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Introduction

One The complexity of a power system, comprising of various generators,
transmission lines, different types of loads and transformers, can be compounded
by faults or increasing power demand. This state is known as a contingency state,
and the operations needed to rectify it are referred to as contingency control or
corrective control. If corrective control is not considered in the power system
design, it can lead to an increased risk of voltage collapse and system instability.
Consequently, there has been a growing interest in the utilization of FACTS
devices as a corrective action control [1; 2]. Additional roles of corrective control
include distributed generation [3-5], corrective switching in transmission
systems [6], and load shedding [7; 8].

In order to meet voltage limits in both standard and emergency scenarios,
reactive power planning requires the best possible allocation and the
identification of new reactive power sources in terms of size and type [9].
Research and findings have demonstrated the aptitude of FACTS devices for
steady-state and transient power system analysis [10]. Specific papers have
concentrated on discovering appropriate positions for FACTS devices to enhance
power system security and loadability [11; 12]. The optimal distribution of these
devices in deregulated power systems has been documented in [13; 14]. Heuristic
methodologies and intelligent algorithms have been employed in some research
papers to determine the optimal placement of FACTS devices for corrective
action control [15; 16]. In this study, an EOA [17] that amalgamates Particle
Swarm Optimization (PSO) and genetic algorithms (GA) evolutionary operators
is employed to achieve the optimal placement of multi-type FACTS devices in
order to minimize the annual expenditure of such apparatuses. Two distinct
devices with distinct characteristics are chosen and modelled for steady-state
analysis. The goal of minimizing load shedding costs is achieved through the
implementation of the EOA algorithm and corrective control action. Steady-state
simulations are executed on the IEEE 30-bus test system to assess the efficacy of
the proposed algorithm, providing positive results.

FACTs devices Modelling and Control

The Electrical Power Research Institute (EPRI) introduced FACTS technology
in the 1980s. This technology involves the use of power electronics, ranging from
tens to hundreds of megawatts, to convert and switch electrical power. FACTS
devices use devices like MOSFETSs, IGBTs, GTOs, and other appropriate power
electronic devices as controlled switches [18]. This paper evaluates two different
FACTS devices - SVC and UPFC - for their potential to improve the security of a
power system by placing them in a suitable location.



JEAR: Journal of Engineering and Applied Research ~ Winter & Spring 2025, Vol. 2, No. 1, p. 58-73

svc

The SVC system is constructed of capacitors, thyristors, and inductances. The
components of this device are illustrated in Figure 1. SVCs could be model by two
methods. The first approach conceptualizes SVC as an adjustable impedance that
automatically adjusts to maintain voltage control. This is referred to as the
passive model, however its major drawback is that the nodal admittance matrix
constantly fluctuates when the power grid operates under varying conditions
[19].

v—T

T, T,

Figure 1. Series Schematic diagram of SVC

The second model, referred to as the active model, conceptualizes SVC as a
node-injected power source. This model utilizes active sources in its equivalent
circuit, which can conveniently be integrated into Power flow (PF), Optimal
Power flow (OPF) and Voltage Stability studies [20]. Generally speaking, the
active model employs the reactive power injected or consumed by the SVC as its
state variable (Qs). The operational technical limits of this variable are:

Qmin S QS S Qmax

Qmax = Bind Vrif (1)
Qmin = Bcap Vrzf

Where Bing and Bcqp are capacitive susceptance and inductive susceptance and
Vreris the reference for the bus voltage [21].

UPFC

The UPFC is composed of two Voltage Source Converters (VSCs) which are
connected to a shared capacitor on the Direct Current (DC) side, along with a
unified control system. The schematic representation and corresponding
electrical model of the UPFC are illustrated in Figure 2. the UPFC has the
capability to control active power flow, reactive power flow and voltage
magnitude at the UPFC terminals independently or simultaneously. Alternatively,
it can be set to control none of them [22].
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Figure 2. a) Basic UPFC model, b) electrical model of UPFC

The shunt converter sources the active power required by the series converter
from the AC network and sends it to bus m over the DC link. An elevated nodal
voltage at bus m is the result of superimposing the series converter's output
voltage on the nodal voltage at bus k. While the &cR phase angle dictates how
power flow will be controlled, the size of the VcR output voltage regulates voltage
[23].

