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Abstract

The increasing demand for electricity, driven by industrialization and population growth, necessitates a reliable and high-
quality power supply. Traditional power grids face challenges in managing large power flows and maintaining stability,
particularly with the integration of renewable energy sources such as solar power. To address these challenges, a 3-level
unified power flow controller (UPFC) with a proportional-integral (P1) controller was investigated to enhance dynamic
performance and power quality in electrical grids. The UPFC consists of a series circuit for controlling active and
reactive power flow and a parallel circuit for bus voltage regulation. This study focuses on the 225 kV Magombe-
Oyomabang transmission line in Cameroon, analyzed under two fault scenarios: one with and one without solar
generators. Simulation results indicate that the Watt-Var control method effectively restores the system to its steady state
within 0.1 seconds after a fault. Additionally, the PI controller improves power system stability by 20% during transient
periods. The UPFC-based strategy, combined with PI control, significantly enhances the grid's dynamic stability and
power quality. This approach presents promising opportunities for improving the efficiency and reliability of power
systems, particularly as the integration of renewable energy sources (RES) continues to grow.

Keywords
Unified power flow controller, Proportional-integral controller, Dynamic stability, Renewable energy integration, Power
quality improvement.

1.Introduction

The global demand for electricity is steadily
increasing, driven by industrialization, population
growth, and the increasing adoption of electric
vehicles and other energy-intensive technologies [1,
2]. Meeting this demand while ensuring reliable and
high-quality power supply is a major challenge for
power system operators [3]. Traditional power grids,
often designed for centralized generation and
unidirectional power flow, are struggling to cope
with the increasing complexity and variability of
modern power systems [4]. One of the primary
challenges is the integration of renewable energy
sources (RES), such as solar and wind power, into the
grid [5, 6].
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While RES offer significant environmental benefits,
their intermittent nature poses challenges for grid
stability and power quality [7, 8]. Furthermore, the
increasing demand for power necessitates efficient
and reliable transmission of electricity over long
distances, often through aging infrastructure [9, 10].

To address these challenges, flexible alternating
current (AC) transmission systems (FACTS) devices
have emerged as a crucial technology for enhancing
power system controllability and reliability [11, 12].
FACTS devices utilize power electronics to
dynamically control power flow, voltage, and other
critical parameters, enabling improved power quality,
stability, and overall grid performance [13, 14].
Among various FACTS devices, the unified power
flow controller (UPFC) stands out as a highly
versatile and powerful solution [15, 16]. The UPFC,



with its ability to control both active and reactive
power flow, offers numerous advantages for modern
power systems [17, 18]. It can improve voltage
stability, enhance transient stability, mitigate power
oscillations, and facilitate the integration of RES [19,
20]. This research focuses on investigating the
potential of a 3-level UPFC with proportional-
integral (PI) control to enhance the dynamic
performance and power quality of an electrical grid,
particularly in the presence of solar generators.

The objectives of this study are:

o Analyze the impact of a 3-level UPFC with PI
control on the dynamic performance and power
quality of a 225 kV Magombe-Oyomabang line in
Cameroon.

o Evaluate the effectiveness of the UPFC in
mitigating power system disturbances, including
faults and the integration of solar generators.

e Quantify the improvements in power system
stability and transient response achieved through
the implementation of the UPFC.

This study contributes to the growing body of
knowledge on the application of UPFC technology
for enhancing power system performance. It provides
a detailed analysis of the UPFC's impact on dynamic
stability, power quality, and the integration of RES,
offering valuable insights for power system operators
and researchers.

This paper is structured as follows. The second
section explores the literature review. The third
section details the analysis methods, providing clarity
on the procedures and techniques employed. The
fourth and fifth sections present the simulation results
and discuss the findings, respectively. The last
section summarizes key takeaways from this research
work.

2.Literature review

The integration of RES into power systems has
gained significant momentum in recent years, driven
by environmental concerns and the pursuit of
sustainable energy solutions [21, 22]. However, the
intermittent nature of RES, particularly solar and
wind power, poses challenges to grid stability and
power quality [23, 24]. This has led to increased
interest in advanced control technologies, such as
FACTS devices, to enhance grid resilience and
facilitate the seamless integration of RES [25, 26].

The UPFC, a versatile FACTS device capable of
controlling both active and reactive power flow, has
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emerged as a promising solution for addressing
various power system challenges [27, 28]. Recent
studies have explored the application of UPFCs in
diverse scenarios, including:

2.1Enhancing power system stability

Transient Stability: Studies have demonstrated the
effectiveness of UPFCs in improving transient
stability by damping power oscillations and
enhancing system resilience to disturbances [29, 30].
For instance, [31] investigated the impact of UPFC
on the transient stability of a power system with wind
farm integration, showing significant improvements
in system response to faults.

Small-Signal Stability: UPFCs have also been shown
to improve small-signal stability by damping
electromechanical oscillations, thereby enhancing the
overall stability of the power system [32, 33]. A
study by [34] analyzed the impact of UPFC
integration on the small-signal stability of a power
system with wind farm integration, demonstrating its
effectiveness in damping low-frequency oscillations.

2.2Improving power quality

Voltage Regulation: UPFCs can effectively regulate
voltage at critical bus locations, ensuring stable and
reliable power supply [35, 36]. Research by [37]
explored the use of UPFC for voltage regulation in a
power system with high penetration of photovoltaic
(PV) generation, demonstrating its ability to maintain
voltage within acceptable limits.

Harmonic Mitigation: UPFCs can be utilized to
mitigate harmonics introduced by nonlinear loads and
RES inverters, improving power quality and reducing
system losses [38, 39]. A study by [40] investigated
the application of UPFC for harmonic mitigation in a
power system with high penetration of wind power,
demonstrating its effectiveness in reducing harmonic
distortion.

2.3Facilitating RES integration

Power Flow Control: UPFCs can effectively control
power flow from RES, optimizing the utilization of
renewable energy and enhancing grid stability [41].
A study by [42] explored the use of UPFC for power
flow control in a power system with high penetration
of solar PV, demonstrating its ability to maximize the
utilization of solar energy while maintaining grid
stability.

Voltage Support: UPFCs can provide voltage support
to RES, ensuring their reliable operation and



Nestor Ndjankeu Mbeutcho et al.

maximizing their contribution to the grid [43]. A
study by [44] investigated the use of UPFC for
voltage support to wind farms, demonstrating its
effectiveness in maintaining stable voltage at the
wind farm interconnection point.

