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Abstract: This paper presents a detailed analysis results of the effect of a thyristor-controlled series
capacitor (TCSC) on subsynchronous resonance (SSR), which was first applied to a Korean power
system. First, the TCSC parameters were calculated, the structure of TCSC with synchronous voltage
reversal (SVR) controller was presented, and the torsional characteristics of Hanul nuclear power
generator rotor were studied to investigate the natural frequency and mode shape. The test signal
method was used to determine the electrical damping in the frequency range of SSR operation
through an electromagnetic transient analysis program in various system configurations. The SSR
phenomenon was analyzed by comparing the electrical and mechanical damping of a conventional
fixed series capacitor (FSC), and the case of a TCSC installed, and the effectiveness of the TCSC without
any risk of SSR was demonstrated. As a result, when installing FSC, SSR occurred under sensitive
operating conditions, but SSR was prevented in the case of TCSC compensation with SVR. The results
obtained in this study can be effectively applied to the installation of TCSC in real power systems.

Keywords: korean power system; subsynchronous resonance (SSR); synchronous voltage reversal
(SVR); thyristor controlled series capacitor (TCSC); test signal method

1. Introduction

Nowadays, electric power transmission lines are under the stress of reaching the thermal limit due
to the increase of the transmission power. A flexible alternating current transmission system (FACTS)
is well known as an effective solution to improve the power transfer capability. One of the FACTS
devices, the thyristor controlled series capacitor (TCSC) not only improves power transfer capability
but also helps mitigate the subsynchronous resonance (SSR) problem [1]. In 1971, the first SSR accident
occurred at the Mohave generator in Arizona, where the generator shaft caused a large vibration and
led to shaft fatigue [2]. Since that problem, the mitigation of the SSR effect into power system become
an important issue.

A number of studies have been conducted so far on SSR mitigation using TCSC [3–7], the authors
in Ref. [8] introduced that TCSC is attractive to SSR mitigation. However, the benefits of TCSC for
SSR mitigation depend heavily on TCSC control methods and power system configurations, and may
also affect the SSR mitigation characteristics when the grid has significant changes. The influence
of control methodology on SSR was also introduced in [9]. The first IEEE benchmark model had
three control methods, consisting of constant impedance, constant current and constant power control.
This indicates that a TCSC device under constant impedance control can stimulate SSR vibrations.
The paper also proposed a solution called synchronous voltage reversal (SVR) control. However,
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under the SVR control, the TCSC impedance characteristic has a transition frequency band of electrical
frequency, and it turns into a negative damping band in the mechanical frequency range and poses a
risk of the SSR problem [10,11]. In Ref. [12], the authors analyzed the SSR induced by TCSC through
a real-time digital simulator (RTDS) in a China power system, and showed that the TCSC system
accessed without SSR damping could have the SSR problem. The Korea Electric Power Corporation
(KEPCO) plans to install TCSC for the first time in a Korean power system by taking advantage of
TCSC [13,14]. However, installing TCSC on an actual power system could threaten system stability,
including SSR issues. Also, many nuclear and thermal power plants were installed in the Korean
grid near the TCSC facility, so detailed analysis of the SSR is needed before installing the TCSC in the
actual grid.

