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ABSTRACT: The Thyristor-Controlled Series Compensator (TCSC) presents an effective solution for mitigating
transmission congestion in power systems by regulating the distribution of line power flow. However, inherent faults
within the TCSC may lead to an unintended intensification of transmission congestion in other sections of the system
post-installation, resulting in non-coherent phenomena of line blocking. In response to this challenge, this paper
introduces a novel two-stage site selection method for TCSC, emphasizing the enhancement of coherence in addressing
line-blocking issues. Through rigorous non-coherent verification, this method mitigates the risk of line congestion
deterioration due to TCSC faults. In the initial stage of the proposed method, TCSC faults are not considered during
the extraction of system states. System state analysis is performed based on the TCSC site selection model, aiming
to minimize system load reduction. The preliminary recommended installation position for TCSC is determined by
sorting the frequency of TCSC installation occurrences on lines extracted from the analyzed system states. In the
subsequent stage, accounting for the influence of TCSC faults on line faults, system operating states are extracted. Line
and system congestion indices are calculated through the statistical analysis of the system state analysis results. The
installation of TCSC at the preliminary position is scrutinized to identify non-coherent phenomena of line congestion
on other lines. If such phenomena are observed, the installation position is excluded, and the TCSC site selection process
is reinitiated based on the methodology from the first stage. To validate the effectiveness of the proposed method, a
case study is conducted on a modified RBTS test system. The case study results indicate that, compared with TCSC
siting schemes that do not consider transmission congestion non-coherency, the proposed non-coherency-based siting
scheme reduces the system congestion expectation (SCE) and system congestion probability (SCP) by 17.7% and 11.4%,
respectively, while lowering the LOLP and EENS by 2.56% and 4.55%, respectively. These results demonstrate that the
proposed method can effectively alleviate transmission congestion and enhance the overall reliability of the system.
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1 Introduction

With the development of the economy and changes in national energy policies, the electricity system
load and various forms of renewable energy continue to increase. When the construction of the transmission
network fails to meet demand, the electricity system may experience line blocking [1], which refers to the
restriction of electric current flow caused by transmission capacity limits and consequently affects the stable
operation of the power grid. However, the reliability and security of the electricity system have always been
a top priority, and transmission congestion exacerbates the power supply crisis and poses a threat to the
electricity system [2]. Therefore, it is of great significance to alleviate transmission congestion and improve
the service life and operational flexibility of the power grid in emergency situations.
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Measures to alleviate transmission congestion can be considered from two aspects: expanding line
capacity and improving the utilization of existing lines. In terms of expanding line capacity, reference [3]
has expanded the transmission capacity of existing lines by constructing new transmission lines, thereby
alleviating the transmission congestion caused by the integration of renewable energy. Reference [4]
proposes a multi-objective optimization framework that takes into account the perspectives of both energy
storage system owners and system operators in congestion management. By simultaneously constructing
new transmission lines and installing energy storage devices, the transmission capacity is expanded to
mitigate transmission congestion. However, expansion measures such as building new transmission lines
may be constrained by transmission corridors and environmental protection issues. On the other hand,
reference [5] presents a stochastic scheduling method that flexibly adjusts the reserved spare capacity of
transmission lines based on the actual operating conditions of the system, ensuring that the lines have
sufficient transmission capacity to cope with various system operating states, thus maximizing the alleviation
of transmission congestion. Reference [6] enhances the available transmission capacity by installing various
Flexible Alternating Current Transmission Systems (FACTS) devices, indirectly mitigating transmission
congestion. Thyristor Controlled Series Capacitor (TCSC) is a series-type FACTS device with a simple
topology of the main circuit, requiring no interface equipment such as high-voltage transformers. It can be
easily retrofitted to existing conventional series compensation stations, providing good economic benefits.
Moreover, TCSC can quickly and flexibly switch between capacitive and inductive characteristics [7], making
it suitable for controlling power flow in the system to alleviate transmission congestion.

