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Abstract: This paper proposes a systematic and deterministic method for metal-oxide varistor (MOV)
surge arrester selection based on the comprehensive analysis in line-commutated converter (LCC)-
based high-voltage direct current (HVDC) transmission systems. For the MOV surge arrester, this
paper investigates several significant impacts on the transient overvoltage (TOV) phenomena, which
is affected by practical factors such as an operating point of the LCC-HVDC system, synchronous
machine operating status of the power system, AC passive filter trip, and communication delay
in a special protection system (SPS). In order to determine an appropriate rating of surge arrester,
especially for TOV, this paper considers a pattern, magnitude, and duration of TOV based on various
fault scenarios in an electrical power system with an LCC-HVDC system. A screening study method
with 60 Hz and RMS-based balance system is conducted for examining a wide range of fault scenarios,
and then for the specific test cases that need a detailed analysis, electro-magnetic transient (EMT)-
based analysis models are developed with an approvable boundary setting method through the
equivalent network translation tool. A detailed EMT study is subsequent based on the distinguished
cases; as a result, the exact number of metal-oxide resistor stacks could be obtained through the
detailed TOV study according to this procedure. The efficacy of the selection method from the
proposed procedure based on the comprehensive analysis are verified on a specific power system
with a 1.5 GW DC ± 500 kV symmetric monopole LCC-HVDC transmission system.

Keywords: metal-oxide varistor (MOV) surge arrester; temporary transient overvoltage (TOV);
LCC-HVDC; special protection system (SPS); PSCAD/EMTDC

1. Introduction

Conventional power systems are rapidly changing, so that AC electrical networks ex-
perience fault current variations and stability degradation due to the high penetration of
renewable energy sources (RESs) and high load density on specific regions such as metropoli-
tan areas [1–6]. To resolve these problems, we could address them through potential solutions
such as AC infrastructure expansion and T&D supportive equipment installation, which
should be necessary; however, this would be practically impossible owing to social ac-
ceptability (social disapproval) [7–13]. Meanwhile, the high-voltage direct current (HVDC)
transmission system is a very attractive alternative for transmission system operator (TSO)
both to enhance the power system stability even with a penetration level increase of RES
and to mitigate overloading condition over a specific location without social issues [14–19].
The HVDC system is an enabling technology for the AC/DC grid that allows a hybrid
network to be compatible with highly level RESs penetration into a traditional power system
topology [20–25].

The HVDC system could be realized with line-commutated converter (LCC) and
modular multilevel converter (MMC) as a voltage-sourced converter (VSC), respectively.
The LCC-HVDC system is based on a thyristor switching device available for current
commutation mode. The thyristor-based LCC-HVDC system causes a phase difference
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between current and voltage due to unidirectional conduction and non-forced blocking
capability, and hence it generates an inductive reactive power consumption [26,27]. On the
other hand, the MMC-HVDC system is based on the VSC with an insulated gate bipolar
transistor (IGBT) switching device, which is capable of bi-directional current conduction
and independently controlling real and reactive power [28]. Nonetheless, the LCC-HVDC
transmission system has been evolving as an enabling technology for transmitting bulk
power in a large power system, because a large power delivery could be achieved through
a high-capacity thyristor switching device [29]. However, LCC-HVDC system obviously
needs an additional passive filter to compensate the harmonics and reactive power absorp-
tion as mentioned above [30].

In the South Korean power system, an LCC-HVDC transmission system would be
expected to be installed on the mainland to supply the bulk power produced from offshore
wind farms and large complex plants into a critical capital region and manufacturing
facility via long-distance lines [31–33]. In particular, it is important to achieve the reliability,
security, and resiliency of the LCC-HVDC system for the Korean electric power system
under a lack of AC transmission line for large power-generation systems [34–37]. For
such an inevitable power system condition, there were studies on a stable management
and operation against resonance issues between generators and AC filters of the LCC-
HVDC system [38–43], and also several power system analyses and research studies were
conducted [44–48]. During the severe faults under the condition, however, the passive filter
for reactive power compensation causes temporary transient overvoltage (TOV) variations
due to its shortly persistent operating situation even after the generator and HVDC system
trip. This important issue has not yet been investigated thoroughly.