In this paper, the SSR behaviors of the real power network with the TCSC compensations were
analyzed and compared with a fixed series capacitor (FSC) under various system configurations. As the
first step of the study, the configuration of a 345 kV power network with the TCSCs was presented in a
PSCAD/EMTDC (power systems computer aided design/electromagnetic transients in DC) simulation
model which was simplified based on the power system presented in PSS/E (power system simulator
for engineering). All the 345 kV transmission lines were represented by the ‘pi’ equivalent model.
The system with a radial connection as seen from a generator to a compensated line has been identified
as the most vulnerable due to the SSR [15,16]. The units #3 and #4 of the Hanul nuclear power
plant were located at the Hanul station, which can be radial with the compensated transmission line.
Therefore, the units #3 and #4 of Hanul nuclear power plant were selected for this study, they were
presented by a detailed generator model while all other generators were represented by a voltage
source. A TCSC model with the SVR control method was implemented to vary the TCSC capacitance
proportional to the compensated line from 50% to 70%, which was required by the KEPCO. The modal
analysis method was applied to investigate the torsional characteristics of the rotor of the units #3
and #4. Mechanical damping constants corresponding to each natural frequency were also calculated.
For the SSR study, frequency scanning methods were applied. A comparison of different frequency
scanning methods, including the simplified analytical, two-axis analytical, and test signal methods
was performed in [2]. In this study, the test signal method was selected, which was implemented in
the PSCAD/EMTDC program as a time-domain digital simulation. The PSCAD/EMTDC simulation
can build a detailed generator and complex load model for a real power network, which is very
important for the accuracy level of results. The test signal method was used to inject a multi-sine
signal with various frequencies in a range of the SSR behavior into the generator speed, the response of
electrical torque delivered from the generator was recorded, the fast Fourier transform (FFT) analysis
was used to calculate the electrical damping corresponding to the subsynchronous frequency of the
SSR behavior. Finally, the contingencies under different operational conditions in the 345 kV power
network, including normal and sensitive conditions were defined to analyze the SSR behavior. Under
severe conditions such as the loss of some transmission lines, it appears almost radial when looking at
ShinYoungju-Hanul transmission line from the units #3 and #4. These conditions are unlikely to occur;
however, they were defined to highlight any potential issues of the SSR in the real power network.
The conventional FSC compensation was also implemented equal to the compensation levels of the
TCSC to compare the SSR mitigation efficiency. In each simulation case, the responses of electrical
damping at each natural oscillation frequency were used to calculate the net damping of mechanical
and electrical damping.

As a result, under normal operation, both FSC and TCSC compensation did not pose a risk to SSR.
However, in sensitive cases, the electrical damping clearly showed the SSR in the system with the FSC
compensation. In the case of the TCSC with the SVR control at the same compensation level, there was
no SSR in the power network. These results are necessary for the first TCSC installation in Korean
power system.
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2. Configuration of a 345 kV Transmission System Equipped with TCSCs

2.1. Study Model of the 345 kV Transmission System

The single line diagram of the 345 kV power network with the TCSCs compensation is shown in
Figure 1, and the transmission line data are described in Table A1. The power system model provided
by KEPCO was simplified and converted from the PSS/E network model to the PSCAD/EMTDC model.
The Hanul nuclear power plant and Samcheok coal-fired power plant are important to supply the
power for Seoul’s load demand [17]. If TCSCs are installed in two 345 kV transmission lines, including
ShinJecheon-Donghae and ShinYoungju-Hanul, it is expected that the power flow will increase and the
system stability will be improved as well.
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Figure 1. Simplified 345 kV transmission system with thyristor-controlled series capacitors (TCSCs) compensation.

2.2. Detailed Design of the TCSCs

The TCSC module has a capacitor bank and a parallel branch, which consists of an inductor
connected to back to back thyristors. The TCSC impedance can be changed according to the conduction
angle of the thyristors when the two thyristors are triggered. Figure 2 describes the design process of
a TCSC.

The design objectives of the TCSCs were determined of 50% compensation level for normal
operation and 70% compensation level for the first swing operation. The terminologies related to the
TCSC design are shown in below equations [18,19]:

k(%) =
XTCSC
XLine

× 100 (1)

kb =
XTCSC

XC
(2)

λ =

√
XC
XL

(3)

where XL and XC are the inductor reactance and the capacitor reactance of TCSC. XLine is the reactance
of the compensated transmission line. The compensation level (k) of TCSC was defined in the project
objectives. Another parameter related to the design is the boost factor (kb) that was selected as 1.05 for
the two TCSCs, and the resonance factors (λ) were selected as 2.6 and 2.68 for ShinYoungju-Hanul and
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ShinJecheon-Donghae, respectively. The results of the TCSCs parameters for two transmission lines
can be seen in Table 1.
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Table 1. The TCSCs parameters for ShinYoungju-Hanul and ShinJecheon-Donghae transmission lines.