The ability of TCSC to alleviate transmission congestion is closely related to its installation location.
If the installation location is not appropriate, it will reduce the transmission capacity of the system [8].
Therefore, to maximize the use of TCSC to improve the ability to alleviate transmission congestion, it
is necessary to determine the appropriate installation location. Reference [9] uses actual power flow and
sensitivity indices to determine the optimal installation location of FACTS devices such as TCSC, and uses a
combination of FACTS devices and congestion management methods to alleviate transmission congestion.
Reference [10] selected the installation location of FACTS components such as TCSC by solving a mixed-
integer nonlinear programming location model and uses the flow control ability of FACTS components
such as TCSC to alleviate transmission congestion in the system. Reference [11] proposed a two-stage
stochastic optimization model and uses the model to determine the optimal installation location of TCSC
and uses TCSC to reduce transmission congestion and wind curtailment caused by congestion. Although
references [9-11] selected the installation location of TCSC through different models and processing
methods, they all assume that TCSC is completely reliable, and do not pay attention to the impact of TCSC
component failure on the system and lines. The power system has non-homogeneous phenomena [12,13],
that is, adding (removing) components will reduce (increase) the reliability of the system. Therefore, the
newly added TCSC component may reduce the reliability of some lines in the system due to its own failure,
thereby reducing the transmission capacity of the system and ultimately causing congestion. Regarding
the impact of investment component failures such as TCSC on the transmission capacity of the system:
Reference [14] studied the non-homogeneous phenomena of parallel multi-line transmission capacity, and
the research results showed that due to the random failure of components such as lines and circuit breakers,
the transmission capacity of three-line transmission in some cases is lower than that of two-line transmission.
Reference [15] studied the impact of TCSC and its bypass circuit breaker failures on reliability non-coherent
phenomena from the perspective of transmission capacity and system reliability of TCSC-installed lines.
The so-called non-coherent phenomenon of system reliability refers to a situation in which the installation
of additional components fails to enhance overall system reliability [16]. As a FACTS device, the TCSC is
intended to increase transmission capability and mitigate line blocking. Nevertheless, its inherent failure
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rate and the choice of installation location may lead to unintended consequences: while alleviating power
blocking on the targeted line, it can simultaneously exacerbate power blocking on other lines [17,18], leading
to the emergence of Non-Coherent Blocking Phenomena, which ultimately diminishes the transmission
capability of the system.

To address the above issue, this paper proposes a two-stage location method that considers TCSC
component failures and the impact of TCSC access on the transmission capacity of all lines. The non-
homogeneous phenomena caused by TCSC failures are considered as a necessary factor in selecting suitable
installation locations based on traditional location results. In the first stage, ignoring the impact of TCSC
failures, the TCSC installation location that minimizes the load reduction caused by congestion is selected
based on the TCSC location model under different system states, and the line with the highest occurrence
frequency is selected as the preliminary location. In the second stage, TCSC components are installed at
the determined preliminary location, and it is verified whether TCSC failures will cause non-homogeneous
phenomena that worsen congestion on the lines. If this occurs, the location is excluded and re-selected until
non-homogeneous phenomena no longer occur, and the final installation location is determined.

2 TCSC Location Model Based on Minimum System Load Reduction

TCSC has the capability to alleviate the congestion of transmission lines and the overall system.
However, the occurrence of faults in TCSC may increase the probability of lines being taken out of service,
resulting in an increased burden on other lines to handle the transmission tasks. This could lead to a non-
coherence degradation phenomenon where other lines may experience worsened congestion. To ensure that
TCSC effectively mitigates congestion on transmission lines without exacerbating congestion on other lines,
a two-stage siting approach, taking into account the synchronous phenomenon, is proposed to determine the
installation location of TCSC. In the first stage, a siting model is established without considering TCSC faults.
The optimal installation location of TCSC is then solved for different system states, with the most frequently
occurring location identified as the preliminary position. In the second stage, the im-pact of TCSC faults on
the identified preliminary location is assessed. If a non-coherence phenomenon is detected, the location is
excluded and the siting process is repeated; otherwise, the location is confirmed as the final installation site.

In the first stage, the TCSC siting model is established based on the direct current power flow load
reduction model [19], with the objective of minimizing the load shed-ding resulting from transmission
congestion. Its objective function is:

N

min Z S; ey
i=1

where S; is the load reduction at node i and Ny represents the total number of nodes. The constraints to be

satisfied include system operational constraints, TCSC control parameter constraints, and constraints on the
installation location of TCSC. The specific constraints are as follows:

The power balance constraint is:
N(; NB NB
> PG;+Y.S;=> PD; ()
i=1 i=1 i=1

where PG; is the output of generator i, PD; represents the active power load at node i and N represents the
number of generators.
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The line flow constraint is:
TF = AF (PG - PD + ) (3)

where TF is the matrix of active power flow on the line after a fault, AF is the matrix representing the
relationship between active power flow under fault conditions and injected power, PG, PD and S are vectors
formed by PG;, PD; and S;, respectively.

The generator output constraint is:
PG;_min £ PG; £ PGij_nmax VieNg (4)

where PG;_,,i, and PG;_,, ., represent the lower and upper limits, respectively, for the generator output PG;.

The load reduction constraint is:

0<S;<PD; VieNg (5)

The transmission capacity constraint for the line is:
’TFll < Ti—max Vie Np (6)

where TF; and T;_,,.. represent the actual operating power and rated capacity, respectively, for the line i,
and N is the total number of lines in the system.

The TCSC control parameter constraints are:
Xi—min < Xtcsc,i € Xi—max 1 € Ntcse (7)

where X;_qx and X;_,,;, represent the upper and lower limits, respectively, for the compensation degree
Xrcsc,i of the i-th TCSC, and Nrcsc is the total number of TCSCs installed in the system.

The installation location constraints for TCSC are:
1<site; < N i€ Nrcsc (8)

where site; is the installation location for the i-th TCSC.