An accurate metal-oxide varistor (MOV) surge arrester should be installed on the
power system to protect the LCC-HVDC system from the generated transient overvoltage.
There have been previous studies on the surge arrester for the protection and insulation
coordination with respect to transient overvoltage [49–51]; however, the characteristics
are steadily changing owing to an advent of FACTS and HVDC applications based on
power electronic system into the conventional power grid. Hence, the specific research
on analysis of surge arrester determination with discharge energy related to DC fault
conditions on MMC-HVDC systems has been conducted [52], and the general research on
the surge arrester and transient overvoltage in HVDC systems has been studied [53–56].
However, there have not yet been investigations or a detailed analysis for MOV surge
arrester selection considering the major practical and physical concerns, such as AC power
system configuration, generators, and HVDC operating conditions, passive filter state,
trip and communication time delay, and so on. In other words, it should be required for
comprehensive analysis to determine the MOV surge arrester with relation to various
factors in power systems connected to the LCC-HVDC system.

This research analyzes transient overvoltage phenomena with various sensitive factors
in the LCC-HVDC transmission system, and an accurate surge arrester selection procedure
is proposed based on the comprehensive analysis. For the MOV surge arrester determi-
nation, a screening study and detailed EMT simulations are conducted; as a result, an
enhanced protection and insulation coordination for LCC-HVDC system can be achieved
through analysis of magnitude, pattern, and duration of TOV generated by critical fault
cases. In this paper, Section 2 introduces a specific electric power system for applying
with MOV surge arrester connected with point-to-point LCC-HVDC transmission system.
Then, fundamental information regarding the MOV surge arrester is briefly described in
Section 3. Subsequently, a screening study and an EMT-based detailed analysis are carried
out to examine TOV and select the required surge arrester, and thus the analytic results
verify that the determination method is demonstrated for the MOV surge arrester with
respect to temporary transient overvoltage corresponding to the number of generators,
communication delay, the number of passive filters, and HVDC operating point, etc. Finally,
the conclusions of this paper are summarized in Section 4.
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2. Power System and LCC-HVDC Configuration

Figure 1 illustrates the specific electric power system connected by LCC-HVDC trans-
mission system. Three generators described in Table 1 are connected at bus 2. The #2CC
and #4CC consist of gas and steam turbines in a 2:1 ratio, and the #3CC provides 422.75 MW
to the grid. A static synchronous compensator (STATCOM) installed at bus 3 regulates
the system-operating voltage through reactive power support. As seen in Figure 1, the
LCC-HVDC transmission system is connected between bus 2 and bus 3 to deliver the active
power from the large power plants to the right side of the grid. Due to social acceptabil-
ity issues in the region, an AC transmission line expansion plan is delayed between bus
2 and bus 3, and hence the only LCC-HVDC system becomes a main connection path for
transmitting the bulk power produced from three large power plants to the right side of
grid. The LCC-HVDC system is 1.5 GW and a DC ± 500-kV monopole symmetric topology.
In addition, the AC filters are installed at buses 2 and 3, respectively, for compensating
the harmonics and injecting capacitive reactive power, and the details of the passive filters
corresponding to the LCC-HVDC operating points are described in Table 2.

G

G G

HVDC

362kV MOV 

Surge Arrester

#2CC

#3CC

#4CC

Bus1 Bus3Bus2 Bus4

AC 345kV

DC 500kV

AC 154kV

STATCOM

AC Filter AC Filter

Temporary SPS

(Generator trip & 

HVDC block)

Figure 1. Schematic of the specific power system for analysis of temporary transient overvoltage
(TOV) phenomena with respect to MOV surge arrester in line-commutated converter (LCC)-HVDC
transmission system.

Table 1. Description of turbine generators.

Location Generator Capacity (MW)

Gas Turbine (GT3) 185.25
#2CC at 154 kV Gas Turbine (GT4) 185.25

Steam Turbine (ST2) 187.15

Gas Turbine (GT6) 295.45
#4CC at 345 kV Gas Turbine (GT7) 295.45

Steam Turbine (ST4) 296.40

#3CC at 345 kV Gas & Steam Turbine 422.75

Table 2. Description of AC filter injection corresponding to LCC-HVDC system.

Operating Point Capacity The Number of AC Filter
Injection at Bus 2 & 3

10∼21% of full-rated power 151 MW∼318 MW 1
21∼35% of full-rated power 319 MW∼530 MW 2
35∼48% of full-rated power 531 MW∼727 MW 3

48∼100% of full-rated power 738 MW∼1515 MW 4

The number of AC filter injections at each bus 2 and bus 3 is 1 when LCC-HVDC
system operates at 151 MW to 318 MW corresponding to 10% to 21% of full-rated power. In
other words, the number of AC filter injection increases proportionally to the LCC-HVDC
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operating point. This feature of LCC-HVDC system related with the AC filter injection is
an important factor in analyzing TOV to determine the MOV surge arrester.