2.4Recent advancements in UPFC control
Artificial intelligence (Al) and Machine learning
(ML): Recent research has explored the use of Al and
ML techniques for optimizing UPFC control
strategies, leading to improved performance and
adaptability [45]. For instance, [46] proposed an Al-
based UPFC control strategy for enhancing transient
stability, demonstrating its superior performance
compared to conventional control methods.

Multi-objective optimization: Researchers are
developing multi-objective optimization techniques
for UPFC control, considering factors such as power
flow control, voltage regulation, and stability
enhancement simultaneously [47]. A study by [48]
proposed a multi-objective optimization approach for
UPFC control, considering both power flow control
and voltage stability objectives, demonstrating its
effectiveness  in  achieving  optimal  system
performance.

2.5Future research directions

Integration of UPFC with other FACTS devices:
Exploring the synergistic effects of combining UPFC
with other FACTS devices, such as static
synchronous  compensator (STATCOM) and
thyristor-controlled series compensator (TCSC), for
enhanced power system control and stability.

Development of advanced control strategies:
Investigating the application of advanced control
techniques, such as model predictive control and
adaptive control, for UPFC operation, leading to
improved performance and adaptability.

Impact of UPFC on power system economics:
Analyzing the economic benefits of UPFC
implementation, considering factors such as reduced
transmission losses, improved power quality, and
increased RES integration. Osama et al. [5] proposed
a UPFC controller based on a spontaneous energy
optimization (SEO) algorithm to improve power
quality and voltage stability in a grid-connected wind
energy system. Their simulation results showed that
the proposed UPFC-SEO controller is more robust
and effective than classical Pl and fuzzy-PI
controllers. However, their study was limited to a
single wind energy system and did not consider the
impact on the wider power grid.
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The proposed method outlined in the article presents
a novel approach to evaluating the 3-level UPFC’s
comprehensive impact on various aspects of power
systems. By focusing on stability, power quality, and
dynamic performance through simulation, the study
aims to fill the gaps left by earlier research. This
integrated approach will contribute to a clear
understanding of the UPFC's capabilities, particularly
in enhancing the integration of RES, which is crucial
for the evolution of modern power grids.

3.Methods

For the successful completion of our work, we have
adopted the following assumptions: All switches are
assumed to be ideal; the three voltages of the
alternating source are balanced; all voltage drops
across the line are represented by the reactance r; the
line inductance is represented by the inductance L;
the parallel transformer is represented by the
resistance r_P and the inductance L_P. Next, we will
go ahead with the modelling of the serial converter,
keeping in mind that the principle will be the same
for the parallel converter.

3.1Dynamic equations of the series compensator
TCSC is a device that uses power electronics for
series compensation [9]. The system is composed of
an inductance, dimmer, and capacitor connected in
parallel with the power grid. This configuration
allows for the control of power flow and the
enhancement of line transfer capacity. The reactance
of Xrcsc changes depending on the firing delay angle
(a) of the thyristors, as showed in the Equation 1.
Compensators from the mid-80s had a similar design
[10].

In practice, the TCSC operates like a transmission
line-connected variable response. In case of thyristor
failure, the TCSC will continue to provide an
impedance like that of a capacitor. When thyristors
are fully conducting, they can be controlled as
electronic switches, resulting in a constant impedance
for TCSC. The impedance is equal to the parallel
induction of the capacitor [12]. The operation of this
compensator shows that the TCSC can change the
electrical length of the transmission line by adjusting
its impedance [13]. Additionally, it has the capability
to control active power and enhance the stability of
the system. Here is a visual representation of TCSC.

The primary uses of the thyristor-controlled series
capacitor include enhancing power flow on
transmission lines, addressing the disparity in load
currents, achieving enhanced dynamic stability,



amortization of power oscillations, mitigation of risks
of hyposynchronous resonance, interconnection of
power grids, and voltage stabilization [14]. The
thyristor-controlled series capacitor has become a key
part in FACTS technology [15]. It provides active
and reactive power flow control, allowing for more
efficient and reliable power transmission across
interconnected grids. By dynamically adjusting the
series compensation, the device can dampen power
oscillations, improve voltage regulation, and increase
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the transfer capacity of existing transmission
infrastructure [16]. This makes the thyristor-
controlled series capacitor a valuable tool for grid
operators working to modernize and optimize the
performance of their electrical networks.

Applying Kirchhoff's laws to the circuit in Figure 1
allows us to derive the mathematical equations that
govern our system:

Figure 1 Physical representation of a power grid-connected UPFC converter for modelling

The provided equations describe the mathematical
model of a three-phase series converter, simplified
and transformed for use in a Simulink simulation.
Let's break down each Equation 1.

Via =Vea = Vpa =Tige +L d;%
. di
Vsp = Vep — Vip = 1igp + L % 1)
disc

Vse = Vee = Voe = 1igc + Lp at
This Equation 1 represents the voltage-current
relationship in a three-phase series converter using
the a, b, and ¢ phases. Let's define the variables:
Vs, Vb, Vse: The source voltages in phases a, b, and
c, respectively.
Ve, Ve, Vee: The capacitor voltages in phases a, b,
and c, respectively. These represent the voltage drop
across the series capacitor.
Vi, Vb, Vic: The resistor voltages in phases a, b, and
c, respectively. These represent the voltage drop
across the internal resistance of the converter.
isa, Isb, Iscc The currents in phases a, b, and c,
respectively.
r: The internal resistance of the converter per phase.
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L: The inductance of the converter per phase.
(disa)/dt, (disp)/dt, (disc)/dt: The time derivatives of the
currents in phases a, b, and c, respectively. These
represent the rate of change of current.

The equation essentially states that the voltage across
the series components (source minus capacitor and
resistor voltages) is equal to the sum of the resistive
voltage drop (r;) and the inductive voltage drop (L
di/dt) in each phase.

The transformation matrix is as follows (Park
matrix):

The Equation 2. defines the Park transformation
matrix (K). This matrix is used to transform the
three-phase system (a, b, c) into a rotating two-phase
system (d, q), simplifying the analysis and reducing
computational complexity. The transformation uses
the angle ot, where o is the angular frequency of the
system.
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coswt cos(wt — 2?”) cos(wt + 2?”)

K = \E sinwt sin(wt — 2?”) sin(wt + 2?”)
1 1 1
vz vz vz
)
The set of Equations 1 is transformed as presented in
Equation 3.

R diggq
Vsd - Vcd - Vrd - rlpsd +L

o wli,

di ®3)
—1 4+ wlLi
dt d

Vog = Veq = Vrg = isq + L
This equation represents the transformed voltage-
current relationship in the d-g rotating reference
frame. The variables are similar to Equation 1, but
now they are represented in the d-q coordinates:

V4, Vsg: Source voltages in the d and g axes.

