network side and the transient
process on the feeder side.
The transient response on the network side is

characterized by two components. The first is driven
by the system excitation and is referred to as the forced
(steady-state) component. The second represents the
natural response of the circuit, decays over time, and
is referred to as the transient (dc-offset) component
[1].
The transient process on the feeder side is determined
by the currents supplied from the connected
distributed generators (DGs) toward the fault location.
These currents must be interrupted by the circuit
breakers associated with the DG units. Only after
these currents are fully cleared does the system
enter the transient phase governed by the residual
electrostatic and electromagnetic energy stored in the
feeder capacitances and inductances–a phenomenon
also presents in conventional (passive) electrical
distribution networks.
The current is interrupted at instant tp. For t < tp, the
circuit breaker is closed and conducts the current i(t).
For t ≥ tp, the circuit breaker is open. The breaker is
assumed to be ideal: when closed, its impedance is
zero, and when open, its impedance instantaneously
becomes infinite.
The voltage ulr (t) across the circuit breaker contacts
after current interruption is given by

ulr (t) = ul (t)− ur (t) (1)

where ul (t) and ur (t) denote the voltages at node l
and node r of the breaker, respectively [1].
The voltage difference ulr (t) that arises across
the breaker terminals immediately after current
interruption is defined as the transient recovery voltage
(TRV) [1]. In TRV calculations, circuit breakers are
commonly represented by idealized models assuming
instantaneous current interruption at current zero
and infinite post-interruption insulation strength.
These simplifications leading to a conservative
estimation of the TRV peak value. Such assumptions
are consistent with IEC-based verification and ensure
design robustness. Detailed time-domain simulations
incorporating breaker-specific characteristics are
required when accurate assessment of insulation
margins and restrike risk is needed.

3 Calculation of the Voltage ul(t)

After the fault current is interrupted from the network
side, the portion of the system to the left of the circuit
breaker can be represented by the equivalent circuit
shown in Figure 2.
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Figure 1. Diagram of the analyzed section of the electrical
distribution system [20].

The current flowing toward the fault location, denoted
as in,s (t) , can be calculated using eq. (2) [17–19]:

in,s (t) =
√

2 · Uns√
3

1

Zn
· sin (ωs · t+ α0 − ϕn)−

√
2 · Uns√

3

1

Zn
· sin (α0 − ϕn) exp

(
− t

Tn

) (2)

and the voltage ul (t) , according to [1], is obtained
from

ul(t) =
ω2
i

ω2
i − ω2

·
√

2 · Uns√
3
· [cos (ω · t)

− exp (−δ · t) · cos (ωi · t)]
(3)

where
δ =

Rn
2 · Ln

, ωi =
1√

Ln · Cl
(4)

Figure 2. Equivalent network circuit for calculating the
voltage ul(t).

4 Induction Generator Model
In the case of a three-phase short circuit at the generator
terminals, a sufficiently accurate representation is

obtained by using a voltage-source model in series
with the transient direct-sequence impedance of the
induction generator, as shown in Figure 3. In Figure 3:

V
′

=
∣∣∣Us,0 +

(
Rs + j ·X ′s

)
· Is,0

∣∣∣ (5)

where Us,0 and Is,0 denote the stator terminal voltage
and the induction generator (IG) current prior to the
fault occurrence, respectively.
The current flowing from the IG toward the fault
location, denoted as iIG,s (t) , is calculated from eq.
(6) [17–19]:

iIG,s (t) =
√

2 · Uns√
3 Z ′s

·
[
exp

(
− t

T ′s

)
· sinα0

− (1− σ) · exp

(
− t

T ′r

)
· sin(ωs · t+ α0)

] (6)

Figure 3. (a) Equivalent circuit of a squirrel-cage induction
generator for determining the direct-sequence impedance.

(b) Voltage-source model in series with the transient
direct-sequence impedance of the IG.

