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ABSTRACT

Switching and temporary overvoltages pose critical
challenges to the reliable operation of extra-high-voltage
(EHV) transmission networks. This study analyzes
the 500 kV Pakbeng—Tha Wang Pha (PKB-TWP) cross-
border interconnection between Laos and Thailand, an
essential corridor for regional hydropower integration.
A probabilistic electromagnetic transient model was
developed in PSCAD/EMTDC to evaluate switching
overvoltages and temporary overvoltages under realistic
operating conditions. Monte Carlo simulations incorpo-
rating Gaussian breaker-pole scatter and representative
temporary overvoltage scenarios—such as the Ferranti
effect, load rejection, and transformer inrush—were per-
formed. Uncontrolled line energization produced surges
up to 2.251 p.u., while reclosing after three-phase-to-
ground faults reached 3.445 p.u., both exceeding the =~ 2.0
p-u. insulation coordination threshold. The use of 444 kV
metal-oxide surge arresters and 110 Mvar shunt reactors
together brought all surges below 2.0 p.u., meeting
the IEC 60071-2 withstand requirements. Temporary
overvoltages were contained within an acceptable level:
1.157 p.u. (Ferranti effect), 1.317 p.u. (90% load rejection),
and 1.71 p.u. (transformer inrush). Spatial analysis
identified resonance hotspots near midline sections,
emphasizing the importance of distributed monitoring.
Overall, the PKB-TWP interconnection was verified to
be technically robust, and the proposed methodology
provides a practical framework for future EHV insulation
coordination in Southeast Asia.
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1. INTRODUCTION

High-voltage transmission systems are vulnerable
to transient overvoltages, particularly those caused
by switching operations and operational disturbances.
These overvoltages, if not adequately mitigated, can com-
promise insulation strength, accelerate equipment aging,
and in extreme cases threaten system security. In extra-
and ultra-high-voltage networks, switching overvoltages
and temporary overvoltages are of particular concern
because they are influenced by line resonance, weak-grid
interactions, and transformer energization phenomena
[1].

In Southeast Asia, the rapid development of regional
power exchange has heightened the importance of robust
insulation coordination. The 500 kV PKB-TWP transmis-
sion corridor, spanning approximately 120 km, plays a
critical role in delivering hydropower from Laos to the
Thailand power grid. However, the project faces several
technical challenges, including long line lengths that
amplify the Ferranti effect, weak short-circuit strength
at the receiving end, and frequent reclosings due to
lightning strikes in the region. The Nam Theun 2-Roi Et
2 interconnection has shown that energization without
protection can cause surges exceeding 2.0 p.u., which
exceed insulation capability [2], [3]. Previous work [4]
developed a simplified arc model for evaluating single-
phase reclosing in 500 kV systems, which provided the
basis for extending this overvoltage study to transient
phenomena.

Recent studies emphasize probabilistic approaches
over traditional deterministic methods for assessing
switching surges. Deterministic methods rely on fixed
breaker-closing angles and often underestimate the
stochastic variation observed in practice [4], [5]. In
contrast, probabilistic Monte Carlo simulations capture
variability in pole scatter and yield realistic probability
envelopes, making them widely adopted in UHV studies
[5]-[6]. At the same time, temporary overvoltages
arising from the Ferranti effect, load rejection, and trans-
former inrush continue to pose significant challenges for
500 kV-class interconnections [1], [7].

This paper investigates the switching and temporary
overvoltage performance of the 500-kV PKB-TWP trans-
mission system using a probabilistic electromagnetic
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transient simulation framework. The key contributions
of this study are summarized as follows:

e A detailed dynamic modeling approach is devel-
oped, incorporating frequency-dependent phase-
domain line modeling and nonlinear representa-
tions of transformers, generators, shunt reactors,
surge arresters, and circuit breakers to capture
both fast-front and slow-front overvoltages accu-
rately.

o A statistical switching mechanism is introduced by
modeling circuit-breaker pole scatter as a Gaussian
random variable, enabling realistic estimation of
switching-surge variability under practical operat-
ing conditions.

e A Monte Carlo Simulation framework is formu-
lated to obtain percentile-based overvoltage in-
dices (95th and 98th percentiles) in accordance
with IEC 60071-2, providing a probability-based
insulation coordination methodology for EHV sys-
tems.

o Comprehensive analysis is performed for multiple
operating scenarios, including line energization,
reclosing, load rejection, transformer energization,
and long-line Ferranti effects within the Laos-
Thailand 500-kV corridor.

The structure of this paper is organized as follows.
Section 2 presents the dynamic EMT modeling approach
and probabilistic switching methodology. Section 3
provides the problem formulation, component modeling,
and Monte Carlo evaluation process. Section 4 discusses
the results of switching and temporary overvoltages
under various operational scenarios, which present
engineering implications and reliability considerations.
Finally, Section 5 concludes the major findings of this
study.

2. SYSTEM DESCRIPTION

Fig. 1 illustrates the transmission system analyzed
in this study, based on the planned 500 kV PKB-
TWP double-circuit interconnection linking the Lao PDR
power grid and Thailand’s national power system. The
sending end comprises 14 generators totaling 57 MVA
and 11 kV hydro generators, for a total generation
capacity of 798 MVA. Each generator is connected to a
63.3-MVA, 525/11-kV step-up transformer, resulting in
an overall capacity of 886.2 MVA. To improve voltage
stability and mitigate the Ferranti effect, the 500 kV
bus is equipped with three 55 Mvar shunt reactors. An
additional 444 kV metal-oxide surge arrester is installed
to protect against switching surges and temporary over-
voltages.