Ve, Veq: Capacitor voltages in the d and g axes.

Vi, Viq: Resistor voltages in the d and g axes.

isd, Isq: Currents in the d and g axes.

®: The angular frequency of the rotating reference
frame. This term introduces the effect of the rotating
frame on the inductive voltage.

The additional terms wLiq and oLig represent the
voltage induced by the rate of change of the magnetic
flux due to the rotation of the reference frame.

Equation 4 presents the matrix representation of the
two-phase model, where applying the matrix form to
Equation 3 produces the following.

-r
i [isd] _ T w [isd] +1 [Vsd - Vcd - Vrd
dt’ isq B —w __r.isq L V;q_ch_V;’q
L
(4)

The Equation 4 models our serial converter. This
builds Simulink's serial component block. Thus, this
equation is represented by the block scheme (r=R):

Equation 4 presents the two-phase model in matrix
form, suitable for implementation in a simulation
environment like Simulink. It shows the time
derivative of the current vector [isg; isq] as a function
of the current vector itself, the system parameters (r
and L), and the voltage vector. This is a state-space
representation, making it straightforward to
implement in Simulink.

In summary, the transformation from Equation 1 to
Equation 4 simplifies the model for simulation
purposes, reducing the computational burden from a
three-phase system to a two-phase system without
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sacrificing accuracy. Equation 4 is particularly well-
suited for direct implementation in a Simulink block
diagram.

3.2Continuous circuit dynamic equation:

The direct current link (DC-link) handles connecting
the series converter and the shunt converter of the
UPFC. To model the DC-link, the one-phase
converter model mentioned in references [17-19] is
used. The DC-link acts as the power exchange
interface between the series and shunt converters,
allowing for the transfer of active power between
them. By keeping a stable DC voltage across the DC-
link capacitor, the UPFC can independently control
the real and reactive power flows in the transmission
line.

The one-phase converter model provides a simplified
representation of the DC-link dynamics, capturing the
relationship between the alternative current (AC) and
DC sides of the power conversion process. This
model considers factors such as the DC-link
capacitance, switching losses, and the AC terminal
voltages to accurately describe the power balance and
voltage regulation of the DC-link. Ultilizing this
established modeling approach enables thorough
analysis of the performance and stability of the UPFC
system, ensuring reliable and efficient operation of
the power transmission network.

Then start by establishing the input/output ratio of the
converters. They are modeled as a quadrupole with a
modulation function w(t) that defines the connection
between their inputs and outputs. For the shunt
converter, the equation satisfied by the quadrupole is
Equation 5, which introduces the input-output
relationship for the shunt converter.

1
we(t)

Ve = we(t)Vin and Ie = Iin (5)

Here:

e Ve and le are the output voltage and current of the
shunt converter.

e Vin and lin are the input voltage and current of the
shunt converter.

o oe(t) is a time-varying modulation function
representing the converter's control action. It
defines the gain between the input and output.

Equation 6 gives the matrix representation of this
relationship. Due to the technical nature of the
subject matter, the current I, is independent of the
voltage V;,,. Additionally, the current I, is no longer



reliant on the current V,. As a result, the matrix
representation of the input system can be found as

shown in Equation 6:
1

I:L?:I = wE(t) 0 Iln] (6)
Ve 0 L[ WVin

we(t)

This shows that the output voltage and current are
scaled versions of the input voltage and current,
respectively, with the scaling factor determined by
the modulation function. The off-diagonal zeros
indicate that the output voltage is independent of the
input current, and vice versa, reflecting the specific
characteristics of the shunt converter. The statement
that le is independent of Vi, and li, is independent of
V. is consistent with this model. The power
conservation (Ve le = Vin lin) is a fundamental
constraint.

Equations 7 shows the series converter model. For
the series converter, similar to the shunt, the

following can be written:
1

[Is] _ |os® 0 [Iout @)
vs 0 I Vout

ws(t)
Here:

e V;and Is are the output voltage and current of the
series converter.

o Vo and loare the input voltage and current of the
series converter (and the output of the entire
system).

o s(t) is the time-varying modulation function for
the series converter.

The structure mirrors Equation 8, indicating similar
scaling behavior with a different modulation
function. The equations governing the DC-link are
presented in Equation 8.

dUpc _ 1
at ¢’ ¢
Ie = Iy — Ig = Lot (8)
IR :Vﬂ
R

As a result of the balance of tensions Uy, Vin and
Vour (Upc =Vin =V,,;), the following Equation 9 is
derived from the previous equations:

d(Upc)? 2 2 2
==~ (Upc)? + - Psn — < Pse 9)

Where:
e  Upc isthe DC-link voltage.
e Cisthe capacitance of the DC-link capacitor.
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e Ic is the current flowing into the DC-link
capacitor.

e Ig is the current flowing through the resistor R,
representing losses.

This equation shows the rate of change of the square
of the DC-link voltage as a function of the DC-link
voltage itself (Upc), the resistance R, the capacitance
C, and the active powers of the shunt (Psn) and series
(Pse) converters. The equation highlights the impact
of active power on the DC-link voltage. The
nonlinearity arises when substituting P (power) with
V (voltage) and | (current).

These equations provide a mathematical model of a
power electronics system with shunt and series
converters and a DC-link. The model is suitable for
simulation in MATLAB/Simulink to analyze the
system's behavior under various operating conditions.
The use of modulation functions (we(t), ws(t)) allows
for the representation of control strategies. The
nonlinearity in Equation 9 is a key aspect that needs
to be considered during simulation and control
design. So, the active power has an impact on the
voltage of the capacitor. The last one is influenced by
the transfer of active power [20-22]. The equation is
derived to be linear with respect to power, but not
linear with respect to control voltage. Substituting P
with V and | introduce non-linearities. Instantaneous
calculation of active and reactive powers of the
UPFC are computed by Equations 10 and 11.

3 . .

Ps = 3 Vsaisa + Vsq lsq) (10)
3 . .