The shunt converter may contribute to the active power exchange between
the series converter and the AC system, and can also independently regulate
voltage magnitude at the point of connection with the AC system by generating
or absorbing reactive power.

A parallel-connected voltage source, a series-connected voltage source, and an
active power restriction equation that connects the two voltage sources make up
the UPFC equivalent circuit shown in Figure 2(b). Through their inductive
reactance, the two voltage sources—which stand in for the voltage source
converter (VSC) transformers—are connected to the alternating current (AC)
system. Proper formulations for the constraint equation and the two voltage
sources in a three-phase UPFC can be created as follows:

En =V (cosdn + jSindyg)
E& =V4(CosS% + jsinog) )
Re{-VZI£ +Va1r}=0

cR™m
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Where p stands for phase values a, b, and c. V,z and 6,z stand for the voltage
source's programmable magnitudes (Vvrmin < Vir < Virmax) and phase angle (0 < 6,z
< 2m) of the shunt converter. Magnitude V. and phase angle 6.z of the voltage
source representing the series converter are modified between limits (0 < 8 <
2m) and Vermin < Ver < Vermax, respectively.

The phase angle of the voltage injected into the series circuit determines the
mechanism of power flow control. If the nodal voltage angle 6x and 6.z are in
phase, the UPFC regulates the terminal voltage. When 6.z is in quadrature with
respect to 6y, it acts as a phase shifter, controlling the flow of active power. When
6cr is in quadrature with the line current angle, it acts as a variable series
compensator, controlling the flow of active power. For all other values of &, the
UPFC acts as a voltage regulator, variable series compensator, and phase shifter.
As demonstrated in [23], the amplitude of the series-injected voltage determines
how much power flow it can regulate.

The active model is preferred for modeling FACTS devices because it
conceptualizes the SVC as a node-injected power source, making it more suitable
for power flow and voltage stability studies. In contrast to the passive model, the
active model does not require constant updates to the nodal admittance matrix,
which enhances computational efficiency.

Proposed Algorithm

Equilibrium optimization algorithm

The EO algorithm is a new optimization algorithm that emanates from the
dynamic equation of the mass balance. For a control volume, this dynamic
equation characterizes the condensation of a non-reactive component as a
function of diverse sink and source mechanisms [17]. Unlike traditional
optimization techniques such as PSO and GA, the proposed EOA explicitly
balances exploration and exploitation through its equilibrium pool and
generation rate, leading to faster convergence and more reliable solutions for
problems. The algorithm’s main steps are as follows:

Step 1: Initialization

The parameter initialization and the particles initialization are the main stages
of this step that are presented in the following:

- Determining the initial parameters of the EO algorithm:

These parameters are the population size, N, the maximum iterations’
number, N;.7¥, the search space boundary conditions, and the exponential term
parameters a,, a,, and Gp.

- Determining the initial particles of the EO algorithm:
Using Eq. 3, the initial particles of the EO algorithm are generated.
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CiinitiaI =Cin +1i Crax —Crin) 3

In this equation, Cii“itial is the vector of particle 7 in the interval of [Cy,in Crnax]
and r; is a random number in [0, 1].

Step 2: Fitness value evaluation for each particle

For the particles, a fitness value comparison between the current and previous
iteration is done and the better fit will be saved.

Step 3: Create the pool of equilibrium.

The equilibrium pool and the particle concentration, C,,, are created using

eq’
Egs. 4 and 5. This pool consists of the best-selected particle named
Ceq(1) Ceq(2) Ceq(z), and Ceq(a)- Also, their average is represented by Ceq(ave)-

This step guarantees the ability for exploitation and exploration.
Ceq = {Ceqt Cea21:Cea(®) Cea @y Ceataer | ©
Cegave) = Ceq) +Ceq(2) +Ceq(3) TCeqra) /4 ®)
Step 4: Exponential index and generation rate updating.
The EOA balances exploration and exploitation through its equilibrium pool,
exponential index, and generation rate. The equilibrium pool ensures diversity,
while the exponential index and generation rate dynamically adjust the search

process to explore new regions and refine existing solutions. The exponential
index is calculated using the following equations:

F =a;sign(r —0.5)e ™ —1) (6)
P
t = (1_ iter N iter (7)

max
iter

In this equation, the exploration capability is controlled using the constant
value, a4, and the exploitation capability is controlled using the constant value,
a,. Also, ijer and NI are the current iteration and the maximum iterations’
number. The values of r and A4 are random numbers in the interval [0, 1].