5 Synchronous Generator Model
For the case of a bolted three-phase short circuit at
the synchronous generator (SG) terminals, the current
flowing from the SG toward the fault location, denoted
as iSG,s (t) , can be calculated using the following
expression [17–19]:

iSG,s (t) = −
√
2 ·

Uns√
3
·
(

1

Z
′′
d

−
1

Z
′′
d

)
· exp

(
−

t

T
′′
d

)
· cos

(
ωs · t +

π

2
− ϕSG

)

−
√
2 ·

Uns√
3
·
[(

1

Z
′
d

−
1

Zd

)
· exp

(
−

t

T
′
d

)
+

1

Zd

]
· cos

(
ωs · t +

π

2
− ϕSG

)

+
√
2 ·

Uns√
3
·

1

Z
′′
d

· exp
(
−

t

Ta

)
· sinϕSG

(7)

Detailed comparative analysis between synchronous
and induction machines for distributed generation
applications is presented in [21].
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6 Calculation of the Voltage ur(t)

After the circuit breaker at point A is opened, the
currents flowing from the connected distributed
generators toward the fault location are determined
by applying the superposition theorem, as shown in
[17–20]. Once the currents are obtained, the voltage
at point r is determined depending on which DG is
closer to the given point, as illustrated in Figures 4 and
5.
By applying the procedure from [17–20], the currents
flowing from the IG and SG toward the fault location
are obtained as:

iIG (t) = iIG,s (t) + iSG−IG (t) (8)
iSG (t) = iSG,s (t) + iIG−SG (t) (9)

If the connection point of the IG is closer to point r, the
voltage ur (t) is calculated according to:

ur (t) = −L′′
SG,e
· diSG (t)

dt
−RSG,e · iSG (t)

+
√

2 · Uns√
3
· sin (ωs · t+ α0)

(10)

and if the connection point of the SG is closer to point
r, then:

ur (t) = −L′′SG,e ·
diSG (t)

dt
−RSG,e · iSG (t)

+
√

2 · Uns√
3
· sin(ωs · t+ α0)

(11)

Figure 4. Diagram for determining the voltage ur (t) in the
case where the IG is closer to point r.

7 Analyzed cases and input data for the
calculation

By applying the previously described procedure,
an analysis of the overvoltage coefficient

Figure 5. Diagram for determining the voltage ur (t) in the
case where the SG is closer to point r.

Klr = max

∣∣∣∣ ulr(t)√
2·Uns√

3

= ul(t)−ur(t)√
2·Uns√

3

∣∣∣∣ will be performed,
depending on whether and where DG units of a given
type are connected to the feeder, as shown in Figure 1.
The value of the voltage ul (t) does not depend on the
configuration on the load side.
The value of the voltage ur(t) will be calculated for the
following cases:
• One IG is connected to the feeder at one of the

points A,B,C or F . These cases are designated
by the notation EX−IG, X = A,B,C, F .

• One SG is connected to the feeder at one of the
points A,B,C or F . These cases are designated
by the notation EY−SG, Y = A,B,C, F .

• One IG and one SG are connected to the feeder,
with the IG being closer to the supply busbars than
the SG. These cases are designated by the notation
EX−IG − EY−SG, with the following conditions:

– If X = A, then Y = B,C, F ;
– If X = B, then Y = C,F ;
– If X = C, then Y = F .

• One SG and one IG are connected to the feeder,
with the SG being closer to the supply busbars
than the IG. These cases are designated by the
notation EY−SG − EX−IG, with the following
conditions:

– If Y = A, then X = B,C, F ;
– If Y = B, then X = C,F ;
– If Y = C, then X = F .

Therefore, the analysis will be performed for 20
connection scenarios, each evaluated for three
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Table 1. Data on the case study that is defined by Figure 1.
Component or
initial conditions Data

Radial MV feeder

• Feeder section lengths: dAB = 0.5 km, dAC = 1 km, and dAF = 1.5 km
• Three single core cables with copper conductors, conductor cross-sectional area of
150 mm2, and ampacity of 350 A
• Feeder series-resistance and series-inductance per unit length: rfeeder = 0.12 Ω/km,
and lfeeder = 0.32 · 10−3 H/km

MV distribution
network

• Rated voltage: Un,N = 10 kV
• S′′N = 250 MVA, Ta,N = 0.05 s, RN = 0.025 Ω, and LN = 1.27 · 10−3 H

Induction
generator

• Rated parameters: Sn,IG = 2.5 MVA, Un,IG = 0.69 kV, rs = 0.004843 p.u., xσs =
0.1248 p.u., rr = 0.004347 p.u., xσr = 0.1791 p.u., and xm = 6.77 p.u.