AC transmission double lines are installed between bus 1 and 2 as depicted in Figure 1.
When the double-line fault (N-2 contingency) occurs , it could cause sub-synchronous
torsional interaction (SSTI) between generators and LCC-HVDC systems in series or over-
loading on the LCC-HVDC transmission line that is the only inter-supply path in order
to provide the active power produced from the three generators. To mitigate such a fault
propagation as well as more severe fault impacts, it should be necessary to establish a
remedial approach that includes the three generators trip and the LCC-HVDC system
blocking action through special protection system (SPS). The SPS strategy is to trip the
generators and block the LCC-HVDC system after tripping the double line. As seen in
Figure 2, the fault condition maintains for T0 and then circuit breakers (CBs) on the AC
double line operates for an instant, which is a grid code for securing the power system
reliability and resiliency. After the T1 − T0 + T2 postponed from the CBs open, the signal
of SPS reaches the generators and LCC-HVDC system, respectively. The postponed time
implies a physical communication transfer time as an unintentional delay. It is also required
for T3 to tripping the AC filter from the grid, because the mechanical operation of the trip
behavior should be unavoidable with its trip signal transfer.

Fault

Line 

trip SPS

Generator 

trip

HVDC

block

AC Filter 

trip

T0

T1

T2

T3

t (ms)

Figure 2. Double-line fault scenario between bus 1 and bus 2 shown in Figure 1 for analysis of tempo-
rary transient overvoltage (TOV) with respect to MOV surge arrester with LCC-HVDC transmission
system with special protection system.

As a result, during the double-line fault contingency between bus 1 and bus 2, the
remaining voltage sources cause a temporary transient overvoltage (TOV), and thus the
TOV would not disappear, even though electrical path and voltage sources are disconnected
from the grid. Although all supply paths are tripped, the AC filter still remained to the
grid, and hence the inevitable situation results in an unpredictable aggravation on the
overvoltage peak, duration, and pattern. To mitigate the TOV issue, the surge arrester could
be placed at the buses adjacent to the critical equipment as illustrated in Figure 1. Therefore,
an accurate rating design of the MOV surge arrester for absorbing the injected fault energy
should be needed according to many comprehensive fault scenarios with grid conditions
and the LCC-HVDC system. Furthermore, a detailed analysis method and procedure for
determining an accurate rating of the MOV surge arrester in LCC-HVDC system should be
required.

3. Metal-Oxide Varistor (MOV) Surge Arrester

A selection method of MOV surge arrester has been well introduced in the manu-
facturer’s guide manual, and there have been general design methods in previous white
papers [57–59]. A specific design and selection method for the surge arrester installed
in LCC-HVDC system should be required due to a new philosophy in electrical power
transmission integrated with power electronic-interfaced devices. This research is to focus
on the changing characteristics such as amplitude, pattern, and duration of TOV highly
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relying on LCC-HVDC operation with regard to the grid condition. The number of the
MOV devices, which are capable of enduring the thermal explosion, should be determined
through a comprehensive analysis based on generators’ operating capacity, trip time of the
passive filters, communication time delay owing to the SPS, and LCC-HVDC operating
point. For analyzing the TOV caused by a severe fault such as N-2 contingency, a high-
fidelity simulation should be conducted to distinguish a lightening, switching impulse
and power frequency temporary overvoltage domain, respectively. According to the IEC-
60071-1 international standard regarding definitions, principles, and rules of insulation
coordination, the voltage classes could be classified according to shapes and frequency
duration of transient voltage [60]. Based on the international standard, the categorization
between impulses and temporary voltage domain could be distinguished by a range of
voltage or overvoltage shape. Therefore, an elaborate analysis of transient overvoltage
should be required for protecting the LCC-HVDC system with a surge arrester without
the thermal energy explosion phenomenon from the transient overvoltage, and then the
number of metal-oxide resistor stack would be determined. The rated voltage to withstand
a thermal explosion is indicated in Table 3 based on a high-voltage test over metal-oxide
resistor exploited in this research. In addition, the results of testing the withstand voltage
of MOV corresponding to time and overvoltage is described in Table 4.

Table 3. Specification of metal-oxide varistor surge arrester.