The surge-arrester rating complies with IEC 60099-
4 and the manufacturer’s protective data (ABB HS
PEXLim P-T), with a continuous operating voltage of 354
kVrms (289 kV L-G), ensuring an adequate protection
margin for temporary overvoltages up to 1.5 p.u. and
maintaining a residual voltage below 1.1 MV at 10 kKA.
The arrester is classified as IEC Class 4, with a nominal

discharge current of 20 kA and a 4/10-ps high-current
withstand capability of 100 kA [17], [18]. At the receiving
end, a 110-Mvar shunt reactor is installed to compensate
approximately 70-80% of the reactive power produced by
the 120-km double-circuit transmission line.

In PSCAD/EMTDC, the sending-end hydro generators
are modeled as equivalent AC voltage sources, with
Thevenin impedances derived from a short-circuit ca-
pacity of 8,021 MVA. Governor and excitation-system
dynamics are neglected because they have minimal
influence on high-frequency electromagnetic transients.

The interconnection is modeled as a 120-km, double-
circuit transmission line in PSCAD/EMTDC, using the
frequency-dependent phase-domain model to simulate
the behavior of transient electromagnetic waves accu-
rately. Each circuit uses 795 MCM quad-bundle ACSR
conductors, consistent with the regional 500 kV trans-
mission design standard. To assess spatial variations
in overvoltage phenomena, the line is segmented into
four 30-km sections, with monitoring nodes placed at
each boundary. At the receiving end, the Thailand
power grid is represented by a 500 kV infinite bus,
including equivalent surge arresters and aggregated load
models. All parameters comply with the project’s design
specifications and the IEC 60071 insulation coordination
guidelines.

The short-circuit levels at both ends of the 500
kV PKB-TWP interconnection were derived from the
transmission system planning data. The sending-end
bus PKB has a three-phase short-circuit capacity of 8,021
MVA (= 9.26 kA at 500 kV), representing a strong hydro
generation source. The receiving-end bus TWP has
a short-circuit capacity of 10,728 MVA (= 12.39 kA),
corresponding to the interconnection with Thailand’s
national power grid. These short-circuit capacities were
implemented in PSCAD/EMTDC as Thevenin equivalents
to accurately represent system strength and ensure
realistic simulation of switching and temporary overvolt-
ages.

Similar 500 kV transmission corridors, such as the
Nam Theun 2-Roi Et 2 interconnection, have demon-
strated transient behavior comparable to that during en-
ergization and reclosing events, confirming the validity
of the modeling approach adopted in this study.

As illustrated in Fig. 1, the system comprises the
sending-end hydro generators and step-up transformers,
three 55 Mvar shunt reactors, and a 120 km double-
circuit 500 kV transmission line divided into 70 km
and 50 km sections. The receiving-end bus at Tha
Wang Pha includes two 750 MVA equivalent sources
and 110 Mvar shunt reactors for voltage support. This
configuration represents the complete layout, modeled in
PSCAD/EMTDC, for electromagnetic transient analysis.

Switching and temporary overvoltages represent ma-
jor operational challenges in long extra-high-voltage
transmission systems. Switching overvoltages occur
during line energization, reclosing, or fault recovery and
can exceed insulation coordination limits if not ade-



COMPREHENSIVE STUDY OF SWITCHING OVERVOLTAGES IN TRANSMISSION LINE OF NORTHERN LAOS POWER GRID INTERCONNECTED ACROSS... 3

3x626 MW
Hongsa Power Plant

500 kV

165Mvar
(525kV)

16x57 MW Supply to Thailand supply to Laos
10% Pakbeng Hydro Power Plant

500 kV

SSMvar vy A, SSMvar
(525kV) (525kV)

165Mvar
(525kV)

A e Laos-Thailand border
4x795 MCA ACSR

DC/ST 50km
500 kv

4x795 MCA ACSR
DC/ST 70km

4x1272MCA ACSR
DC/ST 120km

Tha Wang Pha

500 kv

110Mvar, vy
(525kV)

Nan
AN 110Mvar % 500/230kV
(525kV) 2x750 MVA
6x300 MW
MM3 Power Plant

41272 MCA ACSR
DC/ST 165km

110Mvar,__ vy 110Mvar

(525kV) (525kV)

500 kv

500/230kV

2x1000 MVA 110Mvar

(525kV) | =

110Mvar
(525kV)

110Mvar
(525kV)

110Mvar
(525kV)

3km

2 | 110Mvar 110Mvar
(525kV) (525kV)
o,

110Mvar
(525kV)

4x1272 MCA ACSR

Tha Tako

500/230kV
3x600 MVA
Sam Khok Tha Tako

Ayuthaya 4 Chaiyaphum 2

= Scope of work
Existing or completed by other project

Fig. 1: Single-line diagram of the 500 kV PKB-TWP.

quately mitigated. These surges are particularly severe
under light- or no-load conditions, where line-charging
capacitance dominates the transient response. Similarly,
temporary overvoltages arise from steady-state or slow
transients such as the Ferranti effect, load rejection, and
transformer inrush, which may sustain elevated voltage
stresses for several cycles and compromise insulation
[10]-[12].

For the 500-kV PKB-TWP interconnection, the
120-km double-circuit configuration and relatively low
short-circuit strength at the receiving end increase
its susceptibility to both switching-overvoltage and
temporary-overvoltage events. Although shunt reactors
and metal-oxide surge arresters are standard mitigation
measures in EHV systems [9], their coordinated perfor-
mance under multiple operating scenarios has not yet
been comprehensively validated for this corridor.