Induction
generator step-up
transformer

• Rated parameters: mn,IGT = 10/0.69 kV/kV, Sn,IGT = 4 MVA, rIGT = 0.01 p.u.,
and xIGT = 0.05 p.u.

Synchronous
generator

• Rated parameters: Sn,SG = 2.5 MVA, Un,SG = 0.48 kV, x′′d = 0.125 p.u., x′d = 0.227
p.u., xd = 3.064 p.u., T ′′d0 = 0.0132 s, T ′d0 = 4.965 s, and Ta,SG = 0.0262 s

Synchronous
generator step-up
transformer

• Rated parameters: mn,SGT = 10/0.48 kV/kV, Sn,SGT = 4 MVA, rSGT = 0.01 p.u.,
and xSGT = 0.05 p.u.

Initial conditions • It is assumed that the MV distribution network and two DGs were operating at
no-load before the fault occurs

current-interruption times tp. Considering the
characteristics of the relay protection system
components, the first two values of tp are theoretical.
The parameters required for the calculation are given
in Table 1.

8 Calculation results
First, the most unfavorable instant of fault inception
was determined, that is, the value of the angle α0.
The component that exerts the greatest influence on
equipment stress is the current in(t) flowing from the
grid. If the fault occurs at the instantα0 = 0.84·πwhen
current reaches its maximumvalue, the resulting stress
will be the highest [20]. The overvoltage calculation
was performed from the moment the current in(t) was
interrupted, i.e., at the instant tp.

Table 2. Overvoltage coefficient values for the case when
only the IG is connected to the feeder.

The analyzed case
EA−IG EB−IG EC−IG EF−IG

tp[s] The value of the overvoltage coefficient
0.01639 2.230 2.237 2.244 2.249
0.03581 2.202 2.206 2.211 2.215
0.05572 2.177 2.177 2.177 2.176

The calculation results are presented in Tables 2, 3, 4,
and 5, based on which the following conclusions can

Table 3. Overvoltage coefficient values for the case when
only the SG is connected to the feeder.

The analyzed case
EA−SG EB−SG EC−SG EF−SG

tp[s] The value of the overvoltage coefficient
0.01639 2.501 2.509 2.517 2.526
0.03581 2.450 2.455 2.460 2.465
0.05572 2.422 2.426 2.431 2.435

be drawn:
• The overvoltage magnitude decreases as the

interruption time tp of the current in(t) increases;
• If only one DG unit (IG or SG) is connected to

the feeder, the overvoltage coefficient increases
with the distance of the generator interconnection
point from the supply busbars. The overvoltage
is higher when only the SG is connected to the
feeder;

• If both types of generators are connected to
the feeder, the overvoltage magnitude is lower
compared to the case when only a single DG unit
is connected;

• If both types of generators are connected to the
feeder, the overvoltage magnitude is higher when
the IG is closer to the supply busbars (and the SG
is closer to the fault location).
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Table 4. Overvoltage coefficient values for the case when both generator types are connected to the feeder, with the IG
located closer to the supply busbars.

The analyzed case
EA−IG − EB−SG EA−IG − EC−SG EA−IG − EF−SG EB−IG − EC−SG EB−IG − EF−SG EC−IG − EF−SG

tp[s] The value of the overvoltage coefficient
0.01639 2.248 2.240 2.233 2.245 2.243 2.242
0.03581 2.220 2.208 2.203 2.211 2.207 2.212
0.05572 2.183 2.179 2.177 2.182 2.178 2.180

Table 5. Overvoltage coefficient values for the case when both generator types are connected to the feeder, with the SG
located closer to the supply busbars.

The analyzed case
EA−SG − EB−IG EA−SG − EC−IG EA−SG − EF−IG EB−SG − EC−IG EB−SG − EF−IG EC−SG − EF−IG

tp[s] The value of the overvoltage coefficient
0.01639 2.083 2.081 2.079 2.083 2.082 2.084
0.03581 2.060 2.064 2.063 2.064 2.065 2.064
0.05572 2.055 2.056 2.055 2.058 2.052 2.054

Finally, Figures 6–9 show the time-domain variations
of overvoltage for several of the analyzed scenarios. In
Figures 6-9, the X-axis shows the time elapsed since
the fault occurrence, expressed in calculation steps,
and the Y-axis shows the values of the coefficientKlr.
In general, the remaining scenarios exhibit the same
waveform shape, with differences only in amplitude.
Based on these plots, the following conclusions can be
drawn:
• The transient response is damped more rapidly

when only the IG is connected to the feeder;
• If both DG types are connected to the feeder, the

transient response is damped more rapidly when
the IG is located closer to the supply busbars than
the SG.