3 Two-Stage Siting Method of TCSC Considering Coherence of Line Congestion Improvement

When the line flow exceeds the maximum rated capacity of the line, it indicates that the line is
blocked [20]. TCSC can improve the transmission capacity of the transmission line and the transmission
congestion of the system. However, the access of TCSC may lead to the aggravation of the blocking
phenomenon of some lines, that is, the phenomenon of blocking improvement non-coherence. This is mainly
because TCSC itself has a certain failure rate, which increases the fault probability of the line installed with
TCSC. When the installed line transmits a large amount of load, the increase of the fault probability of the
installed line will increase the probability of blocking other lines, and the blocking indicators of some lines
may be non-coherent.

Due to inherent faults in TCSC, the failure rate of the lines equipped with TCSC increases. To assess
the occurrence of non-coherent phenomena in line blocking indicators, it is necessary to extract multiple
system states for state analysis under the condition of fixed TCSC installation positions, enabling the
statistical analysis of the blocking probability indicators for each line. Therefore, the research approach of
this paper involves a two-stage process to determine the TCSC location. In the first stage, TCSC faults are
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not considered, and the preliminary installation position is determined through the TCSC location model.
Subsequently, in the second stage, TCSC faults are taken into account, and the system is examined for the
occurrence of non-coherent phenomena after TCSC is installed at the preliminary location. If no non-
coherent phenomena occur, the previously selected TCSC location is confirmed as the final installation
position. Otherwise, the initially selected installation position is excluded.

3.1 Stage One: Selection of Preliminary TCSC Installation Location

In this study, the non-sequential Monte Carlo method is employed to sample component states, forming
the system states. With the sampled system states, the TCSC siting model is solved. The preliminary
installation location is determined by selecting the position that occurs most frequently across all states. The
specific steps are as follows:

Step 1: Input parameters for the power transmission system and reliability, including network topology
parameters, electrical parameters of generators and lines, load parameters, and parameters for genera-
tor unavailability.

Step 2: Determine the search scope for TCSC installation lines.

Step 3: Utilize the non-sequential Monte Carlo method [21] to extract system states, encompassing the
states of generators and transmission lines.

Step 4: Calculate line flows.

Step 5: Determine the presence of transmission congestion; if present, proceed to Step 6. Otherwise,
move to Step 9.

Step 6: Perform optimal load reduction optimization without considering TCSC component integra-
tion. This involves solving the optimal load reduction model in the TCSC siting model, ignoring TCSC
control parameter constraints and TCSC installation location constraints.

Step 7: Assess whether the system experiences load reduction. If so, proceed to Step 8; otherwise, move
to Step 9.

Step 8: Solving the TCSC site selection model involves determining the optimal installation location for
TCSC and documenting the geographical coordinates of the selected location on the transmission line.

Step 9: Check if the system sampling is complete. If yes, proceed to Step 10; otherwise, return to Step 3.
Step 10: Aggregate statistics on the occurrence of TCSC installation lines.

Both line flow calculation and optimal load reduction optimization are based on the direct current
power flow reduction model. Once all the installation lines have been statistically determined across all states,
select the line with the highest frequency of occurrence as the preliminary installation line. After installing
TCSC on the preliminary line, consider its fault model to statistically analyze the congestion indicators
for all lines before and after TCSC installation, enabling the identification of potential non-synchronous
phenomena. Given that both the selection and verification processes are related to transmission congestion
under different system states, the procedural steps in these two stages are quite similar.

3.2 Stage Two: Verification of TCSC Location Considering Non-Coherent Phenomena
3.2.1 Transmission Line Model Considering TCSC Faults

Taking into account both the faults in the line itself and the operating modes of TCSC components,
the operational states of a line containing TCSC can be classified into four categories: (1) normal operation

of the line with both TCSC modules compensating; (2) normal operation of the line with a single TCSC
module compensating; (3) normal operation of the line with no TCSC compensation; (4) line outage. The
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probabilities of these line operational states [15] are determined by:

H, = A Hr ©))
H, = A Hr, (10)
Hs;=A;Hrs (11)
Hy=A Hpy + K (12)

where Hj, H,, H3 and Hy represent the probabilities of the four operational states of the line, A; and K|,
represent the availability and unavailability of the line, and Hry, Hr,, Hr3 and Hp4 represent the probabilities
of the four operational states of the TCSC.

It indicates that the probability of the line exiting operation increases from K; to A; Hr4 + K|, after the
installation of TCSC. When a TCSC failure causes a line to exit operation, the transmission capacity of some
lines may no longer meet system requirements, leading to non-coherent phenomena that worsen congestion.

3.2.2 Site Selection Method for TCSC Considering Non-Coherent Phenomena

When the increase in the fault rate of a line leads to degradation in the congestion indicators of other
lines, it indicates the occurrence of non-coherence phenomena. In such cases, it is necessary to reevaluate
the sitting, excluding the line from the search scope. The calculation of congestion indicators in power
transmission is similar to the steps and content of power system reliability assessment. The required line flow
calculations and load reduction optimizations during the process are based on the DC power flow reduction
model. The TCSC site selection method, considering the non-coherence phenomena, the TCSC site selection
method is outlined as follows:

Step 1: Determine the TCSC installation line based on the statistical data from the first stage, selecting
the line with the highest occurrence frequency in the statistical data as the preliminary installation line.

Step 2: Utilize the non-sequential Monte Carlo method to extract generator, transmission line, and
TCSC operational states.