Previous studies on comparable 500 kV interconnections—

such as the Nam Theun 2-Roi Et 2 project—have shown
that uncompensated or improperly tuned systems may
experience switching surges exceeding 2.0 p.u., surpass-
ing insulation withstand levels [2], [3]. However, no
detailed electromagnetic transient (EMT) analysis of the
PKB-TWP system has been reported to date. The present
study addresses this gap by performing full EMT-based
simulations to evaluate switching and temporary over-
voltages under realistic operating conditions, ensuring
compliance with IEC 60071-2 insulation coordination
requirements and supporting the design of a robust and
reliable 500 kV cross-border interconnection.

3. THEORY AND METHODOLOGY
3.1 Switching overvoltages in power systems

Switching and temporary overvoltages are dominant
transient phenomena in extra-high-voltage networks and

Table 1: Summary of test system parameters for the 500 kV
PKB-TWP Interconnection.

Component Substation Rating Description
PKB Synchronpus
14 x 57 MVA, hydro units; total
Generator Hydropower Pl
Plant 11 kV capacity = 798
MVA
Step-up 63.3 MVA, Connect each
Tighslorier PKB 525/11 kV, A— | generator to the
Ydl 500 kV bus
500 kV, 120 Frequency-
Transmission | PKB - TWP k.m (double dependent phase-
Line corridor SIRUiE), 7315 domain model;
MCM quad- 30 km per section
bundle ACSR P
Mitigates the
PKB 3 x 55 Mvar Ferrami effect
at 500 kV during no-load
Shunt operation
Reactor Provides voltage
2 x 110 Mvar support and
TR at 500 kV reactive
compensation
444 KV rated .
. _ Protects against
Surge voltage; Uc = switching and
Arrester PKB/TWP 354 kVrms (L— tempora:
(MOSA) L); IEC 60099 | SO t;yges
4 Class 4
2 x 750 MVA, Interfaces the
Auto- TWP 525/242 kV, Lao 500 kV
Transformer Yy0.dl1 system with the
connection Thai grid
Short-circuit
capacity = Represents hydro
PKB (bus) 8,021 MVA (= generation
9.26 kA at 500 | strength
Equivalent kV)
Source Short-circuit
capacity = Represents the
TWP (bus) 10,728 MVA Thailand national
(= 12.39 kA at grid strength
500 kV)
1=R2= Equivalent
Source TWP (230 0.00509 p.u.; Thevenin model
Impedance kV level) Xi=X2= for EMT
0.04645 p.u. simulation
Circuit LTB 550 E2, For cnergi_zation
Breaker PKB/TWP | 550 kV, 50 kA, | and reclosing
ABB type studies

arise from the nonlinear interaction of transmission lines,
transformers, shunt reactors, surge arresters, and circuit
breakers. Their theoretical modeling is fundamental
for evaluating the insulation performance of the 500-kV
PKB-TWP interconnection [3], [5], [20].

Switching overvoltages occur during line energiza-
tion, re-energization, capacitor or inductor switching,
and fault initiation or clearing [1], [4]. For line
energization, the network’s transient behavior can be
represented by a series RLC circuit driven by an applied
voltage [13].

V,(t) = V,sin(wr + 6T) (1)

where V; is the source voltage magnitude, w is the
angular frequency of the system, and 67T represents the
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breaker pole-closing angle deviation.

The resulting electrical response produces damped
oscillatory surges typically between 2.4 and 2.8 p.u.,
whereas re-energization may reach 3.5-4.0 p.u. due to
trapped charge [6]. Fault-clearing produces transient
recovery voltage governed by the coupled inductor-
capacitor relations:

dl

LE +V, = V, cos(wt) (2)
[ = ¢t 3)
T dt

where L and C denote the equivalent inductance and
capacitance of the network, respectively, I is the tran-
sient current, V, is the capacitor voltage, and V,, is
the peak value of the applied voltage. Solving these
equations yields a high-frequency voltage rise across
the interruption gap, which is essential for insulation
coordination assessment.

Temporary overvoltages arise from long-line ef-
fects, load rejection, transformer energization, and
ground-fault conditions [14]. The Ferranti effect causes
receiving-end voltage magnification proportional to
cosh(y!), especially in long EHV lines. Load rejection
introduces a voltage rise described by

XC
V= E——, (4)
X, - X
where the system capacitance and generator reactance
cause low-frequency temporary overvoltages. Trans-
former energization produces inrush and overfluxing
phenomena governed by the flux relationship, which is

defined as:

Q= (1 —coswt) + ¢ (5)

V2V,
oN
where @ is the magnetic flux in the transformer core, V,is
the applied phase voltage, Nis the number of turns, wis
the angular frequency, and @,is the residual flux prior to
energization. Depending on the residual flux and core
saturation characteristics, this phenomenon may sustain

elevated voltage levels during the energization period.
Accurate representation of these transient behaviors
requires dynamic electromagnetic modeling. The trans-
mission line is modeled using the frequency-dependent
phase-domain method, which incorporates the frequency
dependence of parameters R(w), L(w), and C(w), as
well as traveling-wave propagation effects, making it
suitable for both switching and studies of temporary
overvoltages [19]. Transformer behavior is represented
using mutually coupled inductances to capture sat-
uration, inrush, and nonlinear magnetization effects.
Generator sources are modeled using time-dependent
sinusoidal functions with controlled start-stop intervals
to reproduce transient energization dynamics. Circuit
breakers are modeled as time-controlled switches that
can represent random pole-closing deviations relevant to

statistical switching studies. Shunt reactors are modeled
using lumped R-L elements to reproduce their effect on
voltage control and Ferranti mitigation.