Items Value

Rated voltage 288 kV
Nominal discharge current 10 kA

Maximum continuous operating voltage 230 kV
Power frequency 60 Hz

Long-term insulation class class 3
Power-frequency withstand voltage (Insulation Level) 450 kVrms

lightening withstand voltage (Insulation Level) 1.175 kV
Switching impulse withstand voltage (Insulation Level) 950 kVp

Metal-oxide resistor stack voltage 5.15 kV

Table 4. Test result of withstand voltage of MOV resistor stack.

Items Value

Maximum rated voltage 362 kV
(line-to-line)

Maximum rated voltage 209 kV
(RMS)

Maximum rated voltage 295.6 kV
(Peak)

Rated voltage of metal-oxide 5.15 kV(@100sec) 5.55 kV(@10sec) 5.86 kV(@1sec)
resistor stack
No. of stack 56

Total voltage (RMS) 288.4 kV 310.8 kV 328.16 kV
Total voltage ratio (p.u.) 1.38 1.49 1.57

4. Procedure of Metal Oxide Varistor (MOV) Surge Arrester Selection for
LCC-HVDC System

In [61], a guideline regarding MOV surge arrester determination for HVDC converter
stations was well defined. Based on the guideline, this paper proposes TOV study procedure
for MOV surge arrester in LCC-HVDC transmission system and future power system with
an increasing penetration level of RES. The TOV study is based on various influential
factors affecting the large power system with an LCC-HVDC system. Figure 3 shows the
proposed procedure of MOV surge arrester selection method for the LCC-HVDC system.
The details of each stage would be explained in next sub-sections.
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I. Power System Analysis

(RMS based balanced-system)

II. Fault Scenario Study

(N-2 contingency & etc.)

III. Investigation of slow-front 

transient overvoltage

(TOV > criteria)

IV. Detailed EMT Study

(PSCAD/EMTDC)

V. Violation cases

(Single phase voltage RMS 

value > criteria)

VI. Determination of MOV surge arrester

(corresponding to magnitude, pattern and 

duration of temporary transient 

overvoltage)

List of power frequency 

voltage injection test results

Conditions

1. AC filter (trip condition)

2. Generators status

3. Communication delay

4. etc.

Conditions

Screening Study

Equivalent network

(Based on electrical 

distance, Eq.(2))

Python-Automation based 

iterative study

Figure 3. Procedure of MOV surge arrester selection for LCC-HVDC transmission system.

4.1. Power System Analysis

RMS-based power system analysis should be conducted according to an already
planned power system operation strategy. As previously described in Section 2, the LCC-
HVDC system operation condition could be considered from light load to peak load in
accordance with generator operation conditions. Because the scenarios of LCC-HVDC
system operation are determined by external factors (e.g., generators conditions, power
system topologies, loadabilities, etc.) and then examined with many fault locations, a
Python script-based application programming interface (API) shown in Figure 4 should
be developed for automatically collecting and organizing a lot of data gathered from
simulation results. This step is a necessary study phase for inspecting power system
conditions as well as a fundamental process for selecting the MOV surge arrester. In other
words, an automatic power system fault analysis platform should be prepared for obtaining
the many required results one may need. The iterative study procedure shown in Figure 4
may be changed based on the purpose of developing the automatic platform.
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Initialization

Main Cycle

Python PSS/e

No

Yes

No

Yes
Yes No

Initial condition; t=0; tFinal=ΔtPython Initialization

Update control variables; 

tFinal=tFinal+ΔtPython

Evaluate current state

New event

Event at tFinal?

Simulation end?

Results collection; End

Calculate grid voltages, currents, 

active and reactive power, LCC-

HVDC voltages, current, active and 

reactive power

Calculate all state variable time 

derivatives and overvoltage at 

terminal of  LCC-HVDC system 

Numerical integration;

Update state variables

t = t + ΔtPSS/e

t > tFinal?

Figure 4. Iterative study method through Python-based API with PSS/e [62]. “Rights: openAccess”.

4.2. Fault Scenario Study

Among those many cases represented in power system analysis of previous step,
N-2 contingency between bus 1 and bus 2 is selected in this paper highly related with TOV
for MOV surge arrester. The right side of the grid at bus 3 is not considered because the
installed STATCOM is able to support the system voltage regulation and hence TOV is less
affected by faults near LCC-HVDC system. Furthermore, the main generator sources are
not located near bus 3; as a result, the cases are excluded for comprehensively analyzing
both generator operation and LCC-HVDC system with SPS. Thus, the left side of LCC-
HVDC system is focused to discover main factors to have an impact on TOV. In summary,
critical fault scenarios should be chosen in this stage based on a criterion that is accounted
for requirements of grid reliability depending on each individual country, and then specific
cases for TOV are designated with influential factors of the grid voltage.