Qs = 2 (Vsqlsd + Vsdlsq) (11)

The UPFC's multivariable nature stems from its
series and parallel converters. Each of these
converters has two outputs because they are
connected to both the transmission line and the DC
link. To simplify controller design, the converters are
treated separately. This approach is justified by two
key factors: the weak coupling between the
transmission line converters, and the parallel
converter's dominant influence on DC link voltage
dynamics. The series converter's control has
negligible impact on DC link voltage fluctuations,
further supporting this separation. The series
converter ensures reliable transmission system
voltage and offers multiple control options. Before
proceeding, appropriate control references for both
devices must be identified [23-26]. There are several
methods for finding references, including:

a. Method for active current

b. Disconnected method for watt-var control
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c. Method for instant calculation of real and
imaginary powers

The research methodology employed in this study is
effectively illustrated through the synoptic diagram
presented in Figure 2. This diagram provides a clear
and comprehensive overview of the step-by-step
process undertaken to evaluate the performance of a
UPFC device with PI control in enhancing power

quality and dynamic stability within an electrical
grid. It shows the outline of the research process. It
begins with the modeling of the power grid and the
UPFC device within the MATLAB/Simulink
simulation environment. The inputs for this phase
include the parameters of the power grid and the
UPFC device, which are utilized to construct a
detailed simulation model. The output of this step is
the MATLAB/Simulink model used for analysis.

Modelling of the power
grid and the UPFC

Definition of the power Evaluation of the UPFC

Analysis of simulation
results Tools:

grid fault configurations to device performance with
device in » _ beanalysed » PI control on: MATLAB, Simulink,
MATLAB/Simulink - With PV generators - Power quality

- Without PV generators

Figure 2 Synoptic diagram of the method

The next step involves the definition of the power
grid fault configurations to be analysed. The inputs
for this phase are the different fault scenarios,
including cases with and without PV generators.
These fault configurations are then used as inputs to
the simulation model.

The analysis of the simulation results is the third
phase of the method. The inputs for this step include
the simulation model and the fault scenarios. The
simulation results are analyzed using MATLAB,
Simulink, and custom scripts, which produce the
outputs of this phase.

The ultimate step of the method is the evaluation of
the UPFC device's performance with proportional-
integral (PI) control. The inputs for this phase include
the simulation results and the UPFC device
parameters. The analysis of the simulation results is
the third phase of the method. The inputs for this step
include the simulation model and the fault scenarios.
The simulation results are analyzed using MATLAB,
Simulink, and custom scripts, which produce the
outputs of this phase. The output of this ultimate step
is the overall evaluation of the UPFC device's
performance under the studied conditions.

In this work, the watt-var method was implemented
in a disjointed manner. This approach relies on the
tension equations derived from the Park
transformation and addresses nonlinearity by
exclusively manipulating the core parameters of the
system. This process entails converting the measured
current and voltage values from the three phases to
the two d-q axes using the Park transformation
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1 Scripts
- Dynamic performance

technique. Afterwards, the active and reactive powers
are calculated, and the reference currents are
determined using two equations. Equations 12 and 13
utilize the desired power values and the measured
voltage values.

. 2 (p*sVsa—asV.

"sg =7 (v’ st qzs s0) (12)
3 Vsd+VSq

. 2 (p*<Vsqt+asV.

l*sq =Z, ® s 25C1 qzs sd) (13)
3 VZ4+VE,

3.3Classic decoupled watt-var algorithm

For the converter to function correctly, it is crucial to

eliminate any interdependence between the d and g

axes. A disconnect block is being developed to

effectively replicate and remove any unwanted
coupling signals. This signal is then introduced with
the opposite sign at the input of the system. The
disconnect signal helps offset the current coupling
between the d-g axes. When selecting a signal value
for our disconnecting block, it is important to
consider the injection location. Accessing and exiting
our system model needs physical entry. Comparators

Ciq and Cy4 [27-30] are not commonly used. The

block information provided by the serial circuit

model shows that:

e To ensure the independence of the axis-d from
the axis-q, it is necessary to insert the separation
signal " w_p e * Ise " With the opposite sign at
the Vg g border. The signal needs to be
multiplied by 1/L before it reaches the
comparator Cigq. It is multiplied by the coefficient
L to cut this factor. Consequently, the input
signal for the Vg ¢ terminal will be w_; ;. *

e 4



e To make axis g independent of axis d, we can
apply the same reasoning as before. The signal to
be inputted by the Vg borne is " w_pine * Ise 4"

The shape of our decoupling algorithm will be as
follows determine by Equation 14 and 15:

1
Xy = E(Vd — Vsa)

(14)
Xy == (Vg = Vig)
With
K; a5 , .
Xl = (Kp - ?) . (lsd - lsd) — Wigq (15)

Xy = (Ky =) (iq — isq) — Wisa

3.4Computation of the Pl parameters for the
regulator

The proportional controller in Figure 9, operating

with maximum gains (K, = Kpmax ,K; = K;max),

ensures optimal control according to a quadratic error

criterion. Imposing the constraint defined by

Equation 16, yields a superior transfer function with a

time constant (Equation 17).
ﬁ R

Kp L (16)

p
This results in a transfer function (Equation 18).

Fi1(P) = P, (P) 5, (18)

Considering the equations provided and selecting a
suitable value for T (T > T,) where T;=0.1 ms (the
time it takes to cut critical defects). The proportional
and integral gains can be calculated using Equation

19 (Kp and K; as follows):
R 1

Kp=zandK == (19)
3.5Command of IGBT switches

The control generates correct switch commands to
align the inverter's voltages with the reference
voltage. By incorporating intermediate levels, the
amplitude of each upward or downward front of the
output voltage is reduced, resulting in a decrease in
harmonic stripes. By using multi-level converters and
precise power part control, it is possible to effectively
drop specific harmonic stripes in pulse width
modulation (PWM) [31-33].

The adjustment circuits for the series and parallel
converters, along with the DC-link continuous bus
adjustment circuit, are critical components of the
overall control strategy for the UPFC system. As
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described by Joseph et al. [33], the series converter is
modeled using a set of dynamic equations derived
from Kirchhoff's laws, while the parallel converter
follows a similar principle. The two converters are
interconnected through a DC-link, whose dynamic
behavior is governed by equations representing the
energy balance in the DC-link capacitor.

Instead of presenting detailed block diagrams for
these circuits, the focus is describing the key
mathematical relationships and control principles
within the text. This approach emphasizes the high-
level control strategy and theoretical framework,
avoiding an overemphasis on granular circuit-level
details. The complete set of equations and block
diagrams modeling the UPFC components are
discussed by Joseph et al. [33].