The generation rate is calculated using the following equations:

G =G ) —g F (8)

Gy =GCP(Cyq —AC) (9)
051 r,>GP

GCP :{o " rrszP (10)

Where G and GCP are the generation rate and its control parameter,
respectively. The generation probability is presented by GP. This parameter
indicates the contribution of the generation probability for the procedure of
updating. Also, r; and r, represent random numbers in the interval [0, 1].

Step 5: Particle concentration updating.

The particle concentration is updated according to the following equation:
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G
Chew =Ceq +(C —Cy)F +W(1_F) (11)

In this equation, the inward concentration of the control volume is denoted by
C. The parameter V is assumed to be one.

Step 6: Until the Iter value reaches to Ni}%¥, go to step 3.
Problem Formulation

Upon the occurrence of an emergency state due to a fault such as a load
growth, it is imperative that the power system returns to its standard condition
in the most expeditious manner. In order to accomplish this objective and
improve system security, this paper aims to deploy FACTs devices while
minimizing the annual corrective control costs. To this end, the annual cost of the
FACTs devices is calculated and used as an objective function.

FACTS Devices Capital Expenditure

An examination of empirical evidence on reactive power supplies suggests
that for lower power ratings, the cost of the device is augmented, whereas for
higher power rates the cost is diminished. Figure 3 displays the expenditure costs
of FACTS devices (e.g., SVC and UPFC) [24].
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Figure 3. FACTS Devices Capital Expenditure

Depicted in Figure 3., in the problem formulation, it is supposed that the
investment costs associated with FACTS devices can be a quadratic function:

=32 - aQ; + ag (12)

The investment cost of FACTS devices, denoted by w;, and the sizes of the
installed devices, denoted by @, are expressed in terms of $/KVAR and MVAR,
respectively. The coefficients of Eq. 12 for SVC and UPFC can be found in the
accompanying table which is generated by using a curve fitting technique to the
data presented in Fig. 3 [25].
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Optimization model

The initial investment cost as demonstrated by Equation 13 is presented in
Equation 14 to be implemented in the problem.

Fivo = Z(/Ji Q;.d;) (13)

1=

Let 6 be a set of potential locations for FACTS devices, and let Q; be the size of
the additional FACTS devices in site i (bus i for SVC and line i for UPFC). If site i is
chosen for the expansion FACTS devices, di=1; if not, di=0. The following formula
can be used to get the yearly investment costs (F):
i (i)™
@i -1

Let i and D, represent the FACTS devices' interest rate and lifespan,
respectively. Therefore, it is possible to formulate the allocation of FACTS devices
problem with the goal of minimizing annual investment costs while accounting
for the power system's operating limitations:

Minimize  F,, =F, (15)

total

Subject 0:V;,; <V, <V

minji —

(14)

It

maxj

The highest and lowest permitted voltages in bus i are Vpmaxi and Vmini
respectively. Furthermore, as further constraints, the power flow equations ought
to be incorporated into the formulation:

gV, =0 (16)

where:
Py (V,0)— Py
g(v,0) = Qm(v,a)—Q;e‘}
R.(V.0)- P

The parameters P, Qn Calculated active and reactive power for PQ bus m,
Poner, Q€% Specified active and reactive power for PQ bus m, P,, P1*¢* Calculated
and specified active power for PV bus n, VV Voltage magnitude at different buses,
0 Voltage phase angle at different buses.

The constraints associated with FACTS devices consist of:

—0.8X, < X_ppe <0.2X,

100MVAR < Qrc <320MVAR (18)

100MVAR < Q. <400MVAR

Where, Xyprc, Reactance added to the line by placing UPFC, X; Reactance of the
line where UPFC is located, Qurrc and Qsvc Reactive power injected by placing
UPFC and SVC.

a7
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Sensitivity analysis for Sites Selection of FACTS Devices

The essential sage in the process of allocating FACTS devices is the selection
of candidate sites for the placement of new reactive power devices. While it
would be ideal to install unlimited FACTS devices at all buses, it is not
economically feasible and so a limited number of candidate buses must be
chosen.