Step 3: Determine the series-compensated line state based on the line and TCSC operational states.
Step 4: Calculate line flows.

Step 5: Determine the presence of transmission congestion; if present, proceed to Step 6. Otherwise,
move to Step 9.

Step 6: Perform optimal load reduction optimization considering TCSC integration. This involves
solving the optimal load reduction model in the TCSC siting model, taking into account TCSC installation
location constraints.

Step 7: Assess whether the system experiences load reduction. If so, proceed to Step 8; otherwise, move
to Step 9.

Step 8: Calculate the transmission congestion indicators for the system and lines using Fqs. (13)-(16),
including line congestion quantity, system congestion probability, and system congestion quantity. When
the sample size is sufficiently large, the sampling frequency of the system states can be used as an unbiased
estimate of its probability. Combined with literature [22], the congestion indicators are defined as the
following equations:

TLCC;; = |TFjj| - Tiomax (13)
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NS TLCC;;
TLCE; = % x 8760 (14)

where TLCC;; is the congestion capacity of line i in system state j, representing the difference between the
actual transmission capacity and the rated capacity. TF;; is the actual operating power of line i in state j,
Ti—max is the rated capacity of line i and NS denotes the number of system states. If the congestion energy
of a specific line is greater after TCSC installation than before, it indicates that the fault of TCSC has a
deteriorating effect on the local congestion of the line.

The system congestion probability (SCP) is defined as:

scp =" (15)
NS

where nc is the number of states in which the system experiences congestion. It is considered that the system
experiences congestion if any line in the system is congested.

The system congestion energy (SCE) is defined as:
K (CS;
SCE = —— x 8760 16
2 ( NS ) 1)

where NS represents the total number of sampled states of the system, CS; is the load reduction caused
by congestion under the ith system state. If the congestion indicator after TCSC installation is greater than
the congestion indicator before installation, it indicates the occurrence of non-coherence phenomena in
the system.

Step 9: Check if the system sampling is complete. If yes, continue; otherwise, return to Step 2.

Step 10: Determine if non-coherence phenomena occur. If yes, exclude the line from the TCSC
installation line search scope and return to Section 3.1, Step 2; otherwise, proceed to Step 11.

Step 11: Confirm the line as the final installation line.

In conclusion, the two-stage site selection process for TCSC, considering non-coherence phenomena,
is illustrated in Fig. 1 (Algorithm 1).
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Figure 1: TCSC site selection flow chart

The pseudocode corresponding to Fig. 1 is presented as follows:

Algorithm 1: Two-stage TCSC site selection considering non-coherent phenomena

Stage 1: Preliminary TCSC Installation Location Selection

1: Input system parameters (network topology, electrical parameters, load data)

2: Initialize reliability and system state parameters (generator availability, transmission line status)
3: Define the search scope for potential TCSC installation lines

(Continued)
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Algorithm 1 (continued)

4: Use the non-sequential Monte Carlo method to sample system states:
- Extract system states, including the states of generators and transmission lines
5: For each sampled state:
a. Calculate line flows for the current system state
b. Check for transmission congestion: if congestion exists, proceed to step 6; if no congestion, move to
the next sample
6: Perform optimal load reduction optimization (ignoring TCSC fault impacts):
- Solve the TCSC siting model to minimize load reduction from congestion
7: Record the occurrence frequency of each line’s load reduction
8: Determine the line with the highest occurrence frequency as the preliminary TCSC installation location
9: Check if sampling is complete: if yes, proceed to Stage 2; if no, return to step 4
Stage 2: TCSC Fault Impact Verification
10: Install TCSC at the preliminary location from Stage 1
11: Use the non-sequential Monte Carlo method to re-sample system states considering TCSC faults
12: For each sampled state, check the line and system states:
a. Calculate line flows
b. Check for transmission congestion: if congestion exists, proceed to step 13; if no congestion, move
to the next sample
13: Perform optimal load reduction optimization, considering TCSC integration
14: Calculate congestion indicators (line congestion energy, system congestion probability, system
congestion energy):
a. Compare congestion values before and after TCSC installation
b. If congestion worsens after TCSC installation, identify the non-coherence phenomenon
15: If a non-coherence phenomenon is detected:
a. Exclude the current TCSC installation location and re-initiate Stage 1
16: If no non-coherence phenomenon is detected:
a. Confirm the current location as the final TCSC installation site
17: End

4 Experimental Results and Analysis

To better investigate the impact of TCSC on the transmission congestion of the system, this study made
modifications to the RBTS system. Firstly, a new line L10 was added between nodes BUS5 and BUS6, with
parameters identical to line L9, resulting in the MRBTS system. Subsequently, the following modifications
were made to the MRBTS system: (1) All nodes’ active loads were increased by a factor of 1.3; (2) At
node BUSI, one additional 20 MW generator was added, with parameters identical to the original 20 MW
generator at node BUS1in the RBTS system; (3) At node BUS2, two additional 20 MW generators were added,
with parameters identical to the original 20 MW generator at node BUS2 in the RBTS system. Meanwhile,
the following five schemes are set:

Case A: None TCSC.