Items ShinYoungju-Hanul ShinJecheon-Donghae

Inductor [mH] 5.23 5.23
Capacitor [µF] 198.94 186.93

As recommended for the SSR mitigation method [20,21], the SVR control method was selected as
a controller for the TCSCs in the 345-kV power network. The concept of the SVR control is shown in
Figure 3. A phasor measurement was used to measure line current and capacitor voltage. Based on
these measurement values, the appearance impedance of the TCSC was calculated at the fundamental
frequency. This apparent impedance was then divided to the physical impedance of the series capacitor
to get the measured boost level, kbmeas. The boost reference was compared to the measured boost value.

The boost controller uses the PI control, which is based on the error between the reference and
measured boost factor for sending angular displacement ϕC to the SVR trigger pulse generation, and
the outputs are the firing time for forward and reverse thyristors. The strategy of the SVR trigger
pulse generation block is to control the instant when the capacitor voltage becomes zero. The detailed
description of the block is given in the following equations [21]:

uCZ = uCM + X0iLMλωN(tZ − tM) (4)

uCZ = X0iLM[λβ− tan(λβ)] (5)

tF = tZ −
β

ωN
(6)

where:

X0 =
√

L
C , λ = X0

ωNL , and ωN = 2π f ,

tZ: the desired time when the capacitor voltage becomes zero,
tM: the sampling time when the capacitor voltage uCM and line current iLM are measured,
tF: the thyristor firing time,
uCZ: the capacitor voltage at the desired time tZ,
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uCM: the capacitor voltage at the sampling time tM,
iLM: the line current at the sampling time tM,
β: the conduction angle of the thyristor.
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The SVR control modules were implemented in the PSCAD/EMTDC program by the Fortran
codes. The reaction of the SVR control in case of a DC current and a sub-frequency current injected
into the line current was shown in Figures 4 and 5. The first case is illustrated in Figure 4, the TCSC
operates in a steady state when a DC current is injected into the line current. As shown in the second
graph from the top of Figure 4, there is an offset of line current caused by a DC injected current.
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The SVR operates depending on the set of Equations (4)–(6) for calculating the different firing
time for two thyristors which can be seen in the third graph of Figure 4. Thus, the TCSC voltage was
kept stable with a DC current added to the line current.

A sine wave with a frequency of 10 Hz was also injected into the line current, as shown in the
upper graph of Figure 5. The second graph from the top shows the total of the line current and the
sub-frequency current. The thyristor currents and the TCSC voltage were shown in the third and
bottom graph of Figure 5, respectively. The SVR control depends on the values of the line current and
capacitor voltage for calculating the next firing time of a thyristor. Therefore, in the third graph of
Figure 5, the conduction angles are different for two thyristors. So, there is a similar result in the case
of a DC current injected, the TCSC voltage was also kept constant with the disturbance (sub-frequency
current) in the system. That means with the SVR control, a disturbance of a DC or a sub-frequency
current cannot affect to the TCSC operation, which is the advantage of the SVR controller.

3. Analysis Method of Subsynchronous Resonance

3.1. Torsional Natural Frequency and Mode Shapes Analysis

The simplified 345 kV transmission system was used to present the Hanul nuclear power plant
and the Samcheok coal-fired power plant. It has been mentioned that, when a generator is a radial
connection with series compensation such as the FSC and TCSC, the generator is the worst case to the
excitation of the SSR at one or more shaft modes. Thus, in this study, the units #3 and #4 of the Hanul
power plant were considered as detail generator model while the voltage sources represented the other
generators. This is a 1219.6 MVA synchronous generator with a rated RMS line to line voltage of 22 kV,
the generator was presented by a synchronous machine component. It included two damper windings
in the q axis, the multi-mass interface was enabled, and the completed generator input data are
presented in Table A2. The multi-mass system shown in Figure 6 configures the shafts of the generator
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units #3 and #4 of Hanul nuclear power plant. A multi-masses system including a high-pressure (HP),
an intermediate pressure (IP) turbine, two low-pressure (LP-A, LP-B) and generator (GEN) turbines
together combined a five-mass spring system with detailed data given in Table 2.
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Table 2. The mechanical data of Hanul nuclear generator units #3 an #4 for shaft model calculation.