To ascertain which potential sites are suitable for the installation of SVC and
UPFC voltage control FACTS devices, participation parameters obtained from
sensitivity analysis are applied as voltage indexes. These parameters are
obtained by means of a Jacobian matrix:

o
\% ‘]21 ‘]22 Q

When disregarding the influence of active power on the size of bus voltage, the
voltage of every bus will be equivalent to equation (20):

Vi=0,; Q +..+a,; Q, (20)

Where o'’s are participation factors. These values are normalized, with higher
factors indicating buses that are more sensitive to voltage changes and thus
prioritized for FACTS placement.

In conclusion, a load flow is conducted and the number of buses with the
lowest voltage is selected in order to identify potential locations following an
increase in the power system's load. Equation 20 is then produced by applying
sensitivity analysis. It should be remembered that the buses with higher
participation factors in equation 20 are the prospective sites.

Corrective control action using the EOA algorithm

The proposed design methodology for load-shedding and FACTS allocation
algorithms based on the EOA process will be described in this section. As
previously mentioned, the fitness function for the placement of FACTS devices is
represented by the following equation:

J=F,+J,+], (21)

The cost functions associated to the violations of the minimum and maximum
voltage constraints are represented by J; and J- in this equation, which is written
as follows:

J; = pf, =abs(sign(V,, —0.95) —1)

J, = pf, *abs(sign(V,, —1.05) +1)

Penalty factors pf; and pf; are taken into account when determining whether
the requirements in these equations are satisfied; if they are not, the fitness
function rises, which may lead to the eradication of bacteria during regeneration.

(22)
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In order to evaluate and compare the overall cost reductions, optimal load
shedding is also used to establish corrective action control. The implementation
of the EOA algorithm minimizes the expenses associated with load shedding
while guaranteeing that the load power factor remains constant. Therefore, the
following is the expression for the fitness function that is used for optimal load
shedding:

I =F g +J,+J, (23)

The parameters J; and J; are defined based on Eq. 22.

Ultimately, the cost savings attributed to the implementation of FACTS devices
is determined using the following formula:

I:saving =F sn —Fit (24)

The overall flowchart of the proposed technique is depicted in Figure 4 for

illustrative purposes.
¥
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contingency
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Corrective Control Action
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Figure 4. Overall Flowchart of the Proposed Technique

Results and Discussion

The effectiveness and efficiency of the suggested technique are evaluated in
this work using an IEEE 30-bus test system, as shown in Figure 5 [26]. The
interest rate (i) is 0.04 and the expected life period of FACTS devices (D,) is 10
years [27].
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Figure 5. Diagram of IEEE 30-bus system

The voltage profile in the system's normal state, where all voltages remain
within their permitted ranges, is shown in Figure 6. (0.95 p.u. < V< 1.05 p.u.).
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Figure 6. System Voltage profile in normal state

Considering the prevalence of overloading in power systems, a system
analysis is performed at a high load level, assuming a 70% increase in load. This
increase is chosen to simulate a high-stress scenario that tests the resilience of
the system.

Five different scenarios are taken into consideration. in Scenario 1, the power
system is normally operating without the installation of FACTS devices. In
Scenario 2, load shedding has been implemented without the installation of
FACTS devices. In Scenario 3, two UPFCs have been installed. In Scenario 4, two
SVCs have been installed. In Scenario 5, a combination of SVC and UPFC devices
have been installed.

In The first case, the network is maintained without additional devices, and
the voltage profile is depicted in Fig. 7 after an increase in the load. It is evident
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that Bus 8 had the least voltage, with a value of 0.9 p.u., violating its limits and
therefore necessitating corrective control. In 2th to 5th scenario, a suitable
location and optimal size of each load that must be shed and FACTS device is
obtained by the EOA algorithm introduced previously.