Case B: TCSC Installation on Line L2 with Failure Consideration.

Case C: TCSC Installation on Line L2 without Failure Consideration.

Case D: TCSC Installation on Line L3 with Failure Consideration.

Case E: TCSC Installation on Line L3 without Failure Consideration.
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The modified system is referred to as the MMRBTS system, and the system configuration is shown
in Fig. 2.

2x40MW [x40MW
2x20MW 6x20MW
I1x10MW 2x5MW
L1
BUS1 I ] BUS?2
1.3%20MW
L3
L2 L4 Ls
BUS3 . L6 . 7 BUS4
1-3x8SMW - \L7 L8 1.3%40MW
BUS5
Lo Lio  13x20MW

BUS6
1.3x20MW

Figure 2: Single-line diagram of MMRBTS system

4.1 Analysis of Non-Coherent Phenomena in Line Blocking Induced by TCSC Faults

Assuming a TCSC fault probability of 0.0005, the calculated results for the system congestion index
(SCE) are presented in Table 1, where SCE is measured in MWh/year. From Table 1, it can be observed that:
(1) Without considering TCSC faults, the installation of TCSC on the line significantly improves the system
congestion index (SCE). However, when TCSC faults are taken into account, the improvement in the SCE
due to TCSC installation is very limited. (2) Without considering TCSC faults, TCSC has no impact on the
system congestion probability index (SCP). However, when considering TCSC faults, the system congestion
probability index (SCP) actually increases, indicating the occurrence of non-coherence phenomena.

Table 1: System congestion indices

Indices Case A CaseB CaseC CaseD CaseE

SCP 0.0035  0.0039 0.0035 0.0039 0.0035
SCE (MWh/year) 78241 770.50 668.43 743.84 643.71

Note: SCP: system congestion probability; SCE: system congestion energy.

The results of the line congestion index calculations are presented in Table 2, with the congestion index
values for each line before TCSC installation shown in the second column of Table 2. It is evident from Table 2
that the congestion situation is most severe for lines L2 and L3. Consequently, attempts were made to install
TCSC components on lines L2 and L3, followed by testing for synchronicity at these locations.

Table 2: Line congestion indices (MWh/year, under 100,000 samples)

Line congestion energy under different TCSC installation locations (MWh/year)

Line identifier
Case A Case B Case C CaseD Case E

L1 5.78 5.78 5.78 5.78 5.78
(Continued)
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Table 2 (continued)

Line identifier Line congestion energy under different TCSC installation locations (MWh/year)

Case A Case B Case C CaseD Case E

L2 334.29 230.18 221.99 428.18 334.29
L3 414.91 508.80 414.91 284.12 277.89
L4 7.65 7.65 7.65 7.65 7.65
L5 14.54 14.53 14.53 14.54 14.54
L6 1.10 1.10 1.10 1.10 1.10
L7 0.00 0.00 0.00 0.00 0.00
L8 0.03 0.03 0.03 0.03 0.03
L9 0.00 0.00 0.00 0.00 0.00
L10 0.00 0.00 0.00 0.00 0.00

From Tables 1 and 2, the following observations can be made: (1) Without considering TCSC faults,
the installation of TCSC on the line significantly improves the system congestion index (SCE). For instance,
when TCSC is installed on line L3, the congestion energy decreases from 782.41 to 643.71 MWh/year,
corresponding to a 17.7% reduction. Similarly, the congestion energy on line L2 decreases from 334.29 to
221.99 MWh/year, and that on line L3 decreases from 414.91 to 277.89 MWh/year, both showing substantial
improvements without introducing non-coherence phenomena. (2) When TCSC faults are considered, the
improvement in SCE becomes very limited. For example, the overall system SCE decreases only from 782.41
to 743.84 MWh/year, a reduction of merely 4.9%. Moreover, local congestion indices even deteriorate when
TCSC is installed on line L2, its congestion energy increases from 334.29 to 428.18 MWh/year, and when
installed on line L3, its congestion energy rises from 414.91 to 508.80 MWh/year. These results provide clear
evidence of non-coherence phenomena, where TCSC faults not only offset the expected benefits but also
aggravate congestion in specific lines.

Regarding the system congestion probability index (SCP), it is observed that without considering TCSC
faults, SCP remains unchanged, whereas with TCSC faults, SCP increases, further confirming the occurrence
of the non-coherence phenomenon.

To further analyze the impact of TCSC faults on the transmission congestion index, an analysis was
conducted to calculate the variation in the system congestion index for line L3 before and after the installation
of TCSC, considering different TCSC fault rates. The specific results are depicted in Fig. 3.