Because the exact closing instant of each breaker pole
is inherently uncertain, switching surges must be treated
probabilistically. The pole-closing time is modeled as a
Gaussian random variable (mean 15 ms, deviation +15
ms), making peak SOV a stochastic outcome rather than
adeterministic value. Monte Carlo Simulation is adopted,
where N = 200 independent trials are executed. For each
trial, the EMT model is solved with a randomized closing
instant, producing a set of peak voltages V;. The empirical
cumulative distribution function is computed as:

N

F(v) = % Y V<o) (6)

i=1

where F(v) is the probability distribution of switching
overvoltages. The insulation performance is subse-
quently assessed using the 95th- and 98th-percentile
overvoltage values in accordance with IEC 60071-2 [1].
This combined theoretical formulation of transient over-
voltage mechanisms, component-level dynamic model-
ing, and probabilistic simulation provides the analytical
foundation for evaluating the switching and temporary
overvoltage performance of the 500 kV PKB-TWP inter-
connection.

3.2 Methodology

The overall methodology is illustrated in Fig. 2. All
EMT simulations were conducted using PSCAD/EMTDC,
employing the frequency-dependent phase-domain trans-
mission line model, which has been widely validated
for EHV/UHV analysis [13], [14]. The test system
corresponds to the planned 500 kV PKB-TWP inter-
connection, which links fourteen 57 MVA, 11 kV hydro
generators through fourteen 63.3 MVA, 525/11 kV step-
up transformers to a 500 kV bus. Reactive power compen-
sation was simulated using three 55 Mvar shunt reactors,
while 444 kV metal-oxide surge arresters provided surge
protection. The connection consists of a 120-km double-
circuit line employing quad-bundle 795 MCM ACSR
conductors, and the receiving end is modeled as a 500 kV
infinite-bus with integrated load and shunt compensation
elements [15].

To ensure consistent initialization, all cases used
snapshot files derived from steady-state power flow
solutions, as recommended for transient studies in
PSCAD [19]. Measurement nodes were positioned at the
bus, the midline section (approximately 30 kilometers),
and the receiving bus to record spatial fluctuations in
overvoltage.

Two primary categories of scenarios were simulated:

1) Switching overvoltages, including line energiza-

tion under no-load, half-load, and full-load con-
ditions, as well as reclosing operations follow-
ing single-line-to-ground and three-line-to-ground
faults.
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Fig. 2: Simulation methodology for SOV/TOV analysis in
the PKB-TWP system.

2) Temporary overvoltages—including the Ferranti
effect (with and without shunt compensation),
load rejection at various levels, and transformer
energization with residual flux up to +80%, consis-
tent with field-observed inrush behavior in hydro-
dominated systems [9].

To replicate real-world breaker performance, pole
scatter was modeled as a Gaussian-distributed random
variable with a mean closing time of 15 ms and a standard
deviation of 1 ms, consistent with statistical switching
studies [5]. Each scenario was simulated using 200 Monte
Carlo trials to generate probability distributions of the
outcomes [6]. Simulation results were analyzed using the
MultiPlot interface, extracting performance indices such
as peak phase-to-ground voltage (p.u.), time-to-peak,
surge arrester energy absorption, and percentile statistics
(95th, 98th, and maximum values). These parameters
were benchmarked against the IEC 60071-2 insulation co-
ordination limits to evaluate the adequacy of protection
schemes and to identify operational condonation that
requires additional mitigation [1], [8].

The simulation procedure used in this study is sum-
marized in Fig. 2 and consists of the following steps:

1) Define all switching and temporary overvoltages
operating cases, including energization, reclosing,
load rejection, Ferranti effect, and transformer
inrush.

2) Build a detailed EMT model in PSCAD/EMTDC
using project-based parameters for generators,
transformers, surge arresters, shunt reactors, and
frequency-dependent transmission lines.

3) Initialize the model to steady-state to ensure real-

istic pre-switching conditions.

4) Apply probabilistic breaker-closing times by gen-
erating Gaussian-distributed pole-scatter values
for Monte Carlo analysis.

5) Run 200 EMT simulations per case and record
phase-to-ground voltage waveforms.

6) Post-process the results to extract peak values,
probabilistic envelopes, and resonance locations,
and compare them with IEC 60071 limits.

4. RESULTS AND DISCUSSION

This section presents EMT outcomes and interprets
their implications for insulation coordination in a unified
manner. Measurements were taken at the sending-
end bus, the four mid-span nodes (section boundaries),
and the receiving-end bus. For each case, we ex-
tract the peak phase-to-ground voltage (per-unit on
the line-to-neutral basis), the peak time, and the ter-
minal arrester energy. Statistical summaries include
the mean, standard deviation, empirical percentiles
(P95, P98), and maximum values. Terminology, ex-
traction windows, and acceptance considerations fol-
low the recognized switching-overvoltage/temporary-
overvoltage practice in IEC 60071-2 [1], while modeling
choices align with frequency-dependent line representa-
tions in EMT studies [13], [14].

4.1 Switching Overvoltages

Switching overvoltage arises during the energization
or re-energization of high-voltage transmission lines and
may exceed insulation coordination limits, particularly
under no-load or light-load conditions. In this study,
the 500 kV PKB-TWP double-circuit interconnection
was analyzed using PSCAD/EMTDC. Several switching
scenarios were considered to evaluate the transient
response and to identify conditions that lead to critical
overvoltage. The following subsections present results
for line energization and re-energization cases.

A. Line Energization

The energization case was studied on the 500 kV
PKB-TWP double-circuit transmission line. Both circuits
were initially open, and only Circuit 1 was energized
after the generators and transformers had reached steady
state. This setup reflects practical operating conditions
for assessing transient overvoltages. Fig. 3 illustrates
the single-line diagram of the PKB-TWP interconnection
considered in the simulations.