Figure 6. Time-domain variation of overvoltage for the case
in which the IG is connected at point A (the calculation

time step is 3µs).

9 Conclusion
This paper presents the procedure and results of
calculating the switching overvoltage at the main
circuit breaker of a medium-voltage cable feeder to

Figure 7. Time-domain variation of overvoltage for the case
in which the SG is connected at point A (the calculation

time step is 3µs).

Figure 8. Time-domain variation of overvoltage for the case
in which the IG is located closer to the supply busbars than

the SG (the calculation time step is 3µs).

which induction and/or synchronous generators are
connected during a three-phase short circuit. The
models of all system components are known. An
analysis was carried out to assess the influence of the
DG type and the generator interconnection point on
the overvoltage magnitude. The results demonstrate
the following:
• The overvoltage magnitude decreases as the

88



ICCK Transactions on Electric Power Networks and Systems

Figure 9. Time-domain variation of overvoltage for the case
in which the SG is located closer to the supply busbars than

the IG (the calculation time step is 3µs).

interruption time of current increases;
• If only one DG unit (IG or SG) is connected to

the feeder, the overvoltage coefficient increases
with the distance of the generator interconnection
point from the supply busbars. The overvoltage
is higher when only the SG is connected;

• If both types of generators are connected to
the feeder, the resulting overvoltage is lower
compared to the case when only a single DG unit
is connected;

• If both types of generators are connected to the
feeder, the overvoltage is higher when the IG is
located closer to the supply busbars (and the SG
is closer to the fault location);

• The transient response is damped more rapidly
when only the IG is connected to the feeder;

• If both DG types are connected to the feeder, the
transient response is damped more rapidly when
the IG is located closer to the supply busbars than
the SG.

Generally speaking, the shape of the presented graphs
corresponds to that of the respective graphs in passive
distribution networks. The oscillations that can be
observed are a result of the different responses of
the supplying network, synchronous generators, and
induction generators to faults in the system.
In the available literature, we were unable to find
studies that have analyzed a similar problem, and
therefore we are unable to compare our results with
those of other authors.
Research on switching overvoltages and transient
processes in active distribution networks has
increasingly focused on the impact of distributed
energy resources and power electronic interfacing
on network transient behavior. The presence of

inverter-based generation significantly alters the
magnitude, frequency content, and damping of
switching transients compared to conventional
passive electrical distribution networks. Particular
attention is devoted to transient interactions between
vacuum circuit breakers, cable feeders, and distributed
generators, which may lead to fast overvoltages and
increased insulation stress. Consequently, advanced
electromagnetic transient modeling and insulation
coordination approaches are required to ensure
reliable operation of contemporary active distribution
systems.
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Appendix: The application of the theorem of
superposition [20]
The theorem of superposition states that in any linear
circuit having more than one input (voltage or current
source), the response (voltage across or current
through a component) to a sum of inputs is the sum
of the responses (voltages across or currents through
that component) to each input applied separately. In
particular, this means that the contributions of each
source (MV distribution network, IG or SG) to the
instantaneous output currents should be calculated
separately under the assumption that all remaining
sources are short-circuited.
The theorem of superposition will be applied to
the case study defined by Figure 1, that is, the
radial MV feeder with one IG at the point B, one
SG at the point C, and the three-phase bolted
SC at the point F. According to the theory and
Figure 1, there are three inputs, independent current
sources (MV distribution network, IG, and SG),
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Figure A1. Equivalent circuits of the case study under consideration in the case when A, MV distribution network, B, IG,
C, SG acts alone, while the two remaining sources are short-circuited.

and five outputs, the instantaneous output currents
iN (t), iIG(t), iL(t), iSG(t), and iF (t) in kA.Accordingly,
the contributions of each input to the outputs are
calculated separately under the assumption that all
remaining inputs are short-circuited. Figure A1

illustrates the case when the MV distribution network
acts alone with the IG and SG are replaced by
short-circuits. Figure A1(B) corresponds to the
case when the IG acts alone, while Figure A1(C)
corresponds to the case when the SG acts alone.
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