4.3. Investigation of Slow-Front Transient Overvoltage

A screening study by transient and stability analysis (TSA) is conducted with respect
to the N-2 contingency chosen by a previous step with reliability criterion. As indicated
in Table 4, an initial condition of 1.57 p.u. withstands voltage with 57 metal-oxide resistor
stacks of the surge arrester by an experimental test for power-frequency temporary TOV
applied in this stage. More specific cases could be sorted with the 1.57 p.u. criterion.
Moreover, slow-front transient overvoltage (SFTOV) is especially considered in the RMS-
based analysis stage, because temporary TOV has been validated by an experimental test of
thermal explosion at 100 ms, and the SFTOV is continuously maintained from 1 to 100 ms
in Figure 5 and IEC-60071-1 also provides a classification of SFTOV to temporary transient
overvoltage categorization. Therefore, for the screening study, an absolute value of SFTOV
is employed as an index for sorting specific cases that need to be further investigated in
detail with rigorous EMT simulation.
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Class
Low frequency Transient

Continuous Temporary Slow-front Fast-front Very-fast-front
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Switching 
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Lighting 
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Figure 5. Classes and shapes of overvoltages, standard voltage shapes, and standard withstand
voltage tests [60]. “Copyright © 2019 IEC Geneva, Switzerland (www.iec.ch)”.

4.4. Equivalent Network

A detailed power system model should be developed through the equivalent net-
work translation method for more specific LCC-HVDC system control in a large power
system [63]. For a detailed EMT simulation model development, the large power sys-
tem should be divided to simulate the complicated LCC-HVDC system [64–66]. That is,
the power system model reduction should be conducted, and hence electrical distance is
applied in this stage. An index for the electrical distance could be calculated by [67]

Dij = − log10

(
∆Ui
∆Uj

)
(1)

(
∆Ui
∆Uj

)
=

(
∂U
∂Q

)
ij(

∂U
∂Q

)
jj

, (2)

where Dij is an index for electrical distance between i-bus and j-bus, Ui,j is each i, j bus
voltages, and Qi,j is a reactive power. The electrical distance indicates a relationship
between a certain bus voltage variation and other buses in accordance with the reactive
power variation. By using the index, boundary buses are finally determined to include the
large simulation model in the EMT platform. In general, a power system model reduction
is performed with study requirements through a specific purpose [63–67]. However, in this
research, the boundary buses are chosen only by electrical distance due to the purpose of
transient overvoltage impact analysis during faults. In addition, the equivalent network is
translated through E-Tran software by Electranix [68].

www.iec.ch
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4.5. Detailed Electro-Magnetic Transient (EMT) Study

The equivalent network by large power system reduction method is developed with
models of detailed synchronous generators, LCC-HVDC system, AC passive filters, and
a more detailed control algorithm and sequences, as shown in Figure 1. The LCC-HVDC
system model includes a specific controller from a certain manufacturer, and fault scenarios
based on Figure 2 are applied with generators and LCC-HVDC system operation conditions.
The operating capacity of the LCC-HVDC system depends on the number of generator
operations, and the AC filters operate according to the required HVDC operating point.
Requirements of fault conditions are reflected by generators, AC filters, and communication
delay from the SPS in steady state of the LCC-HVDC system. In a detailed EMT analysis,
TOV should be observed and analyzed under the designated conditions, which implies that
the EMT study also has a difficult task for applying a lot of conditions in the simulation
platform. Therefore, an API should be developed, such as in TSA-based power system
analysis, which is possible by a Python automation iterative study based on API provided
from the PSCAD/EMTDC simulation platform shown in Figure 6. As a result, automatic
simulation platform development is required to repeatedly perform the simulations corre-
sponding to parameters and grid operating conditions. The developed simulation platform
could provide magnitude, pattern, and duration of TOV to be examined in detail.

Python script based automatic programming interface Collection of results

Figure 6. Python script-based detailed PSCAD/EMTDC iterative study method [69].

4.6. Classification of Violation Cases

As previously mentioned in Section 2, violated cases for 1.57 p.u. criterion on power-
frequency overvoltage of TOV according to IEC-60071-1 are sorted. In a screening study,
the violated cases are sorted based on a three-phase, RMS-based absolute value owing to
balanced system. On the other hand, in a detailed EMT study, the distinct, single-phase
RMS absolute value should be measured because the surge arrester is installed per each
individual phase in general. Therefore, the detailed EMT study distinguishes violated cases
with TOV over 1.57 p.u for 1 to 100 ms.