Fig. 4 and Fig. 5 illustrate the receiving-end voltage
waveforms during line energization under different pro-
tection schemes and arrester configurations. The results
show that energization transients lead to significant
switching overvoltages, with peak values ranging from
1.674 p.u. to 2.251 p.u., depending on the presence of
surge arresters, shunt reactors, or protection devices.

The receiving-end voltage waveforms during line
energization with different protection schemes, as shown
in Fig. 4(a), indicate that unmitigated energization
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produces the highest peak of 2.251 p.u. at 0.023 s, which
falls within the typical switching surge range of 2.0-2.3
p-u., IEC 60071-2 [1]. The waveform exhibits a rapid
transient onset followed by a damped oscillation lasting
about 50 ms, characteristic of capacitive charging and
traveling-wave reflections. In Fig. 4(b), the application
of both 444 kV metal-oxide surge arresters and 110
Mvar shunt reactors reduces the maximum overvoltage
to 1.674 p.u., representing a 25% reduction relative to
the unprotected case. This illustrates the effectiveness
of the coordinated protection scheme in suppressing
transient surges and enhancing voltage damping. Fig.
4(c) shows that using only surge arresters without
shunt compensation results in a slightly higher peak
of 1.704 p.u., indicating that shunt reactors provide a
complementary role by limiting line-charging currents
and mitigating capacitive overvoltages. Although their
contribution is less dominant than that of the arresters,
the combined operation of both devices ensures that all
switching surges remain within insulation coordination
limits.

The receiving-end voltage waveforms with different
arrester configurations are presented in Fig. 5(a). The
absence of arresters at both ends produces the highest
peak of 1.974 p.u. at 0.022 s, accompanied by a pro-
nounced fast-front oscillation due to capacitive charging
and traveling-wave reflections. Fig. 5(b) indicates that
installing an arrester only at the PKB sending end reduces
the peak to 1.685 p.u., demonstrating that the sending-
end arrester effectively clamps the initial energization
surge. The resulting waveform also exhibits improved
damping compared with the unprotected condition.
Fig. 5(c) shows that placing an arrester solely at the
TWP receiving end results in a peak of 1.900 p.u.,
slightly higher than in the PKB-only configuration. This
confirms that receiving-end protection provides only
partial attenuation and is less effective in suppressing the
initial fast-front surge originating near the sending end.
Overall, Fig. 5 highlights the strong influence of arrester
placement on switching-surge magnitudes, with sender-
side protection providing the most significant reduction
[6].

Overall, the PKB-TWP interconnection can experi-
ence switching surges exceeding 2.2 p.u. under uncon-
trolled energization. Although this value remains below
the Basic Insulation Level (BIL) of 1425 kV for a 500 kV
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Fig.4: Receiving-end wvoltage waveforms during line

energization with different protection schemes. (a) No
protection. (b) With coordinated protection. (c) Without
a shunt reactor.

system, it imposes considerable electrical and thermal
stress on the surge arresters. The coordinated application
of controlled switching, pre-insertion resistors, and shunt
reactors can reduce these peaks by approximately 25%,
thereby enhancing system reliability and reinforcing
overall insulation coordination.

Table 2 summarizes the simulated switching overvolt-
ages observed during line energization under various
protection configurations. In the unprotected case, the
peak voltage reached 2.251 p.u., whereas the inclusion of
surge arresters and load reduced the maximum to 1.167
p-u. This substantial decrease confirms the effectiveness
of the system in suppressing transient surges and en-
hancing insulation coordination.

B. Re-Energization after Faults.

The case of a single-line-to-ground (SLG) fault with
re-energization is examined. The fault studies were
conducted by varying the fault position along the line,
from the sending end at PKB to the receiving end at TWP,
as illustrated in Fig. 6.

Re-energization after fault clearance was simulated by
applying single-line-to-ground and Three-line-to-ground
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Fig. 5: Receiving-end voltage waveforms during line ener-
gization with different arrester configurations. (a) Without
an arrester at both ends. (b) With an arrester only at PKB.
(c) Arrester only at TWP.

Table 2: Peak switching overvoltages during line energiza-
tion (receiving end, TWP).

Case No-load | Halfload | Full load Primary
(p.u.) (p.u.) (p.u.) Mitigation
N End-point
o 2251 1425 1.119 | arrester
protection . .
installation
Wiy | 1.674 1422 1167 | -
protection
With shunt 1704 1453 1177 Shunt 'reactor
reactors re-tuning
No arrester ATresters;
(both) 1.974 1.460 1.178 verify
0 MCOV /energy
No arrester Sending-end
at PKB 1.685 1.334 1.152 prefEence
No arrester TWP arrester
at TWP 1.900 1.468 1.178 iperade

faults at 10 ms, clearing at 50 ms, and reclosing at 100
ms. Statistical switching with 200 Gaussian-distributed

Pakbeng Tha Wang Pha
Hydro Power Plant Substation
PKB WP
CB 30km Gﬁkm 90km l"Okm CB Receiving
| % X end
Laos-Thailand \@ Iﬁ
444 KV border 444KV

Fig. 6: Configuration for re-energization after a fault in the
PKB-TWP transmission line.

breaker operations (¢ = 15 ms, o = 0.5-2 ms) was used
to reflect realistic breaker behavior, consistent with prior
studies on stochastic switching transients [4].

