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Abstract

This article investigates the impact of integrating Variable Renewable Energy (VRE), specifically solar energy from the
Timimoun Photovoltaic Park, on the PIAT electrical grid stability in southern Algeria. The study focuses on how fluctuations
in power demand and changes in weather conditions can affect grid frequency control, potentially leading to transient
stability issues. To address these challenges, the research proposes the implementation of an Automatic Generation Control
(AGC) system combined with the Particle Swarm Optimization (PSO) algorithm to optimize solar energy distribution. This

approach effectively regulates real-time frequency deviations resulting from VRE integration, ensuring balanced supply and
demand, and controllable power factor injection. The findings demonstrate that the integration of AGC and PSO stabilizes
the frequency at the Timimoun Photovoltaic Park and reduces total active losses in the PIAT network by 13.88%.
Additionally, strategic power factor control at the injection buses ensures optimal power quality and maximizes the
utilization of the photovoltaic park, leading to a 4.84% reduction in the PIAT grid's reliance on gas turbines. This approach
contributes to lowering operational costs, reducing carbon emissions, and supporting a transition to greener energy.
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excessive heat, particularly in isolated regions, exacerbates
voltage fluctuations, reduces the stability margin of grid
equipment, and intensifies energy consumption [6, 7]. The
rise and unpredictability of electrical demand have a direct
impact on the dynamic stability of voltage and power factor,
as well as the transient stability of grid frequency and active
power generation [8, 9].

The integration of Automatic Generation Control (AGC)
into multi-zone interconnected power networks has been
focus[1,2]. o , identified as a viable solution to these concerns. By

In a grid w1th.several Distributed Generation Sour.ces identifying and rectifying frequency fluctuations, accurate
(DGS) [3], conventional control approaches have often failed g0 qyency control (AGC) is essential for maintaining a stable
to maintain the frequency needed for a reliable power supply. system frequency [10]-[14]. This feature is indispensable for

One significant challenge is the increasing temperature o pIAT network, as the primary causes of substantial

that is a result of climate change, as evidenced by the fact that frequency fluctuations are fluctuations in electrical load and
temperatures surpassed 50°C in July 2024 [4, 5]. This

1. Introduction

The PIAT power infrastructure, which is located in the
parched Adrar region of the Algerian desert, presents a
significant challenge in terms of effective surveillance and
control. Maintaining the integrity of this grid is of the utmost
importance, and frequency control has emerged as a primary
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the dynamic behaviour of the ZIP load model, particularly in
the presence of the frequency coefficient.

The stability of renewable energy systems is further
complicated by the sporadic nature of photovoltaic (PV) and
wind (WF) energy generation, particularly from the three PV
parks in Timimoun (9 MW), Adrar (20 MW), and Kabertene
(28.3 MW), as well as the wind farm in Kabertene (10.2
MW). Integrating renewable energy sources, such as the nine
MW Timimoun PV Park, which boasts a significant potential
of approximately 2,293.7 kWh/m?, as illustrated in Fig. 1.
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Figure 1. Solar Plant map with average annual power
in Timimoun, Algeria

The purpose of this study is to investigate the role of the
Automatic Frequency Restoration Reserve (ARRF) in the
maintenance of grid frequency by enabling the coordination
of Automatic Generation Control (AGC) operations among
the gas turbine units situated in Timimoun and Adrar. The
220 kV transmission network and the 60/30 kV distribution
system of the PIAT network, which are located in the Adrar
province of southern Algeria, are the primary focus of this
study. It is essential to comprehend the geographical location
of the Timimoun PV Park in order to comprehend the
dynamics of the electric grid, as illustrated in Fig. 1, and the
single-line diagram of the PIAT network that includes PV
generation, as illustrated in Fig. 2.
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Figure 2. Timimoune photovoltaic injection section
study of PIAT electrical grid
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The PIAT electrical grid section studied is composed as
indicated in Table 1 below:

Table 1. Description of the study system

System characteristics Number
Slack bus 1
Buses PV bus 05
PQ bus 08
Branches 13
Gaz Turbine 10
Generators Wind Farm 01
PV parcs 03
Autotransformers 08
Shunts 03

This investigation employs small-signal transient stability
analysis to examine the mitigation of frequency variations
through AGC control, utilising MATLAB 2023b and ETAP
2019. The research also investigates the impact of
photovoltaic (PV) integration on the dynamic voltages in the
PIAT network, with a particular emphasis on the injection bus
at Timimoun. The results emphasise the necessity of
meticulous modulation of the injection power factor and local
reactive power to maintain operational stability and
efficiency.

The equitable distribution of photovoltaic (PV) energy
from the Timimoun Park within the network is improved by
the utilisation of two power flow analysis algorithms: the Fast
Decoupled Load Flow (FDLF) method and the Particle
Swarm Optimisation (PSO) method. It is imperative to
implement these methods in order to address the challenges
associated with the integration of renewable energy sources
into the existing grid infrastructure, thereby ensuring both
stability and efficiency.

The study of average hourly profiles of photovoltaic (PV)
power output reveals that midday hours typically yield the
highest PV power output. This corresponds to the time when
the sun is at its zenith, providing the most direct and intense
sunlight. Consequently, the PV system operates at its peak
capacity during these hours, as depicted in Fig. 3.
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Figure 3. Total Average hourly profiles of photovoltaic
output MWh/Mouth

It is crucial to acknowledge that this profile is derived
from the assumptions and data used in the study. Actual PV
power output profiles can vary based on several factors, such
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as location, season, weather conditions, and the specific
characteristics of the PV system. These variables affect the
amount of sunlight reaching the PV panels, thereby
influencing the power output [15].