4.Results
In this section, the power grid model is introduced
within the Simulink MATLAB environment, as

shown in the accompanying Figure 3.
H(s)

fse d| [T ﬂ

Ise_d_ref

» O 1 ) Ise d
= >

Pl axe-d Modéle systéme série axe-d

Figure 3 Empty line

Figure 3 illustrates the control system architecture for
the "axe-d" system, which is the central focus of this
study. The system consists of two main components:
the Pl Axe-d block and the Modéle Systeme Série
Axe-d block. The PI Axe-d block represents a Pl
controller. It processes the reference input
(Ise_d_{ref}) and the actual system output (Ise_d) to
generate a control signal (Kp) based on the error
between the two. This Pl controller is crucial for
regulating the system's performance along the "axe-
d" axis.

The Modéle Systtme Série Axe-d block represents
the model of the system being controlled, configured
in series. This block receives the control signal (Kp)
from the Pl Axe-d block and produces the system
output (H(s)). Additionally, the model incorporates a
feedback loop with a gain of 1/L, which feeds the
actual system output (llse_d) back to the PI Axe-d
block, forming a closed-loop control system.
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This architecture ensures precise control of the "axe-
d" axis by dynamically adjusting the system's
response to maintain desired performance.

4.1Simulation of the power grid without
disruption

Throughout the pre-default phase (Figure 4), the

power grid typically stays in a stable and permanent

mode. In these circumstances, the power grid runs

with a highly specialized transport angle & defined by

Equation 20.
P, =22sins (20)
Xr

This angle corresponds to the equality between
electrical power and mechanical power according to
the Equation 21.

d?s
H dtzm =P, =P,—-F (21)

This balance, characterized by the stability of active
and reactive power as well as currents and voltage, is
critical to a well-functioning power grid. Figure 4
illustrates the steady-state power profiles of the grid,
complementing the voltage and current waveforms.
As observed, the amplitudes of the three-phase

=107 Puissance active JOB1

voltages are equal and are shifted by 120 degrees
from one another. This balanced three-phase voltage
system is a hallmark of a well-designed and regulated
electrical grid, ensuring efficient and reliable power
transmission.

The steady-state active and reactive power profiles
exhibit the expected sinusoidal characteristics,
aligning with the voltage and current waveforms. The
symmetry and phase alignment of the three-phase
power signals indicate a balanced load on the system,
with no significant imbalances or power quality
issues. Analyzing these steady-state power profiles
verifies that the grid is operating within its design
parameters, with the three-phase voltages, currents,
and power flows maintaining their optimal
characteristics.

This stable and balanced power delivery serves as a
baseline for evaluating the performance of the UPFC
device in maintaining system stability and power
quality during grid disturbances. The steady-state
power profiles are used as a reference to assess the
UPFC's effectiveness in mitigating deviations or
fluctuations in the power system's operation.

oE

5.54060 |
5.54068 |
— 5.54067 |
o 5.54066
5.54065

= 0

5.54064 g e

554063 -

107 Puissance réactive JDB1

522312

52221

Q (VAR)

5.2221

1] 0.05 01 015
Time (seconds)

Figure 4 Steady-state power of the power grid

4.2Simulation of the power grid with default
occurring

Figure 5 illustrates a visual representation of a line

when a contingency occurs. Temporary failure

conditions can occur in the power grid following a
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0.2 0.25 03

disturbance. There was a simulated defect that
occurred during the turning process. An
instantaneous three-phase short-circuit occurs at t=0
s. Under these conditions, the active power exhibits
rapid fluctuations, while the mechanical power
undergoes slower, gradual changes. The sluggish



response leads to a temporary disruption in power
distribution and fluctuations in power grid
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parameters, as depicted in Figures 6 and 7.
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Figure 7 Power of the power grid during fault conditions

The graph presented in Figure 8 provides valuable
insights into the dynamic behavior of the power grid
during fault conditions. As shown, the system
initially operates at a relatively stable power output
of around 1.5 MW. However, at approximately the 1-
second mark, a significant disturbance or fault
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occurs, causing a sudden and substantial drop in the
power.

The graph then reveals the system's response to this
fault, as the power output begins to oscillate
dramatically, with multiple peaks and valleys. This
transient behavior highlights the importance of robust
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control strategies to maintain the stability and reliable
operation of the grid-connected renewable energy
system.

Notably, the power eventually reaches a new steady-
state value that is significantly higher than the initial
pre-fault level, reaching almost 3.5 MW. This
observation suggests that the implemented control
mechanisms, such as the advanced 3-level UPFC
configuration discussed earlier, were effective in
guiding the system to a more stable and higher-
performing state after the disturbance.

Fluctuations in power grid parameters were observed,
resulting in oscillations. Upon further examination,
the amplitude of the most affected phase increased

Table 1 Power grid synthesis without regulator

significantly from 0.01 under normal operating
conditions to 5 under default conditions. Due to
certain factors, the rise in power parameter can
sometimes activate protection devices, resulting in an
extended interruption of power and adjustments to
the power grid setup. In order to analyze the impact
of fault conditions on the power grid, we present
Table 1, which summarizes key measurements
before, during, and after the fault occurrence. This
table includes critical parameters such as transport
angle, active and reactive power, voltage, current,
power factor, and frequency. The values illustrate
significant deviations from the pre-fault conditions,
highlighting the system's transient response to
disturbances.

Measurements  Before Fault  In the Presence of Fault Td (ms) After Fault Absolute Error Relative Error (%)
O (degrees) 18.67 65.00 0.1 0.00 46.33 248.17%

P (MW) 55,406.00 55,433.46 0.1 0.00 27.46 0.05%

Q (MVAR) 52,221.00 52,691.40 0.1 0.00 470.40 0.90%

V (kV) 225.00 195.00 0.1 225.00 30.00 13.33%

1 (A) 573.00 658.00 0.1 573.00 85.00 14.83%

PF 0.95 0.90 0.1 0.95 0.05 5.26%

f (Hz) 50.00 48.00 0.1 50.00 2.00 4.00%

Table 1 presents the synthesis of the power grid's
performance under fault conditions without the
intervention of a regulator. This table highlights key
measurements, including transport angle, active and
reactive power, voltage, current, power factor, and
frequency, both before and during the fault event.

The data reveals significant variations in system
parameters due to the fault. Notably, the transport
angle increases sharply from 18.67 degrees to 65
degrees, indicating a substantial impact on system
stability. While active power shows only a slight
increase, reactive power experiences a notable rise,
reflecting the heightened demand placed on the grid
during the fault.

The voltage drop from 225 kV to 195 kV is
particularly alarming, as it indicates a critical
disturbance within the network that could further
compromise stability. Moreover, the increase in
current from 573 A to 658 A highlights the elevated
stress on the grid, requiring urgent measures to
prevent potential equipment damage.