Mass Inertial
[kg.m2] Shaft Stiffness

[106 N.m/rad]

1 13,040 1–2 218.51
2 80,860 2–3 356.20
3 81,700 3–4 638.32
4 82,980 4–5 447.23
5 114,800 - -

The relationship between the electrical torque and mechanical torque of a synchronous generator
can be expressed by the motion equation:

J
dωm

dt
=
∑

T = Tm − Te (7)

For a detailed study of a multi-mass model of a steam turbine generator, a set of equations of
individual masses are illustrated in the following equation [22]:

For generator:

J1
dω1

dt
= −Te + k12(δ2 − δ1) −D1ω1 (8)

For LP-B section:
J2

dω2

dt
= T2 + k23(δ3 − δ2) − k12(δ2 − δ1) −D2ω2 (9)

For LP-A section:

J3
dω3

dt
= T3 + k34(δ4 − δ3) − k23(δ3 − δ2) −D3ω3 (10)

For IP section:
J4

dω4

dt
= T4 + k45(δ5 − δ4) − k34(δ4 − δ3) −D4ω4 (11)

For HP section:
J5

dω5

dt
= T5 − k45(δ5 − δ4) −D5ω5 (12)

where, Ji is the moment of inertia, ωi is the angular velocity, δi is the rotor angle, Ti is the mechanical
torque, and Di is the damping torque coefficient with i from 1 to 5 indicates the individual sections of
GEN, LP-B, LP-A, IP, and HP, respectively. kij is the stiffness between two connected shaft sections.
The damping torques between masses are assumed to be negligible in this study.
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An eigenvalue analysis was performed for the generator units #3 and #4 based on the shaft
system equations given above. The eigenvalues and shaft model parameters such as natural frequency
(fm), modal inertial (Hm), and mechanical damping (Dm) are given in Table 3, and the rotor natural
frequencies with mode shaft of the turbine generator are shown in Figure 7. The relative rotational
displacements are shown for one normal operation mode (mode 0) and four oscillation modes which
are presented with natural frequencies at 8.3 Hz, 14.6 Hz, 22.2 Hz, and 23.8 Hz, respectively. For the
first SSR mode, the mass IP has a strong interaction with the mass LP−A, and the mass LP−B has a
strong interaction with the GEN in the second SSR mode. The third SSR mode has three interaction
points, and the strongest point lies between the mass LP−B and GEN. Similarly, the fourth SSR mode
has four interaction points with the strong interaction between the mass HP and IP.

Table 3. The shaft model parameters of Hanul nuclear generator units #3, #4 for the SSR analysis.

Mode Eigenvalues fm [Hz] Hm [s] Dm [p.u]

0 −0.0919 ± j5.2 × 10−7 0 5.44 1.09
1 −0.0412 ± j52.4039 8.3 3.93 0.79
2 −0.0443 ± j92.0062 14.6 7.29 1.46
3 −0.0213 ± j139.596 22.2 92.6 18.52
4 −0.0419 ± j149.387 23.8 86.1 17.22
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3.2. Frequency Scanning Method for SSR Analysis

The SSR behavior can occur when the electrical power grid is compensated by a series capacitor.
The resonance between electrical synchronous machines shaft and electrical grid can happen at
subsynchronous frequencies, which are lower than the fundamental frequency (60 Hz for the study
power network). Frequency scanning is a method of getting the frequency response of a system.
These techniques determine the total impedance of the system viewed from the studying generator
as a function of frequency. From that, the scanned impedance and the mechanical parameters of
the turbine generator are used for calculating electrical damping of the system [2]. Another type of
frequency scanning is the test signal method, which was used in this paper. As it is a method based on
time domain simulation, it conforms to the detailed model of a real system application for getting the