In Fig. 7(a), the unprotected single-line-to-ground
case produced the most severe overvoltage, reaching
3.011 p.u. at Phase B, exceeding the insulation withstand
levels specified in IEC 60071-2 [1]. This steep-front
surge is characteristic of traveling-wave reflections and
capacitive discharge following fault clearance [13]. With
full protections applied to metal-oxide surge arresters
and shunt reactors, as shown in Fig. 7 (b),
single-line-to-ground peak was reduced to 1.742 p.u.,
demonstrating effective damping of transient surges.
This result aligns with previous findings on the role of
coordinated protection in limiting surge magnitudes [8].
When only surge arresters were removed, as illustrated in
Fig. 7 (c), the single-line-to-ground voltage rose to 2.246
p-u., highlighting the decisive role of metal-oxide surge
arresters in overvoltage limitation.

Fig. 8 shows the three-line-to-ground (3LG) re-
energization waveforms under different protection con-
figurations. In Fig. 8(a), the unprotected case produced
the highest overvoltage, reaching 3.445 p.u. at Phase B,
slightly higher than the single-line-to-ground scenario,
and exceeding the insulation margins when complete
protection metal-oxide surge arresters and shunt reactors
were engaged, as shown in Fig. 8(b). The 3LG
peak was limited to 1.976 p.u., demonstrating effective
suppression of switching surges. However, when only
surge arresters were removed, as illustrated in Fig. 8(c),
the voltage rose to 2.956 p.u., confirming the critical
role of coordinated surge arresters and shunt reactors in
mitigating overvoltage.

The voltage waveforms observed under single-line-
to-ground and three-line-to-ground conditions clearly il-
lustrate the contrast between the sharp, high-magnitude
transients in the unprotected cases and the well-damped
responses achieved with coordinated protection. Table
3 summarizes these findings, confirming that single-
line-to-ground re-energization without protection pro-
duces the most severe overvoltages. In contrast, the
application of metal-oxide surge arresters and shunt
reactors effectively limits peak values to below 1.8
p-u. Spatial monitoring along the transmission line
further identified resonance hotspots approximately 60
km from the sending end, consistent with traveling-
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Fig. 7: Single-line-to-ground re-energization waveforms at
the receiving end under different protection schemes. (a)
No protection. (b) With coordinated protection using surge
arresters and shunt reactors. (c) Without surge arresters.

wave accumulation zones typically observed in long EHV
transmission corridors [13], [14], [16].

Table 3 presents the re-energization results for both
single-line-to-ground and three-line-to-ground faults. In
the SLG unprotected case, the peak overvoltage reached
3.011 p.u., representing the most severe condition ob-
served. With the coordinated application of metal-oxide
surge arresters and shunt reactors, the maximum voltage
was effectively limited to below 1.8 p.u. A comparable
mitigation pattern was observed in the 3LG scenario,
confirming the reliability of the protection scheme under
various fault conditions.

4.2 Temporary Overvoltages

Temporary overvoltages were evaluated under three
representative scenarios: the Ferranti effect, load re-
jection, and transformer inrush. These low-frequency
events are critical to the steady-state and dynamic
performance of long EHV lines, as they can induce
voltage stresses that persist beyond fast transients [17],
[18].

Phase B peak = 3.445 p.u.
4 - @ 0.1100 s

Voltage (p.u.)

—4 T T T T T T T 1
0000 0025 0050 0075 0100 0125 0150 0175 0200
Time (s)

4_
—— Phase A

Fhase B peak = 1.976 p.u.
a0

Voltage (p.u.)

_4 T T T T T T T 1
0000 0025 0030 0075 0100 0125 0150 0175 0200
Time (s)
4 - FPhase B peak = 2.956 p.u.
— Phase A _@0.1090s

Voltage (p.u.)

—4
0,000

T T T T 1
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Time (s)

T T T
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Fig. 8: Three-line-to-ground re-energization waveforms at
the receiving end under different protection schemes. (a)
No protection. (b) With coordinated protection using surge
arresters and shunt reactors. (c) Without surge arrester.

Table 3: Peak  switching  overvoltages  during
re-energization (receiving end, TWP).
Fault | Protection Peak Risk Mitioation Focus
Type Condition Voltage Band &
No Arresters
SLG ] 3.011 p.u. | Critical controlled
protection o s
switching
. Keep protection;
sig | With Lopa | P2F | erifo eontralled
protections Elevated .
switch
No Restore arresters;
SLG arresters 2.246 p.u. | Critical controlled switch
(bolt) timing
No Arresters
3LG ; 3.445 p.u. | Critical controlled
protection o
switching
With Safe / Maintain
S protections L35 o Elevated | protection
No
3LG arresters 2.956 p.u. | Critical Restore arrester
(bolt)
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Fig. 9: Equivalent circuit illustrating the Ferranti effect in
a 500 kV transmission line.

A. Ferranti Effect

The Ferranti effect occurs when long transmission
lines are energized under no-load or open-end condi-
tions, resulting in a voltage rise at the receiving end
due to line charging capacitance. This phenomenon
is significant for 500 kV systems, where even moder-
ate steady-state overvoltages may stress insulation or
reactive compensation devices [9]. To assess this, the
PKB-TWP interconnection was simulated under single-
and double-circuit conditions with and without shunt
reactors.

Fig. 9 shows the simplified single-line diagram
of the PKB-TWP corridor considered in the Ferranti
effect study. Both single- and double-circuit cases
were modeled with shunt compensation applied at the
terminal buses.

The study highlights that shunt reactors are essential
for controlling steady-state overvoltages in lightly loaded
or open-ended 500 kV lines.

Fig. 10 presents the receiving-end voltage wave-
forms obtained during open-end operation. With shunt
reactors, the voltage was stabilized near the nominal
level (0.960 p.u.) in both single- and double-circuit
cases. In contrast, the absence of shunt compensation
caused a rise to 1.072 p.u. for the single circuit
and 1.157 p.u. for the double circuit. These results
demonstrate approximately 12% and 15.7% increases in
voltage, respectively, confirming the Ferranti effect. The
more potent effect in the double-circuit case reflects the
larger effective capacitance, while the use of reactors
effectively suppressed the overvoltage to a safe level.