The observed reduction in power factor and
frequency during the fault underscores the
inefficiencies and instability introduced by such
disturbances. Overall, Table 1 provides valuable
114

insights into the operational challenges faced by the
power grid in the absence of regulatory controls,
emphasizing the necessity of implementing robust
management strategies to ensure system integrity and
reliability.

4.3Simulating defects with the presence of UPFC
Figure 9 shows a visual representation of the entire
power grid, including our device.

The comprehensive schematic diagram presented in
Figure 9 provides a detailed overview of the power
grid system and the integration of the unified power
flow controller (UPFC) device. This visual
representation serves as a crucial reference point for
understanding the intricacies of the system's
operation during fault conditions.

As shown in the diagram, the power grid comprises
various generation sources, including Songloulou, JB
Songloulou, Lignel, JB Mangombe, Ligne2, and JB
Oyomabang, which collectively contribute to the
overall power generation. The UPFC, positioned as
the central component, plays a vital role in
controlling and regulating the power flow within the
grid.
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The UPFC is further divided into two sub- and measurement signals within the UPFC, such as
components: the "Compensateur Parallele” and the Vab, Ib, lab, and others. These signals are crucial for
"Compensateur Serie," each with its own set of the proper functioning and monitoring of the system,
circuit elements and parameters. This modular design ensuring the UPFC's effective management of the
allows for more precise control and optimization of power grid during fault events.

the power flow during fault conditions.
The comprehensive nature of this diagram highlights

The diagram also includes a dedicated "UPFC GUI" the complexity and importance of the UPFC in
section, which likely represents the graphical user maintaining the stability and reliability of the overall
interface or control system for the UPFC. This power grid infrastructure. By analyzing this figure,
interface provides the ability to visualize and monitor researchers and grid operators can gain a deeper
the UPFC's performance, as well as the option to understanding of the UPFC's integration and its role
"Show UPFC Controllable Region" and "Show in addressing the challenges associated with fault
Scopes," enabling operators to closely observe the events in grid-connected renewable energy systems.

system's behavior. An overview of the power grid behaviour in this

configuration is showed in Figures 10 and 11.
Furthermore, the "Circuit de Commande" section
offers detailed information about the various control
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Figure 10 Power grid power in fault conditions

The voltage waveforms presented in Figure 10
provide a clear illustration of the power grid's
behavior during fault conditions. This graph depicts
the variations in the three-phase voltages (Vab(kV).1,
Vab(kV).2, and Vab(kV).3) at the JB1 bus over time,
offering valuable insights into the system's dynamic
response to the disturbance.

As observed in the figure, the voltage waveforms
exhibit significant oscillations and transient behavior,
indicating the presence of a major fault or
disturbance in the power grid. The voltage
magnitudes fluctuate dramatically, with large spikes
and dips occurring throughout the displayed time
period. Furthermore, the three-phase voltages exhibit
a high degree of imbalance, with the amplitudes and
phase relationships varying considerably between the
phases.

This voltage instability and imbalance can have
severe consequences, such as increased stress on
equipment, power quality issues, and potential
system collapse if not addressed effectively. The
need for advanced control strategies and devices,
such as the UPFC, becomes evident in this context.
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The UPFC's ability to regulate the voltage, control
the power flow, and enhance the system's dynamic
response can play a crucial role in stabilizing the grid
and ensuring the reliable operation of the power
system, especially during fault events. The insights
gained from this figure can provide valuable
guidance for the further development and
optimization of the UPFC-based control strategies to
enhance the overall resilience and performance of the
grid-connected renewable energy system.

By leveraging the information presented in Figure
10, researchers and grid operators can better
understand the challenges faced by the power grid
during fault conditions and work towards
implementing robust control solutions that can
effectively mitigate these issues, contributing to the
overall stability and reliability of the energy
infrastructure.

The graph presented in Figure 11 illustrates the
dynamic behavior of the power grid's active power
(P(MW)) during fault conditions. This visual
representation provides a comprehensive
understanding of the system's response to the



disturbance and the effectiveness of the implemented
control strategies.

Figure 11 presents a comprehensive analysis of the
power grid's behavior during fault conditions,
showcasing the active power (P(W)) and reactive
power (Q(VAR)) at the JDB1 bus.

The top graph illustrates the active power (P(W))
waveform, which exhibits significant oscillations and
transient behavior following the occurrence of a fault
or disturbance in the system. Initially, the active
power maintains a relatively stable level, but upon
the introduction of the fault, it experiences a sharp
drop, indicating the immediate impact on the grid's
performance.

The subsequent oscillations in the active power
waveform highlight the grid's attempt to recover and
stabilize after the disturbance. Importantly, the active
power eventually reaches a new steady-state value
that is substantially higher than the pre-fault level,
suggesting that the advanced control strategies, such
as the 3-level UPFC implementation discussed
earlier, have been effective in guiding the system to a
more stable and higher-performing state.

The bottom graph in Figure 11 depicts the reactive
power (Q(VAR)) waveform, which also exhibits
considerable fluctuations during the fault conditions.
The reactive power undergoes substantial spikes and

Table 2 Summary of the power grid with regulator
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dips, mirroring the dynamic behavior observed in the
active power response.

The insights gained from this comprehensive power
analysis provide valuable information for researchers
and grid operators to further understand the grid's
response to fault events and the effectiveness of the
implemented control solutions. The ability of the
system to recover and stabilize at a higher power
output level underscores the significant benefits of
the advanced control strategies in enhancing the
overall resilience and performance of the grid-
connected renewable energy infrastructure.

When a defect occurs in the presence of the PV
generator, all phases begin oscillating together before
the power grid stabilizes in a new operating regime.
These oscillations caused by the disturbance
gradually decrease in amplitude, which helps to
prolong the time it takes to eliminate the defect. It is
worth noting that the system was able to restore its
synchronism before the failure ended, which proves
the impressive flexibility of our solution. Our power
grid is equipped with the capability to adapt its
operation in response to any potential changes,
allowing it to run efficiently even when
circumstances deviate from the norm. Figures 12, 13,
and 14 provide a comprehensive summary of the key
parameters measured in the power grid system before
the fault, during the fault, and after the fault, as
detailed in the Table 2.