4.7. Determination of Metal-Oxide Resistor Stack

The 1.57 p.u. criterion could classify the violated cases with respect to the guaranteed
withstand voltage from 57 metal-oxide resistor stacks in Table 4. The several cases among
the violated cases are not included in a consideration of stacks’ determination if they are not
in LCC-HVDC operation strategy; however, a higher rated voltage surge arrester should be
installed through more metal-oxide resistor stacks for over 1.57 p.u. criterion if they are
unavoidable due to the necessary operation scenario. Finally, the resulted TOV pattern,
magnitude, and duration could provide a detailed thermal energy absorbing capacity, and
thus a more sufficient MOV surge arrester could be determined through the calculation
such as in [49,59] with the TOV. The procedure of surge arrester selection for metal-oxide
resistor stacks would be verified in Section 4.

5. Simulation Results

Based on the procedure of MOV surge arrester selection for LCC-HVDC system
shown in Figure 3, the scenario-based cases are investigated in the specific power system
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configuration illustrated in Figure 1. The first step is conducted for determining violated
cases applied with the TOV criterion through a screening study by three-phase RMS-
based simulation platform explained in Figure 4. As a result, three representative cases
are determined for validating the proposed selection procedure of MOV; (Case I) above
1.57 p.u. criterion, (Case II) approximately 1.57 p.u. criterion, and (Case III) below 1.57 p.u.
criterion of the SFTOV. The simulation results are shown in this Section 4.

5.1. Screening Study Results

As mentioned in previous Sections 4.1 and 4.2, the fault scenario study is conducted
by a TSA tool to obtain the specific cases violating the 1.57 p.u. criterion of metal oxide
resistor stack introduced in Section 2. Figure 7 shows the three cases to verify the selection
procedure of MOV surge arrester; Case I exceeds the 1.57 p.u. criterion much more. Case II
is a slight violation and should be investigated through detailed EMT study to ensure the
pattern, magnitude, and duration of TOV. Case III is a non-violation below the 1.57 p.u.
criterion and not considered for more detailed EMT study.

1.497p.u.

1.583p.u.

1.717p.u.

Figure 7. RMS-based TSA simulation results for screening study to obtain violated cases.

The simulation results could provide an SFTOV to screen the cases violating 1.57 p.u.
criterion. From the power system analysis results, more detailed EMT simulation is con-
ducted based on various conditions: (1) EMT simulation time step; (2) SPS signal transfer
time delay; (3) AC filter mechanical switch open time delay; (4) interface transfer tap
changer status; and (5) generator operation & LCC-HVDC system operation conditions.

5.2. Detailed Electro-Magnetic Transient (EMT) Study Results

A reduced equivalent power system is applied in detailed TOV analysis through
PSCAD/EMTDC simulation. Figure 8 shows the PSCAD/EMTDC model for detailed TOV
study with LCC-HVDC control and operation sequences. Figure 8a is an equivalent circuit
for a complex transmission system. Figure 8b is a detailed generator model including
practical generator dynamic files used in TSA tool, and Figure 8c is a 12-pulsed thyristor-
based rectifier model for LCC-HVDC system.

Based on the reduced simulation model shown in Figure 8, detailed EMT studies are
conducted with fault sequence shown in Figure 2, and the purpose of EMT simulation
study is to analyze the influential factors affecting the TOV’s pattern, magnitude, and
duration. Hence, Case III is adopted in order to include additional violated cases through
the discovery of more detailed TOV shapes and to verify the screening study with the
SFTOV indicator. Case I and II should be definitely investigated to select a more accurate
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number of resister stacks. However, only Case III results would be shown due to the
purpose of verifying the MOV selection method focused on in this paper.

(a)

(b)

(c)

Equivalent 

Network at Bus-3

Equivalent Network at Bus-2

Equivalent Network at Bus-1

LCC-HVDC

Equivalent Sub-Network 

at specific buses

Detailed LCC-HVDC Model

Detailed Generator Model

#2CC

#3CC

#4CC

Rectifier Inverter

DC Cable

Figure 8. The PSCAD/EMTDC model for detailed TOV study by LCC-HVDC control and fault
sequence. (a) Equivalent circuit. (b) Detailed generator model. (c) Thyristor-based 12-pulsed
symmetric monopole LCC-HVDC system model.