The results align well with both theoretical expec-
tations and practical field observations, which typically
report a 10-25% increase in voltage under open-end
conditions in long EHV transmission lines [10], [11].
Table 4 further confirms that all simulated cases remain
below the IEC steady-state overvoltage limit of 1.2
p-u. [1]; however, prolonged operation without shunt
reactor compensation may accelerate equipment aging
and compromise insulation coordination. Therefore,
the inclusion of shunt compensation is validated as a
critical requirement for ensuring the reliable and stable
operation of the 500 kV PKB-TWP transmission corridor
(71-[9].

Table 4 indicates that although all cases remain within
the IEC steady-state overvoltage limit of 1.2 p.u., pro-

-
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2
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Fig. 10: Ferranti effect voltage waveforms at the receiving
end under different operating conditions. (a) Single circuit
with shunt reactors. (b) Single circuit without shunt
reactors. (c) Double circuit with shunt reactors. (d) Double
circuit without shunt reactors.

longed operation without shunt reactor compensation
can increase equipment stress and potentially degrade
insulation performance. Consequently, the shunt com-
pensation is confirmed to be a vital measure for ensuring
reliable and stable operation of the 500 kV PKB-TWP
transmission corridor.

B. Load Rejection

Load rejection causes temporary overvoltages due to
the sudden removal of active and reactive power, leaving
the generators supplying only the line charging current.
This condition is critical for insulation coordination, as
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Table 4: Ferranti effect results under single- and double-
circuit configurations with and without reactors.

" Peak Risk Design
RO N Re i Hox Voltage Band implication
Ferranti Slpgle GRSt 0.960 p.u. Safe Normal open-
with reactors end rise
Ferranti Single circuit, 1.072 pu. Safe Add.reactor§
no reactors to trim the rise
o Acceptable
Ferranti Dguble ciroult, 0.960 p.u. Safe | with
with reactors .
compensation
Ferranti Double circuit, 1157 pu. Safe R;qctor sizing
no reactors critical

Pakbeng
Hydro Power Plant
TR1

SISV | cpor cBO2
i —

Sending end iﬁ\ Laos-Thailand \@
- border =

Fig. 11: Configuration for load rejection case in the PKB—
TWP transmission line.

Tha Wang Pha
Substation

TR2
525/230/22kV  Load

Receiving end

it may cause a sustained voltage rise above normal
operating levels. Fig. 11 illustrates the single-line config-
uration of the PKB-TWP system used to investigate load
rejection under varying load-disconnection percentages.

Fig. 12 illustrates the voltage waveforms at node 5 for
rejection levels of 30%, 60%, and 90%. In the 30% case,
the maximum peak was 1.211 p.u. at 0.210 s, showing
only a moderate deviation. For a 60% rejection, the
peak increased to 1.270 p.u., while in the most severe
90% rejection case, the peak reached 1.317 p.u. at 0.211
s. These results confirm that higher rejection levels
lead to progressively larger overvoltages, consistent with
theoretical expectations that sudden removal of load
produces reactive power surplus and elevated voltages.

The observed voltage magnitudes remain below the
IEC steady-state temporary overvoltage limit for 500
kV systems (typically 1.4-1.5 p.u. [1]); however, the
90% load-rejection case approaches the identified critical
threshold. The persistence of oscillations across multiple
cycles further underscores the slow decay of temporary
overvoltage phenomena relative to fast-switching surges,
consistent with findings from previous EMT simulations
[11], [12].

Table 5 shows that, although all cases remain tech-
nically compliant with the requirements of IEC 60071-2
[1], the 90% load-rejection scenario imposes considerable
electrical stress, consistent with earlier studies [12].
These findings underscore the importance of coordinated
surge arrester performance and precise generator excita-
tion control in maintaining system stability during large-
scale load rejection events.

FPhase B peak = 1.211 pu.
@ 0.2100 s

Voltage (pou.)

Time (s)

29 — Phase A

Fhase B peak = 1.270 p.ou.
@ 0.2100 5
=

‘oltage (p.u.)

0.0 0.1 0.2 0.3 0.4 0.5
Time (s)
29 — Phasea Fhase B peak = 1.217 pu.
—— Phase B @ 0.2100 s
—— Phase C “

Woltage (p.au.)

Time (s)

Fig. 12: Voltage waveforms during load rejection at node 5.
(a) 30% load rejection. (b) 60% load rejection. (c) 90% load
rejection.

Table 5: Overvoltages under load rejection at node 5 for
30%, 60%, and 90% rejection.

Load Peak . q
Case i on Voltage Time Observation
1 30% 1211 p.u. 0.210s Moderate rise, safe
Noticeable increase
0, 8
2 60% 1.270 p.u. 0.210s within TEC limits
Highest rise, close
0, ]
3 90% 1.317 p.u. 0.211s to IEC TOV margin

C. Transformer Inrush

Transformer energization during system restoration
can produce severe EMT due to residual flux and core
saturation, especially in distribution-level units. These
transients may distort voltage waveforms and trigger
misoperation of protection relays, thereby delaying the
restoration sequence. Fig. 13 illustrates the restoration
topology from PKB to TWP, involving both 11 kV and
500 kV networks, and highlights the critical points where
inrush phenomena are expected.
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Fig. 13: System restoration from 11 kV and 500 kV at PKB
- TWP.
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Fig. 14: Inrush transient during transformer energizing at
PKB.