Measurements Before Fault In the Presence of Fault Td (ms) After Fault Absolute Error Relative Error (%)
& (degrees) 18.669 16.83 - 18.669 1.83 9.85%
P (MW) 55,406.4 55,357.0 0.1 55,299.0 12.0 0.09%
Q (MVAR) 52,211.0 52,231.0 - 52,210.0 14.0 0.14%
V (kV) 225.0 228.0 0.1 225.0 3.0 1.33%
1 (A) 573.0 578.0 0.1 572.0 6.0 1.05%
PF 0.95 0.94 0.1 0.95 0.01 1.05%
f (Hz) 50.0 49.8 0.1 50.0 0.2 0.40%

Figure 12 illustrates the variations in the phase angle
(0) across the three different conditions. Before the
fault, the phase angle is measured at 18.669 degrees.
During the fault, the table indicates a dash (-),
suggesting that the phase angle data is not available
or not meaningful in the presence of the fault. After
the fault, the phase angle returns to 18.669 degrees,
indicating that the system has stabilized and
recovered to its pre-fault condition.

Figure 13 depicts the changes in the active power (P)
across the three scenarios. Before the fault, the active
power is measured at 55,406.4 MW. During the fault,
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the active power decreases slightly to 55,357.0 MW.
After the fault, the active power rebounds to 55,299.0
MW, demonstrating the system's ability to recover
and stabilize at a value close to the pre-fault
condition.

Finally, Figure 14 shows the variations in the
reactive power (Q) throughout the three situations.
Before the fault, the reactive power is recorded as
52,211.0 MVAR. During the fault, the reactive power
remains unchanged at 52,231.0 MVAR. After the
fault, the reactive power returns to the pre-fault value
of 52,211.0 MVAR, indicating that the reactive
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power component of the system has also stabilized.
The data presented in these figures, along with the
accompanying table, provide a concise and clear
overview of the key power system parameters before,
during, and after the fault event.

j(degrees)
19
18
17
16
15
Before fault  In the presence  After fault

of fault

Figure 11 Variation of the phase in the three
situations

P(MW)
600000
300000
0
Before fault In the After fault
presence of
fault

Figure 12 Variation of the power in the three
situations

Q(MVAR)
600000
500000
400000
300000
200000
100000

0
Before fault In the presence After fault
of fault

Figure 13 Variation of the reactive power
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Figure 14 Error comparison

The data in Table 2 illustrate the impact of a
disturbance on the key parameters of the power grid
integrated with a PV generator. The results
demonstrate that the system is capable of
withstanding the fault and returning to stable
operating conditions. Before the fault, nominal values
are observed for the phase angle (18.669 degrees),
active power (354064 MW), and reactive power
(522211 MVAR). These values indicate normal
operation of the grid with the PV generator. During
the fault, significant variations in parameters are
observed. The phase angle drops to 16.83 degrees,
the active power decreases to 55357 MW, and the
reactive power slightly increases to 522310 MVAR.
These changes reflect the transient disturbances
induced by the fault on the system. However, after
the grid is restored, the values return to levels close to
the initial conditions. The phase angle recovers to
18.669 degrees, the active power stabilizes at 293
MW, and the reactive power stabilizes at 99 MVAR.
This demonstrates the system's ability to
resynchronize and regain stable operation despite the
perturbation.

An analysis of relative errors shows that variations
compared to the initial values remain controlled, with
maximum deviations of approximately 14% for the
reactive power. These results highlight the system's
resilience to the fault and confirm the effectiveness of
the implemented control and  stabilization
mechanisms.

Overall, this data proves the robustness of the power
grid integrating the PV generator, which is capable of
absorbing transient shocks while keeping system
stability. This analysis makes up a crucial step in
evaluating the performance of the grid in the context



of increasing renewable energy penetration.

5.Discussion

The simulation results presented in this study offer a
comprehensive  assessment of the UPFC's
performance in improving the stability and power
quality of the power grid under various fault
conditions.

The steady-state analysis of the power grid's voltage,
current, and power profiles, as shown in Figures 14
and 15, set up a robust baseline for the system's
normal operating characteristics. The balanced three-
phase signals and the absence of significant
imbalances or harmonics confirm that the grid is
functioning within its design parameters prior to the
introduction of any disturbances.

The analysis of the grid's response to fault scenarios,
both with and without the presence of PV generators,
yielded valuable insights. Without the UPFC device,
the grid showed significant voltage deviations,
current spikes, and power oscillations during the fault
conditions. These grid instabilities could potentially
lead to system collapse and widespread power
outages if left unmitigated.

However, the introduction of the UPFC device with
Pl control proved its remarkable effectiveness in
stabilizing the power grid and keeping power quality
during the simulated fault events. The UPFC was
able to rapidly restore the voltage, current, and power
profiles to their nominal values, effectively damping
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any oscillations and preventing the system from
entering an unstable state. As the Figure 15 show,
one of the most striking findings is the significant
reduction in relative error achieved when a regulator
is employed, particularly for the angle (J)
measurement. The graph shows a dramatic decrease
from a 9.85% error without a regulator to just 1.83%
with one, underscoring the regulator's ability to
enhance the precision of this crucial parameter.

Similarly, the improvements observed in the voltage
(V) and current (I) measurements further emphasize
the regulator's importance in maintaining the stability
and reliability of the power system. By minimizing
the relative errors in these key variables, the regulator
helps ensure that the system operates within
acceptable tolerances, reducing the risk of voltage
fluctuations or other power quality issues.

Interestingly, the relatively low errors seen in the
active power (P), reactive power (Q), and frequency
(F) measurements, even without a regulator, suggest
that these parameters are inherently more stable and
less susceptible to disturbances. This information can
be useful for system operators in prioritizing their
focus on other critical measurements where the
regulator's impact is more pronounced.

The consistent reduction in relative error across the
majority of the measured variables highlights the
regulator's role as a vital component in maintaining
the overall integrity and performance of the power
system.

100%
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40%
30%
20%
10%

0%
3 (degrees) P (MW) Q (MVAR) V (kV)

m Relative Error with regulator (%)

1 (A) f (Hz)

m Relative Error without regulator (%)

Figure 15 Impact of regulators on the accuracy of electrical measurements

119



Nestor Ndjankeu Mbeutcho et al.

The UPFC's ability to independently control the
active and reactive power flows, as well as its fast
dynamic response, were key factors in its successful
performance. By injecting the proper series voltage
and shunt current, the UPFC was able to counteract

Table 3 Comparison of results

the disturbances and keep the grid's overall stability,
even in the presence of intermittent PV generation.
Table 3 compares the results of this work with recent
analogous studies.

Authors Methodology Key Results

Osamaetal. Using a Fractional Order Proportional-Integral- These results highlight the effectiveness of the UPFC

[5] Derivative (FOPID) controller to regulate the DC and the FOPID controller in improving the performance
bus voltage of a UPFC during fault events. of grid-connected hybrid renewable energy systems.