Energies 2019, 12, 2847 9 of 16

electrical damping of the system. There is no risk of the SSR if the total net damping of the system is
positive [23,24], which means that the system satisfies the equation:

D(ω) = De(ω) + Dm(ω) > 0 (13)

where, Dm(ω) and De(ω) are the damping of the mechanical and electrical system, respectively.
The relationship between the mechanical and electrical systems can be described by the closed−loop

diagram shown in Figure 8, with ∆Te is the electrical torque deviation in per unit and ∆ωr is generator
rotor speed deviation in per unit.
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The electrical dynamic as a function of frequency can be expressed as the following equation:

Ge( jω) = De(ω) + jKe(ω) (14)

where, Ke(ω) is the electrical coefficient.
The transfer function between the electrical torque and the generator rotor speed is Ge(s). Thus,

the damping torque coefficient (electrical damping) is defined as follows:

De(ω) = <

[
∆Te( jω)
∆ωr( jω)

]
(15)

In this method, a multi−sine signal is injected into the synchronous generator rotor as the speed
deviation, and the obtained output is an electrical torque. Thus, the transfer function represents the
electrical damping as the function of frequency as given in Equation (15). The injected multi−signals
are described as the following Equations (16)–(18):

∆ωr = Aω
N∑

n=n0

sin[2π( fsub_min + n fsub_gap)t + δn] (16)

δn = −
(n− n0)(n− n0 + 1)

(N − n0 + 1)
π (17)

N =
fsub_max − fsub_min

fsub_gap
+ 1 (18)

where, the spectrum injected frequencies range [fsub_min, fsub_max] must cover all the range of
subsynchronous frequency from 5 Hz to 55 Hz, and the fsub_gap is the increment of each injected
frequencies. The amplitude Aω could be chosen to be very small. With the selected Aω, the Schroeder
multi−sine can be applied to choose δn as the function of n in (17) for reducing overall amplitude [25].

Figure 9 shows a simple circuit of a synchronous generator connected with a TCSC through the ‘pi’
model of a transmission line. A multi−sine signal is injected into the speed input of the generator, the
measurement as the output of the electrical torque is for carrying out the electrical torque corresponding
to the injected signal. This multi−sine signal was implemented in the time−domain simulation in
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PSCAD/EMTDC, which is an interesting tool for frequency screening studies where FACTs devices
are located.
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4. Simulation and the Results

In this section, we analyzed and described the effects of the series compensation for the SSR
behavior in case of using the FSC and TCSC. The FSC compensation was used to confirm the advantages
of the TCSC compensation with the SVR control method. As the requirements from KEPCO, the
compensation levels are 50% and 70% for the normal and dynamic operations, respectively. The signal
injection method was used to obtain the electrical damping De, these values are compared to the
mechanical damping Dm values presented in Table 3. Thus, we can indicate the risks of the SSR in the
system as the equation (13).

As discussed in Section 3.1, the selected generators are the Hanul nuclear units #3 and #4.
The simulation scenarios are shown in Table 4.

Table 4. The simulation scenarios for the subsynchronous resonance analysis.

Simulation Scenarios Bus 5151–Bus 5152 Bus 5151–Bus 5150

Cases Line 1 Line 2 Line 1 Line 2

1 (normal operation) Connected Connected Connected Connected
2 (disconnected one line) Connected Disconnected Connected Connected

3 (worst case) Disconnected Disconnected Disconnected Disconnected

Each case was studied with no compensation, the FSC compensation, and TCSC compensation,
and all results are shown in Figures 10–14. In the figures, the mechanical damping constants of the
nuclear generator units #3 and #4 with the torsional frequencies of modes 1 and mode 2 are given.
The oscillation modes 3 and 4 have large values of the mechanical damping as 18.52 p.u and 17.22 p.u,
respectively, so they were neglected in the figures. These values are negative of the mechanical
damping in range of [fm − 1 Hz, fm + 1 Hz] with each torsional frequency. The risk of the SSR can
be easily seen from the graphs, the SSR occur if any part of the electrical (De) line extends below the
mechanical (Dm) line.