To better understand this effect, the following results
(Figs. 14-17) present inrush transient responses at the
PKB and TWP substations, including voltage and current
waveforms at different phases. These results offer
practical insights into how transformer energization
affects the stability and reliability of the overall system
restoration process.

Figs. 14 and 15 present the voltage and current
waveforms during energization of the 11 kV transformer
at PKB. Phase C shows the highest voltage peak at 1.71
p-u. within the first 0.25 s, followed by slow damping.
The inrush current reaches 34.76 A in Phase C, exhibiting
significant asymmetry across phases (30.47 A in Phase
A and 21.11 A in Phase B), consistent with saturation
under residual flux [11]. These transients pose risks for
protection relay misoperation and delayed restoration, as
the distorted waveforms may trigger false fault detection.
The damping time of 0.5-0.8 s further indicates prolonged
stress on insulation and control systems [12].

Figs. 16 and 17 show the energization of a 525/230/22
kV autotransformer at TWP. Compared to PKB, the
voltage peak is lower, with Phase B reaching 1.25 p.u. The
waveform exhibits smoother recovery due to the higher
transformer impedance and the controlled-energization
strategy [15]. Inrush currents are minimal (2.20 A in
Phase A, 2.36 A in Phase B, 0.29 A in Phase C), confirming
that large autotransformers exhibit lower inrush severity
[10].

The restoration topology illustrated in Fig. 13
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Fig. 15: Transformer inrush currents at PKB obtained from
single-phase energization. (a) Phase A energized. (b) Phase
B energized. (c) Phase C energized.
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Fig.16: Inrush transient during the energization of
525/230/22 kV autotransformer at TWP.

further reinforces this principle by clearly separating
the energization paths of transmission and distribution
networks. Practical coordinated switching and residual
flux management are therefore essential to reduce inrush
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Fig. 17: Transformer inrush currents at TWP obtained from
single-phase energization. (a) Phase A energized. (b) Phase
B energized. (c) Phase C energized.

severity and ensure a secure, reliable system restoration.
Table 6 presents the inrush characteristics observed at
both substations. The PKB site exhibited markedly higher
voltage and current peaks, slower damping, and greater
waveform distortion, whereas TWP showed stable ener-
gization behavior with minimal transient activity. These
results support the operational strategy of energizing
high-voltage transmission systems before distribution-
level transformers, as recommended in IEC 60071-2 [1].

5. CONCLUSION

This study provided an in-depth electromagnetic tran-
sient analysis of the 500 kV PKB-TWP interconnection
between Laos and Thailand, focusing on the characteri-
zation and mitigation of switching overvoltages and tem-
porary overvoltages using PSCAD/EMTDC. It developed
a detailed frequency-dependent transmission line model
and incorporated probabilistic Monte Carlo simulations
to capture realistic variations in circuit breaker operation

Table 6: Summary of Transformer Inrush Characteristics
at PKB and TWP.

PKB TWP
Parameter 525 kV
. 11 kV Remarks
/ Location Auto
Transformer
Transformer
Higher
Peak overvoltage
Voltage Ph-C: 1.71 p.u. | Ph-B: 1.25 p.u. | observed at
8| (Fig. 13) (Fig. 15) PKB due to
(p.u.) .
ower system
strength
Peak Ph-A:30.47 A, | Ph-A:2.20 A, epjc(zriences
Inrush Ph-B:21.11 A, | Ph-B:2.36 A, mlfch hicher
Curent | Ph-C:3476 A | Ph-C:029A | 00 £
(A) (Fig. 14) (Fig. 16) T
. Faster
Damping Slower decay Faster decay stabilization at
Behavi ~0.5-0. <0.2
ehavior (~0.5-0.8 s) (<0.2s) TWP
Low — less risk
High — Th i
Severity of 181~ may to the e.pro'tectlon
. cause relay . setting is more
Transients . ; protection L
misoperation critical at PKB
system
1
Critical issue in Stab e, . Supports
. s energization at o
Restoration | distribution- the energization
Implication | level L sequence: HV
. transmission
restoration level before MV

and system conditions.

The results showed that uncontrolled line energization
can cause switching surges up to 2.251 p.u., whereas
reclosing after three-phase-to-ground faults may reach
3.445 p.u., both exceeding & 2.0 p.u. insulation coordi-
nation threshold specified in IEC 60071-2. The combined
use of 444-kV metal-oxide surge arresters and 110 Mvar
shunt reactors effectively limited all surge magnitudes
below 2.0 p.u., confirming the adequacy of the protection
scheme. Temporary overvoltages caused by the Ferranti
effect, load rejection, and transformer inrush stayed
within acceptable limits, with maximum values of 1.157
p-u., 1.317 p.u,, and 1.71 p.u., respectively. These findings
suggest that the PKB-TWP transmission corridor is
well compensated and operationally reliable under both
transient and quasisteady conditions. Spatial monitoring
along the 120-km double-circuit line identified resonance
hotspots near the midline (~60 km), corresponding to
traveling-wave accumulation zones. This highlights
the need for distributed measurement and monitoring
systems for precise insulation coordination in long EHV
lines.
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Overall, the study demonstrates that the 500 kV PKB-
TWP interconnection fully complies with international
reliability and insulation coordination standards, ensur-
ing stable and secure power transfer between the power
grids of Laos and Thailand. The probabilistic EMT-based
framework established in this work enables accurate
assessment of switching and temporary overvoltages
under real operating conditions, supporting more effi-
cient surge protection design and improved insulation
coordination in the existing transmission network. The
results provide practical technical evidence for enhanc-
ing system robustness, operational safety, and reliability
of the Laos—Thailand 500 kV power corridor.
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