As shown in Fig. 3, it is evident that after the installation of TCSC on line L3, the overall System
Congestion Probability (SCP) consistently exhibits non-coherence phenomena with an increase in the
TCSC fault rate. This is attributed to TCSC faults leading to the withdrawal of the affected line from
operation, thereby increasing the probability of system congestion when TCSC is installed on certain lines.
Meanwhile, the overall System Congestion Index (SCE) transitions from synchronous to non-coherent as
the TCSC fault rate increases. In the initial stages of low TCSC fault rates, the infrequent instances of TCSC
faults causing line withdrawals do not significantly offset the enhanced transmission capacity provided by
normal TCSC operation. However, as the TCSC fault rate further increases, the increased frequency of line
withdrawals negates the benefits of TCSC’s normal operation, causing the congestion index to shift from
overall synchronous to overall non-coherence.
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Figure 3: Change of system congestion index with TCSC failure rate

In conclusion, TCSC component faults lead to the deterioration of local and system congestion indices,
inducing non-coherence phenomena. As the TCSC fault probability increases, the overall System Congestion
Index (SCE) shifts from synchronous to non-coherent. Therefore, in the TCSC site selection process, it is
imperative to consider the impact of non-coherence phenomena resulting from TCSC component faults.

4.2 Analysis of TCSC Site Selection Considering Coherence

This study employs a two-stage site selection method, considering non-coherence phenomena, to
address the impact of TCSC faults. The TCSC site selection results before and after considering non-
coherence phenomena are compared. The site selection process and outcomes are presented in Table 3, while
the test results for different installation locations are outlined in Table 4.

Table 3: TCSC site selection process and results (under 100,000 samples)

Factor considered Sequence Excludedline  Initial line/Occurrence Non-coherence
number phenomenon
None / / L4/295 yes
1 12,13 L4/296 yes
Non-coherent phenomenon 2 L2,13,1L4 15/296 yes
3 L2,13,14,15 L1/309 no

Table 4: Verification for non-coherence of TCSC locations

Line congestion energy under different TCSC installation locations (MWh/year)

Line identifier

None Line L1 Line L4 Line L5
L1 5.78 5.78 5.78 5.78
L2 334.29 23773 220.42 220.33
L3 414.91 295.33 270.84 270.84

(Continued)
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Table 4 (continued)

Line identifier Line congestion energy under different TCSC installation locations (MWh/year)

None Line L1 Line L4 Line L5

14 7.65 7.65 7.65 10.01
L5 14.54 14.53 16.90 14.53
L6 1.10 110 1.10 1.10

L7 0.00 0.00 0.00 0.00
L8 0.03 0.03 0.03 0.03
L9 0.00 0.00 0.00 0.00
L10 0.00 0.00 0.00 0.00

Table 3 illustrates the site selection process and outcomes before and after considering non-coherence
phenomena. The results without considering non-coherence phenomena are presented in Table 3. It is
observed from Table 3 that, based on the data obtained from solving the TCSC site selection model for all
states, line L4 appears most frequently.

When considering non-coherence phenomena, as indicated by the data in Table 1, TCSC installation on
lines L2 and L3 leads to non-coherence occurrences in the system. Therefore, in the first site selection process,
lines L2 and L3 are excluded. The preliminary solution suggests that line L4 appears most frequently. How-
ever, validation data in Table 4 reveals that TCSC installation on line L4 induces non-coherence congestion
phenomena. Consequently, lines L2, L3, and L4 are excluded in subsequent site selection processes. After the
third site selection, line L1 is identified as the installation location without non-coherent phenomena.

According to the verification results in Table 4, installing TCSC at different locations leads to varying
degrees of congestion deterioration on other lines when TCSC faults are considered. Specifically, when TCSC
is placed on line L4, the congestion energy of L5 increases from 14.54 to 16.90 MWh/year, a deterioration
of 16.2%. When installed on line L5, the congestion energy of L4 rises from 7.65 to 10.01 MWh/year, a
deterioration of 30.8%. In contrast, when TCSC s installed at the final selected location, line L1, no congestion
deterioration occurs; instead, the congestion energies of L2 and L3 decrease significantly from 334.29 and
414.91 MWh/year to 237.73 and 295.33 MWh/year, representing reductions of 28.9% and 28.8%, respectively.
These results demonstrate the strong congestion-mitigation effect of the proposed siting strategy.

By combining the outcomes of Tables 1and 4, the proposed two-stage siting method ultimately identifies
line L1 as the optimal installation location for TCSC. Under this configuration, and with TCSC faults
considered, the system congestion energy (SCE) decreases from 782.41 MWh/year (without TCSC) to
643.71 MWh/year, corresponding to a 17.7% reduction, while the system congestion probability (SCP) falls
from 0.0035 to 0.0031, a reduction of 11.4%. Compared with traditional siting approaches that neglect TCSC
faults, the proposed method not only ensures effective congestion relief but also prevents local deterioration
caused by TCSC faults, thereby enhancing the overall reliability of system operation.

4.3 Analysis of the Impact of TCSC Siting on System Reliability

Variations in TCSC placement schemes lead to differences in system power flow distribution, which
subsequently affect the system reliability indices. In this section, we present a comparative analysis of system
reliability indices under two scenarios: TCSC placement considering congestion non-coherent characteris-
tics and TCSC placement without considering congestion non-coherent characteristics. To evaluate system
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reliability, the loss of load probability (LOLP) and the expected energy not supplied (EENS) are selected as
the key performance indices. The corresponding results are summarized in Table 5.