It is pertinent to observe that the rectification of voltage in the bus with the
least voltage will lead to deviation from the established limits for voltage
correction in other buses. Consequently, in accordance with the flowchart of the
proposed methodology, sensitivity analysis is exclusively conducted for Bus 8.
The outcomes of this examination are outlined in Table 1 for 10 buses with
considerable participation factors values.

1.02

Yoltage magnitude {p.u.)
o
[{u]
o

gl LT ATLRT LA RS AALAR]

5 10 15 20 a5 30
Bus Mumber

Figure 7. The profile of system voltage after an increase in the load.

Table 1. Sensitivity analysis results

Bus number Participation factor Bus number Participation factor
8 0.1898 19 0.008
10 0.1491 13 0.0072
6 0.1352 28 0.007
4 0.0262 18 0.0065
2 0.0241 12 0.006

In the second scenario, corrective control is implemented through the
utilization of a load-shedding algorithm in order to compare and calculate cost
savings. The number of buses that had their loads shed, as well as the value of
loads to be shed in those buses, is demonstrated in the accompanying table 3.
Additionally, the associated cost of load-shedding (calculated at 1000$ per 100
MW [28]) is also indicated in the table 2.

Table 2. Simulation result of scenario 2.
Values of shed loads

Bus Number - e Load Shedding Cost($)
power power
(MW) (MVAR)
8 51 51 51

19 29.75 5.78 29.75
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Values of shed loads
Active Reactive

Bus Number Load Shedding Cost($)
power power
(MW) (MVAR)
28 4.08 1.53 4.08
TOTAL 848.3 58.31 84.83

In the third and fourth scenarios, the optimal location of a single FACTS device,
obtained by employing the EOA algorithm, is considered. In the fifth scenario, two
types of FACTS devices are utilized and placed in optimal locations to bolster
power system security. The table 3 displays the optimal locations obtained for
these scenarios through the utilization of the EOA algorithm.

Table 3. Optimal location of FACTs devices

Scenario UPFC SVC

#1 #2 #1 #2
Scenario 3 18-19 6-28
Scenario 4 18 28
Scenario 5 8-28 - 7 --

Table 4 illustrates the efficacy of the proposed approach by displaying a
comparison of minimum system voltages across different scenarios. Additionally,
it displays the annual corrective control cost (Fi) and annual saving cost (Fsaving)
for all scenarios.

Table 4. Optimal location of FACTSs devices
Minimum Voltage of System

Scenario Magnitude (p.u.) Bus Number S i)
Scenario 1 8 0.9091
Scenario 2 30 0.9503 848.3 0
Scenario 3 30 0.9457 336.1 512.2
Scenario 4 30 0.9431 2259 622.4
Scenario 5 19 0.95 305.2 543.1

This study demonstrates that the employment of FACTS devices for corrective
control leads to greater cost savings than optimal load shedding. Furthermore,
the results indicate that the installation of one type of FACTS device is insufficient
to both improve power system security and maximize annual saving costs.
Therefore, it is advisable to install multiple types of FACTS devices at optimal
locations in order to enhance system security and maximize annual saving costs.

Conclusion

This research paper presents a comprehensive exploration of a novel strategy
for the optimal placement of FACTS devices, which are crucial in enhancing the
efficiency and reliability of electrical power systems. The proposed method
utilizes the EOA, a sophisticated computational technique that seeks to minimize



Mehdi Shafiee Enhancing Power System Resilience: Load Shedding ...

costs associated with the integration and operation of these devices. To
rigorously evaluate the performance and efficacy of this innovative algorithm,
extensive simulations are carried out on the IEEE 30 bus test system, a well-
established benchmark in power system analysis. Various scenarios are
considered to comprehensively assess how different configurations of FACTS
devices could be implemented. The results obtained from these simulations
demonstrate a significant potential for the effective deployment of multi-type
FACTS devices in improving overall system stability. Furthermore, the findings
indicate that this strategic placement not only enhances the operational stability
of the power system but also leads to a notable reduction in total costs associated
with electricity transmission and distribution. This research contributes valuable
insights into the optimization of power systems, emphasizing the balance
between technological advancement and economic efficiency. The Future work
could explore the integration of FACTS devices with renewable energy sources,
dynamic and transient stability analysis, real-time implementation, and
comprehensive economic and social impact analysis to further enhance power
system resilience and efficiency.
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