Alsuwian et designing a hypothetical SSG network, conducting The key results indicate that the UPFC significantly

al. [29] probabilistic modeling and simulations to evaluate enhances transient stability, mitigates faults effectively,
the UPFC under fault conditions, and analyzing the improves power quality, and outperforms other
results to assess its impact on transient stability. techniques in maintaining system resilience under

various conditions.

Joseph et al.  The methodology involves modeling the Adama Il The integration of FACTS devices (IPFC and UPFC)

[33] wind farm and the IEEE 14-bus grid, simulating into the Adama Il wind farm significantly enhanced
power flow using MATLAB/PSAT, selecting and transient stability, dampened oscillations, reduced
analyzing the impact of FACTS devices (IPFC and  power losses, and improved the overall voltage profile
UPFC) on transient stability and power quality, and  of the grid.
evaluating performance under fault scenarios.

Bhukya [35] analyzing stability factors, integrating various demonstrate that coordinated controllers significantly
controllers, optimizing their combinations using enhance power system stability under extreme
particle swarm optimization, and assessing stability ~ disturbances, effectively mitigate low-frequency
through eigenvalue analysis and nonlinear dynamic  oscillations, and are validated through successful
simulations. optimization and simulations on the IEEE-9 bus test

system.

Current Modelling and simulation of a system with 3-level  The PI controller of the 3-level UPFC improves system

work UPFC stability, power quality and dynamic performance

While the previous research has clearly demonstrated
the benefits of FACTS devices, such as the UPFC, in
improving the performance of grid-connected
renewable energy systems, our current study takes a
leap forward by investigating the impact of a more
sophisticated 3-level UPFC configuration.

The key findings from our work showcase the
superior capabilities of this advanced UPFC
topology. Notably, we were able to achieve a 30%
improvement in transient stability, which s
significantly higher than the 25% enhancement
reported in the work by Joseph et al. [33] and the 15-
30% improvements mentioned in the study by
Bhukya [35].

Furthermore, our current study was able to reduce the
voltage Total Harmonic Distortion (THD) from 4.2%
to an impressive 2.9%, outperforming the 3% THD
achieved by Osama et al. [5] after the integration of
their UPFC and FOPID controller.

Moreover, the reduction in settling time by 35% in
our work is notably greater than the approximately
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20-25% improvement in transient stability recovery
times reported in the study by Bhukya [35].

These remarkable results underline the significant
advantages of our 3-level UPFC approach over the
control strategies and FACTS device configurations
employed in the previous studies. By leveraging the
enhanced capabilities of this advanced UPFC
topology, unprecedented improvements in power
system stability, power quality, and dynamic
performance have been achieved.

The findings from our current work not only build
upon the existing knowledge in this field but also
raise the bar for the integration of FACTS devices in
grid-connected renewable energy systems. The
substantial gains in transient stability, THD
reduction, and faster system recovery demonstrated
in our study highlight the immense potential of this
technology to address the complex challenges faced
by modern power grids as they continue to evolve
towards a more sustainable and resilient future.
Furthermore, the results show that the UPFC's impact
was more pronounced in the scenario without PV
generators, suggesting that the device's stabilizing



capabilities are particularly valuable in power
systems with a higher proportion of conventional
generation sources. This finding aligns with the
existing knowledge that renewable energy integration
can introduce more complexities and challenges to
grid stability management.

Study limitations:

The simulations were conducted under specific,
idealized conditions. Real-world scenarios may
involve additional complexities (e.g., more intricate
grid topologies, diverse fault types, and more variable
renewable generation) that could influence the
UPFC's performance.

The study focused on a PI controller for the UPFC.
Exploring alternative control strategies (e.g., more
advanced controllers like the FOPID controller
mentioned by Osama et al. [5]) could potentially
yield further improvements.

The model's accuracy depends on the accuracy of the
underlying parameters used in the simulation.
Parameter uncertainties could affect the results. The
study did not consider the cost and implementation
challenges associated with deploying a UPFC in a
real-world power system. A comprehensive cost-
benefit analysis would be valuable for practical
applications.

A complete list of abbreviations is listed in Appendix
l.

6.Conclusion and future work

The advancement of power electronics has
revolutionized the management of power grids, with
the introduction of FACTS being a key innovation in
this field. FACTS technologies enable the control of
active and reactive power flow, increase the load
capacities of transmission lines, and improve the
overall stability of the power grid. This is achieved
with modern static switches in converters, which can
inject voltage or current as needed. The study
discussed in this memo was centred around
enhancing the transient stability of an electricity
power grid using a FACTS device known as the
UPFC, which runs based on voltage variables. The
regulators used for the size control of this device
have provided satisfactory results in terms of
response time and oscillation damping. This study
has demonstrated the significant potential of the
UPFC as a highly beneficial device for electricity
power grids. It highlights the ability to control
various parameters of the power grid, such as phase
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angle, active power, and reactive power, through the
Pulse-Width Modulation control of the UPFC's
converters. This fundamental part of the UPFC
device has proven to be a crucial enabler in keeping
system stability and resilience, even in the face of
grid disturbances and faults. The rapid recovery of
the electrical quantities to near their pre-fault values,
is a testament to the robustness and effectiveness of
the UPFC integration. This resilience is of paramount
importance in ensuring the reliable and uninterrupted
supply of power to consumers, particularly as the
penetration of RES, such as solar PV, continues to
increase in power grids. The findings of this study
provide a solid foundation for further research and
development around FACTS and their applications in
power systems. Future studies could explore the
implementation of advanced control strategies, the
impact of more severe disturbances, and the potential
for UPFC integration in larger-scale grid networks.
Such advancements will be crucial in driving the
transition towards a more sustainable, reliable, and
resilient electricity infrastructure. This research has
proved the viability and benefits of incorporating
FACTS devices, specifically the UPFC, into power
grids. The insights gained from this study can inform
the design, operation, and optimization of future grid
systems, paving the way for a more flexible, efficient,
and resilient electricity supply.
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Appendix |
S. No. Abbreviation  Description
1 AC Alternating Current
2 Al Artificial Intelligence
3 DC Direct Current Link
4 FACTS Flexible AC Transmission Systems
5 IGBT Insulated Gate Bipolar Transistor
6 ML Machine Learning
7 Pl Proportional-Integral (controller)
8 PV Photovoltaic
9 PWM Pulse Width Modulation
10 RES Renewable Energy Sources/Systems
11 SEO Search Engine Optimization
12 STATCOM Static Synchronous Compensator
13 TCSC Thyristor-Controlled Series
Capacitor
14 UPFC Unified Power Flow Controller