5.2.1. Electro-Magnetic Transient (EMT) Simulation Time Step

Both conditions of 100 µs and 10 µs for simulation time step are compared, and the
result is as shown in Figure 9. The result implies that the simulation time step for detailed
EMT study does not affect the TOV during N-2 contingency. Therefore, an appropriate sim-
ulation time step only needs to be applied for ensuring the reliable simulation performance
and the simulation time step, 50 µs, is adopted in this paper.

(a) (b)

3-phase AC voltage

3-phase RMS voltage

3-phase AC voltage

3-phase RMS voltage

3-phase AC voltage
Va

Vb

Vc

Va

Vb

Vc

VRMS VRMS

T0 = 80ms

1.37p.u. 1.37p.u.

Line Trip Line Trip

Temporary transient 

overvoltage at power 

frequency

SFTOV

(<20ms)

T0 = 80ms

Temporary transient 

overvoltage at power 

frequency

SFTOV

(<20ms)

Figure 9. PSCAD/EMTDC simulation results according to EMT simulation time step. (a) 100 µs and
(b) 10 µs.

5.2.2. Special Protection System (SPS) Signal Transfer Delay

The double-line fault contingency maintains for T0 = 80 ms and the communication
signal of SPS is delayed for T1 − T0 + T2 to trip the generator and LCC-HVDC system.
The communication delay causes TOV’s pattern variation; however, this does not af-
fect the SFTOV’s first peak value shown in Figure 10. As seen in Figure 10, the SFTOV
1.57 p.u. criterion for distinguishing the violated cases is not affected, which implies that
the condition may have an effect on the number of MOV resister stacks for absorbing fault
explosion energy.
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(a)

3-phase AC voltage

3-phase RMS voltage

3-phase AC voltage

(b)

Va

Vb

VcLine Trip Line Trip

Va

Vb

Vc

VRMS

SFTOV

(<20ms)

Temporary transient 

overvoltage at power 

frequency

1.37p.u.

T0 = 80ms

3-phase RMS voltage

VRMS

SFTOV

(<20ms)

Temporary transient 

overvoltage at power 

frequency

1.37p.u.

T0 = 80ms

Figure 10. PSCAD/EMTDC simulation results according to SPS signal transfer time delay. (a) 70 ms
and (b) 20 ms.

5.2.3. AC Filter Open Time

As shown in Figure 11, the mechanical switching open time delay for tripping the AC
filters could result in the additional transient overvoltage variation. The reason is that the
capacitive power of the AC passive filters could not have been consumed by inductive
power injection due to the LCC-HVDC system that is already tripped. Therefore, the almost
identical TOV second peak is generated, which means that the additional TOV second peak
value has an impact on determination of the MOV surge arrester resister stacks. As a result,
the inevitable mechanical switch open time of AC filter should be considered at the stage
of detailed EMT study and an experimentally measured switching open time also should
be previously ensured for TOV study.

(a) (b)

3-phase AC voltage

3-phase RMS voltage

3-phase AC voltage
Va

Vb

VcLine Trip Line Trip

Va

Vb

Vc

VRMS

SFTOV

(<20ms)

Temporary transient 

overvoltage at power 

frequency

1.37p.u.

T0 = 80ms

3-phase RMS voltage

VRMS

SFTOV

(<20ms)

Temporary transient 

overvoltage at power 

frequency

1.37p.u.

T0 = 80ms

Figure 11. PSCAD/EMTDC simulation results according to AC filter mechanical switch open time
delay. (a) No time delay and (b) 60 ms.

5.2.4. Interface Transformer Tap Changer Status

As shown in Figure 12, the interface transformer tap changer status has caused an
approximate 4% peak value and duration increments of TOV. It implies that the AC voltage
state highly depends on the power system condition having an effect on a proportional
magnitude variation of TOV, not its pattern. Thus, a maximum tap changer status should
be considered as a worst case to prevent it from thermal energy explosion.
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(a)

3-phase AC voltage

3-phase RMS voltage

3-phase AC voltage

3-phase RMS voltage

(b)

20ms 35ms

Va

Vb

Vc
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Vb

Vc

VRMS VRMS

Temporary transient 

overvoltage at power 

frequency

Temporary transient 

overvoltage at power 

frequency

1.34p.u. 1.4p.u.

Line 

Trip Line Trip

T0 = 80ms T0 = 80ms

Figure 12. PSCAD/EMTDC simulation results according to interface transfer tap changer status.
(a) Before interface transformer tap change and (b) after tap changer 1% increase.