Table 5: Reliability analysis of siting with and without non-coherency consideration

Indices Without non-coherency-based siting With non-coherency-based siting
LOLP 0.016400 0.015980
EENS (MWh/year) 1225.217621 1169.477217

Note: LOLP: loss of load probability; EENS: expected energy not supplied.

As shown in Table 5, the LOLP decreases from 0.016400 to 0.015980, representing a relative reduction of
approximately 2.56%. The main reason is that, with TCSC placement considering non-coherent character-
istics, the installation of TCSC improves the power flow of critical transmission lines, effectively mitigating
the impact of TCSC outages on system power flow and reducing the probability of load loss caused by
non-coherent congestion. From an operational risk perspective, the 2.56% reduction in LOLP means fewer
instances where the system will fail to meet demand, effectively reducing the risk of failure caused by system
overload. A stable power supply not only improves system reliability but also allows the system to maintain
higher flexibility when faced with high-load conditions. Meanwhile, the EENS decreases from 1225.22 to
1169.48 MWh, with a relative reduction of about 4.55%. For the system, a 4.55% reduction in EENS means a
significant decrease in the need for forced load shedding during periods of system congestion. Specifically,
the reduction in EENS by approximately 56 MWh can supply electricity to 2300 households for one day. This
more substantial decrease indicates that considering non-coherent placement can, to some extent, optimize
power flow distribution, enhance system supply capability, and reduce load curtailment, thereby further
improving overall system reliability.

These results demonstrate that incorporating non-coherent placement can significantly enhance system
reliability, alleviate the non-coherent congestion phenomena caused by TCSC installation, and improve
system operational stability and resilience under high-load conditions.

5 Conclusion

This study investigates the optimized location model of Thyristor-Controlled Series Compensator
(TCSC) and the non-coherent phenomenon where certain transmission lines experience exacerbated
blocking due to TCSC faults. In response to this phenomenon, a two-stage TCSC site selection method
is proposed, considering the improvement of coherence in transmission line blocking. Case studies were
conducted using a modified RBTS system, leading to the following conclusions:

(1) Due to inherent TCSC faults, the installation of TCSC at inappropriate locations can result in a non-
coherent phenomenon, leading to exacerbated line blocking on specific transmission lines.

(2) Incorporating a coherence verification for line blocking into the initial TCSC site selection can
yield an optimal TCSC location scheme that favors enhancing coherence in blocking for multiple
transmission lines.
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Glossary

S; The load reduction at node i
PG; The output of generator i

PD; The active power load at node i

PG;_pin The lower of the generator output PG;
PGi_max The upper of the generator output PG;

Nz The total number of nodes

Ng The number of generators

N The total number of lines in the system

Nrtcsc The total number of TCSCs installed in the system

TF,; The actual operating power for the line i

T;—max The rated capacity for the line i

XTCSC,i The i-th TCSC

Xi_min The lower limits for the compensation degree of the i-th TCSC

Xi—max The upper limits for the compensation degree of the i-th TCSC

site; The installation location for the i-th TCSC

S The vector formed by S;

PG The vector formed by PG;

PD The vector formed by PD;

AF The matrix representing the relationship between active power flow under fault conditions and
injected power

TF The matrix of active power flow on the line after a fault

AL The availability of the line

Ky The unavailability of the line

TLCC;; The congestion capacity of line i in system state j

TF;; The actual operating power of line i in state j

NS The number of system states

nc The number of states in which the system experiences congestion

CS; The load reduction caused by congestion under the ith system state

References

1. Zhou W, Li H, Su X, Xiang T. PSASP-based city grid ring-closing strategy research and corresponding risk
assessment. In: Proceedings of the 2019 IEEE Innovative Smart Grid Technologies—Asia (ISGT Asia); 2019 May
21-24; Chengdu, China. p. 48-53.

2. Sharma A, Jain SK. Gravitational search assisted algorithm for TCSC placement for congestion control in
deregulated power system. Electr Power Syst Res. 2019;174(5):105874. d0i:10.1016/j.epsr.2019.105874.

3. Mazaheri H, Moeini-Aghtaie M. Data-driven joint TEP-BESS co-planning scheme to relieve transmission lines
congestion: a min-max regret method. Sustain Energy Technol Assess. 2022;53(2):102676. doi:10.1016/j.seta.2022.
102676.


https://doi.org/10.1016/j.epsr.2019.105874
https://doi.org/10.1016/j.seta.2022.102676
https://doi.org/10.1016/j.seta.2022.102676

380

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

] Artif Intell. 2025;7(1)

Tarashandeh N, Karimi A. Utilization of energy storage systems in congestion management of transmission
networks with incentive-based approach for investors. ] Energy Storage. 2021;33(1):102034. d0i:10.1016/j.est.2020.
102034.

Xu X, Yan Z, Shahidehpour M, Li Z, Yan M, Kong X. Data-driven risk-averse two-stage optimal stochastic
scheduling of energy and reserve with correlated wind power. IEEE Trans Sustain Energy. 2019;11(1):436-47. doi:10.
1109/tste.2019.2894693.