4.1. Normal Operation of the 345 kV Power Network

The simulation results of normal operation for the 345 kV power network are shown in Figure 10a.
The figure shows the normal operation of the system in cases of no compensation and compensated
by the FSC or TCSC. In that case, the FSC and TCSC were set as 50% of the compensation level.
In Figure 10a, it can be seen that the electrical damping in the study power network with the FSC
or TCSC compensations is similar to the no compensation case, and the total of the electrical and
mechanical damping are positive for all cases. These results confirmed that in the normal operation
condition, the system was stable with TCSC installation.
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4.2. Sensitive Cases of the 345 kV Power Network

In this section, two sensitive simulation cases (case 2 and case 3) were performed to quantify
the effects of the FSC and TCSC on the SSR behavior. The case 2 disconnected one line between two
buses 5151–5152, and the case 3 disconnected all transmission lines between buses 5151−5152 and
5151−5150. The case 3 (worst case) is unlikely to occur, but it was defined to analyze any potential
issues. In this case, the system becomes radial as seen from the Hanul nuclear power plant #3 and #4
to the compensated transmission line. If the TCSC operation destabilized the torsional mode of the
Hanul nuclear power plant, it would be more likely to occur under this worst case.

Figure 10b shows the first sensitive case of the 345 kV power network. As a result, one transmission
line between two buses 5151−5152 was disconnected but it did not affect the electrical damping. All the
results were also similar to the base case in Figure 10a, there was not any risk of the SSR when one line
between two buses 5151−5152 was disconnected. There is a different electrical damping characteristic
of FSC compensation at 60 Hz due to a result of the electrical torque increased rapidly in case of
disconnecting one transmission line. As compared in Figure 10, the plots of electrical damping in
normal operation and the outage of one line nearby the Hanul nuclear power plant are the same with
no compensation on the line. That means the series compensation cannot affect the SSR problem in the
power network even one−line outage condition.

In the second sensitive simulation case, all transmission lines between buses 5151−5152 and
5151−5150 were disconnected. This is a radial system, as seen from the considered generator to the
compensation line. As shown in Figure 11, in case of without any compensation, the electrical damping
is positive. But in the case of 50% FSC compensation level, there is a negative point of the electrical
damping at 39 Hz. In this case, the impedance Z(jω) of the electrical system is shown in Figure 12.
The system reactance is zero at an electrical resonance frequency of 21 Hz, which corresponds to 39 Hz
at the rotor frame frequency.

The red line in the Figure 11 describes the TCSC compensation level of 50%. It can be seen that at
39 Hz, the electrical damping is also around zero which is the same as without compensation, this shows
the advantage of the SVR control method. In the frequency range [5 Hz, 20 Hz] of the TCSC compensation,
the electrical damping curve has negative points, but this is also higher than the mechanical damping,
that means no risk of the SSR with the TCSC compensation. The simulation results of the system with
different FSC compensation levels are shown in Figure 13. When the compensation levels were increased
from 50% to 70% with the increment of 5%, the electrical damping was deeper more than normal
operation at 50% compensation level. The difference with the FSC compensation, the electrical damping
in case of the TCSC compensation, as shown in Figure 14 has not been affected by the compensation
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levels. As the concept of the SVR control, the TCSC appearance impedance changes to the transient zone
and become inductive impedance in the range from 40 Hz to 60 Hz of electrical frequency. So, it can
be seen in Figure 11, the electrical damping was negative from 6 Hz to 25 Hz of mechanical frequency,
but all of them are higher than mechanical damping curve, i.e., there is no risk of the SSR with the
TCSC compensation. Two sensitive simulation results confirmed that the system was stable with TCSC
compensation. The detailed data of net damping of all different TCSC compensation levels in different
cases were listed in Table 5.
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Table 5. Net damping of different TCSC compensation levels in different cases.