5.2.5. Generator Operation and LCC-HVDC System Operation Conditions

The LCC-HVDC system operation capacity depends on the three generator operation
conditions depicted in Figure 1. Moreover, the number of AC filter injection highly relies on
the LCC-HVDC system operating point shown in Table 2. The discrete-featured operation
of the AC passive filters results in an imbalanced inductive and capacitive power difference,
which means that a certain operating point of the LCC-HVDC system moves a more
compensating capacitive mode into the power system network. As a result, as shown
in Figure 13, the TOV magnitude peak value in a 740-MW operation (four AC filters
injection at 48% of full-rated power of LCC-HVDC system) is larger than in a 730-MW
operation, which is in the operation state of three AC filters described in Table 2. That is, it
implies that the TOV magnitude peak value highly depends on generators and LCC-HVDC
system operation conditions, which should be definitely considered in the scenario-based
TOV study.

(a)

3-phase AC voltage

3-phase RMS voltage

3-phase AC voltage

3-phase RMS voltage

(b)

Va

Vb

Vc

Va

Vb

Vc

VRMS VRMS

SFTOV

(<20ms)

Temporary transient 

overvoltage at power 

frequency

T0 

1.42p.u.

SFTOV

(<20ms)

T0 = 80ms

Temporary transient 

overvoltage at power 

frequency

Line Trip

Line 

Trip

1.51p.u.

Figure 13. PSCAD/EMTDC simulation results according to generator operation and LCC-HVDC
system operation conditions. (a) The 730-MW operating condition of LCC-HVDC system and (b) the
740-MW operation at 48% of full-rated power of LCC-HVDC system.

5.3. Discussion

To determine the MOV surge arrester resister stacks for TOV in the LCC-HVDC
transmission system, several influential factors should be considered in the detailed EMT
study as follows:

• EMT simulation time step does not affect a significant TOV variation;
• SPS signal transfer time delay affects TOV’s pattern and duration variation;
• AC filter mechanical switch open time delay affects TOV’s pattern and duration

variation and is a significant impact factor;
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• Interface transformer tap changer status affects TOV’s peak value and duration varia-
tion and the correlation is proportional; and

• generator operation and LCC-HVDC system operation conditions affects TOV’s peak
value variation and is a significant impact factor.

Based on the detailed EMT study, more accurate TOV phenomena could be analyzed
after the screening study by power system analysis. In addition, the simulation results show
that the RMS-based TOV could be compromisingly enough for filtering several violated
cases to be more investigated. However, single-phase RMS value is much more important
as mentioned in Section 4.2, because the MOV surge arrester is installed per each individual
phase. As shown in Figure 14, the three-phase TOV RMS peak value does not exceed
the 1.57 p.u. criterion; however, a specific single-phase RMS TOV could reach almost the
TOV criterion and the all single-phase RMS voltage is different. Therefore, each individual
RMS TOV magnitude should be an indicator to finally determine the maximum number of
MOV surge arrester resister stacks for preventing it from an accumulated thermal energy
explosion.

(a)

3-phase AC voltage

3-phase RMS voltage

(b)

3-phase AC voltage

3-phase RMS voltage

Each individual phase RMS voltage Each individual phase RMS voltage

Va

Vb

Vc

Va

Vb

Vc

VRMS VRMS

Va(RMS)

Vb(RMS)

Vc(RMS)

Va(RMS)

Vb(RMS)

Vc(RMS)

T0

T0

SFTOV

(<20ms)

SFTOV

(<20ms)

Temporary transient 

overvoltage at power 

frequency

Temporary transient 

overvoltage at power 

frequency

1.51p.u.

1.41p.u.

1.18p.u.

1.35p.u.

1.35p.u.

Line 

Trip

Figure 14. PSCAD/EMTDC simulation results for comparison of single phase RMS value.
(a) Zoomed-out results and (b) zoomed-in results.

6. Conclusions

This paper has covered TOV phenomena analysis in a specific power system with
LCC-HVDC transmission system and observed that the TOV phenomena highly depends
on power system condition and LCC-HVDC system operation. In this paper, several
influential factors were investigated by analyzing TOV for an MOV surge arrester, and thus
a quite acceptable selection procedure of MOV surge arrester in LCC-HVDC system was
proposed. The efficacy of the reasonable determination method was validated based on a
practical situation and several scenarios, and hence the research results would help many
utilities and TSO in developing LCC-HVDC transmission system engineering technology.
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