Sadiq AA, Buhari M, Adamu SS, Musa H. Coordination of multi-type FACTS for available transfer capability
enhancement using PI-PSO. IET Gener Transm Distrib. 2020;14(21):4866-77. d0i:10.1049/iet-gtd.2020.0886.
Kamel S, Abokrisha M, Selim A, Jurado F. Power flow control of power systems based on a simple TCSC model.
Ain Shams Eng J. 2021;12(3):2781-8. doi:10.1016/j.asej.2020.11.023.

El-Azab M, Omran WA, Mekhamer SE, Talaat HE. Allocation of FACTS devices using a probabilistic multi-
objective approach incorporating various sources of uncertainty and dynamic line rating. IEEE Access.
2020;8:167647-64. doi:10.1109/access.2020.3023744.

Guguloth R, Kumar TS. Congestion management in restructured power systems for smart cities in India. Comput
Electr Eng. 2018;65(01):79-89. doi:10.1016/j.compeleceng.2017.04.016.

Sang Y, Sahraei-Ardakani M. The interdependence between transmission switching and variable-impedance series
FACTS devices. IEEE Trans Power Syst. 2017;33(3):2792-803. doi:10.1109/tpwrs.2017.2756074.

Sang Y, Sahraei-Ardakani M, Parvania M. Stochastic transmission impedance control for enhanced wind energy
integration. IEEE Trans Sustain Energy. 2017;9(3):1108-17. doi:10.1109/tste.2017.2770129.

Sedlacek P, Zaitseva E, Levashenko V, Kvassay M. Critical state of non-coherent multi-state system. Reliab Eng Syst
Saf. 2021;215(6):107824. d0i:10.1016/j.ress.2021.107824.

Zaitseva E, Levashenko V, Sedlacek P, Kvassay M, Rabcan J. Logical differential calculus for calculation of Birnbaum
importance of non-coherent system. Reliab Eng Syst Saf. 2021;215(2):107829. doi:10.1016/j.ress.2021.107829.

Hu Y, Bo Y. Reliability on distributed system considering transmission lines. In: Proceedings of the 2022 5th
International Conference on Power and Energy Applications (ICPEA); 2022 Nov 18-20; Guangzhou, China.
p. 459-63.

Ding J, Xie K, Hu B, Shao C, Niu T, Li C, et al. Mixed aleatory-epistemic uncertainty modeling of wind
power forecast errors in operation reliability evaluation of power systems. ] Mod Power Syst Clean Energy.
2022;10(5):1174-83.

Ji ], Wan L, Jiang Z, Yang Q. Recognizing the reliability non-coherence components of bulk power systems based
on reliability indices decomposition method. In: Proceedings of the 2012 International Conference on Control
Engineering and Communication Technology; 2012 Dec 7-9; Shenyang, China. p. 283-6.

Zhao Y, Qiu Y, Su X. Operating risk assessment model of power grid with TCSC. Electr Power Autom Equip.
2014;34(7):50-8.

Cheng L, Sun Y, Yang K, Zhang S, Gao F, Song Y, et al. Operating reliability research of transmission line
considering TCSC. Power Syst Technol. 2015;39(03):751-6.

Li W. Risk assessment of power systems: models, methods, and applications. Hoboken, NJ, USA: John Wiley &
Sons, Inc.; 2014.

Hosseini SE, Khajehzadeh A, Eslami M. Simultaneous employment of generation rescheduling and incentive-based
demand response programs for congestion management in case of contingency. ] Mod Power Syst Clean Energy.
2021;10(4):902-12.

Firouzi M, Samimi A, Salami A. Reliability evaluation of a composite power system in the presence of renewable
generations. Reliab Eng Syst Saf. 2022;222(2):108396. d0i:10.1016/j.ress.2022.108396.

Gan M, Xie K, Li C. Transmission congestion tracing technique and its application to recognize weak parts of bulk
power systems. ] Mod Power Syst Clean Energy. 2017;5(5):725-34. d0i:10.1007/s40565-016-0230-7.


https://doi.org/10.1016/j.est.2020.102034
https://doi.org/10.1016/j.est.2020.102034
https://doi.org/10.1109/tste.2019.2894693
https://doi.org/10.1109/tste.2019.2894693
https://doi.org/10.1049/iet-gtd.2020.0886
https://doi.org/10.1016/j.asej.2020.11.023
https://doi.org/10.1109/access.2020.3023744
https://doi.org/10.1016/j.compeleceng.2017.04.016
https://doi.org/10.1109/tpwrs.2017.2756074
https://doi.org/10.1109/tste.2017.2770129
https://doi.org/10.1016/j.ress.2021.107824
https://doi.org/10.1016/j.ress.2021.107829
https://doi.org/10.1016/j.ress.2022.108396
https://doi.org/10.1007/s40565-016-0230-7

	Two-Stage Location Method for TCSC Considering Transmission Congestion Alleviating Coherence
	1 Introduction
	2 TCSC Location Model Based on Minimum System Load Reduction
	3 Two-Stage Siting Method of TCSC Considering Coherence of Line Congestion Improvement
	4 Experimental Results and Analysis
	5 Conclusion
	Glossary
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