Case Mode
Compensation Level [%]

50 55 60 65 70

1

1 1.25528 1.25798 1.25798 1.25845 1.25769
2 1.48328 1.48675 1.48676 1.4879 1.48668
3 18.5972 18.5934 18.59344 18.5906 18.5919
4 17.2500 17.2525 17.25251 17.2539 17.2531

2

1 1.24981 1.2565 1.2565 1.25405 1.25193
2 1.47807 1.48131 1.48131 1.48016 1.47926
3 18.5909 18.5914 18.5914 18.5914 18.5912
4 17.2448 17.2452 17.2452 17.2455 17.2453

3

1 0.57817 0.50929 0.46084 0.67178 0.62506
2 0.96332 0.90498 0.86561 1.19998 1.01243
3 18.4042 18.3814 18.3674 18.4928 18.4364
4 17.1124 17.1001 17.0797 17.2351 17.1368

5. Conclusions

This study analyzed the SSR problem in the case of installing TCSC in a Korean power system.
In order to verify the effect of the TCSC introduced in a 345 kV transmission network for the first
time in Korea, the analysis results of the SSR behavior are presented in the case of FSC and TCSC
compensations. The detailed design of the TCSC was carried out with the calculated capacitor values of
198.94 µF and 186.93 µF for ShinYoungju-Hanul and ShinJecheon-Donghae, respectively. The inductor
was chosen to be equal to 5.23 mH for the two transmission lines. We implemented the TCSC with SVR
controller and confirmed the performance of the controller by injecting DC and sub frequency current.
The Hanul nuclear power plant #3 and #4 were selected as target generators. The torsional frequency
and mode shaft were also analyzed to show the interaction when the oscillation mode was excited.

Based on the time domain simulation software PSCAD/EMTDC, the test signal injection, one of the
frequency scanning methods, has been applied to perform the electrical damping of the system within
the sub−frequency range from 5 Hz to 55 Hz. Simulation of the basic case and two sensitive cases of
the power network were performed with different types of compensation and the compensation level
from 50% to 70%. There was no risk of SSR in normal case and the first sensitive operation. However,
when the Hanul nuclear power plant was radially connected to the compensated transmission line,
an SSR occurred at around 35 Hz to 39 Hz of the rotor frame frequency with the FSC compensation.
Nonetheless, the TCSC with the SVR control method avoided the risk point. The results obtained in
this study can be effectively applied to the TCSC installations in real power networks in the future.
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Appendix A

Table A1. Data of transmission line for the modified Korean power network.

From Bus To Bus Length [km] R [p.u] X [p.u] B [p.u]

5750 5700 67.85 0.00095 0.01728 0.42727
5700 5600 97.50 0.00144 0.02504 0.60843
5700 5500 76.70 0.00113 0.01944 0.48060
5500 5151 91.50 0.00135 0.02348 0.57333
5151 5150 1.16 0.00004 0.02068 0.01701
5150 5350 18.08 0.00027 0.01416 0.11328
5350 5600 6.60 0.00089 0.00079 0.37672

Table A1 shows the per unit quantities converted based on the rating of 345 kV and 100 MVA.

Table A2. Generator impedance and time constant of Hanul nuclear unit #3 and #4.

Description Symbol Value Unit

Unsaturated d-axis synchronous reactance Xd 1.998 [p.u]
Unsaturated d-axis transient reactance X’d 0.49 [p.u]

Unsaturated d-axis transient time T’d0 9.5 [s]
Unsaturated d-axis sub−transient reactance X”d 0.47 [p.u]

Unsaturated d-axis sub−transient time T”d0 0.032 [s]
Unsaturated q-axis synchronous reactance Xq 1.61 [p.u]

Unsaturated q-axis transient reactance X’q 0.617 [p.u]
Unsaturated q-axis transient time T’q0 0.78 [s]

Unsaturated q-axis sub−transient reactance X”q 0.47 [p.u]
Unsaturated q−axis sub−transient time T”q0 0.047 [s]
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