In addition to frequency control, which is vital for
maintaining grid stability [16], reactive power compensation
plays a significant role in ensuring overall network stability.
Reactive power control is essential for maintaining voltage
levels within acceptable ranges, as it balances the reactive
power demand and supply within the system. Devices such as
capacitors, reactors, and Static Var Compensators (SVCs)
actively manage reactive power to regulate voltage levels
effectively [17]-[19].

The network frequency is a critical parameter for the
nominal operation of the electrical network in Algeria. It has
standardised at f, = 50 Hz and has typically maintained
within the range of48 < f < 52 Hz. This grid is
considered to be in a critical state if any deviation occurs
beyond the recommended frequency range [20]. The
frequency is generally stable; however, it may be disrupted
by fluctuations in power consumption, generator availability,
or the adoption of Renewable Energy Sources (RES) [21].

The stability and efficacy of electrical systems are
contingent upon the effective control of frequency, which is
an essential element of electrical network operation. A
precise equilibrium between power supply and demand is
required for the efficient operation of energy production,
transmission, and consumption [22].

This equilibrium must be systematically monitored to
prevent any undesirable deviations from the grid frequency.
Device malfunctions, disruptions in power quality, and, in
severe cases, potential power failures, can all be significant
consequences of frequency fluctuations of this nature [23].

The dynamic regulation of energy generation and
consumption in the network architecture is essential for
frequency control [24]. A constant frequency that adheres to
predetermined constraints is achieved by meticulously
designing the intricate control system to precisely balance
power production and load demand. The utility grid's overall
stability is enhanced by the continuous modification of the
power output of generators, which maintains a consistent grid
frequency. Consequently, the potential hazards associated
with frequency fluctuations are mitigated [25, 26].

The establishment of equilibrium between active energy
generation, load consumption, and network losses is a critical
objective of frequency regulation. The inertial reaction of
synchronous machines promptly restores equilibrium in the
event of a disturbance [27]. These machines serve as
reservoirs of inertia, which interchange or store kinetic
energy with the system to compensate for fluctuations in
production and consumption [28].

Consequently, Primary Frequency Control (PFC) is
implemented to ensure that the system maintains its dynamic
behaviour. The turbine governor (TG) is responsible for
regulating the flow rate of the thermodynamic fluid (such as
steam, water, or gas) in the turbine that is connected to the
synchronous machine's shaft, thereby regulating the amount
of active power consumed by synchronous machines through
power factor correction (PFC) [20, 27].
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By modifying fluid flow to access the inertia reserves of
the turbines, power factor correction (PFC) operates swiftly,
with a timeframe that can range from a few seconds to tens of
seconds. However, Power Factor Correction (PFC) typically
minimally affects the power set point of the generators.

By precisely coordinating power facilities within a
designated region, secondary frequency control (SFC), also
known as AGC, fulfils this function. In comparison to the
PFC, the SFC operates at a significantly slower temporal
scale, requiring alterations to occur within a range of tens of
seconds to minutes. Varieties of time responses for inertia and
frequency control are observed in conventional power
facilities that employ synchronous machines. These
responses can range from 5 seconds for the inertia response
of machines to 30 seconds for main frequency control, and up
to 20 minutes for secondary frequency control or AGC [29].

The dynamic and essential process of frequency
management in electrical systems is contingent upon the
efficient coordination and communication among power
facilities, transmission systems, and distribution networks.
Rapid response and precise control are indispensable for the
effective modulation of frequency and the prevention of
cascading failures or disruptions that could potentially affect
the entire electrical system [23, 25].

Automated Generation Control (AGC) consistently
monitors the frequency of the electrical grid, which is
essential for this coordination. It transmits control signals to
power generators, instructing them to adjust their output, by
utilising real-time frequency measurements. The primary
objective of Automatic Generation Control (AGC) is to
promptly restore the power equilibrium of a system in the
aftermath of a disturbance by adjusting the power set points
of synchronous machine turbine governors. Consequently,
the primary objective of Automatic Frequency Control
(AGC) is to accurately monitor the reference frequency,
thereby eliminating the frequency inaccuracy that is a result
of gas turbine disturbances during periods of stable operation.

As a regional controller, Automatic Frequency Control
(AGC) compares a pilot bus or region average frequency to a
reference frequency. Due to this comparison, it sends control
signals to manage gas turbine production in synchronous
equipment [26].

However, because renewable energy production is
unpredictable and fluctuating, the increasing integration of
renewable energy sources like solar energy into electrical
grids presents significant issues for system stability and
reliability. Thus, regulatory and control methods must be
constantly improved and adjusted. Fig. 4 shows a basic
Automatic  Generation Control (AGC) system that
coordinates n turbogenerators (TGs) in this order:
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Figure 4. Simplified diagram of an automatic
generation control (AGC)

A key controller is incorporated into the AGC system to
ensure that the frequency error is zero during steady-state
operation. The controller measures the angular frequency of
the Centre of Inertia w¢,; and compares it to the reference
value of w, = 27f,.

The control equation undergoes a transformation through
the implementation of AGC:

d
EPA(t) = Ko(1 - wCoI(t)) (1)
Riot = Xi=1 Ry (2)
Consider the following equation:
AGC signal

Pu® =B O+ (1~ ws®) +7-m® ()
Where,

wy, equals one in P.u if f = f, the frequency base.

K,, integral gain.

R¢,¢, Drops of the turbine governor on P.u (Hz/MW).
R;, Drop of the turbine governor i.

PI®’, Power set point of the turbine governor.
P;y, is the output of the windup limiter.

RL pa(t), AGC signals are added to the reference P, °f of the
tot

turbine speed controller.

The inertial response of both the machine and Precision
Control (PFC) is comparatively faster than the temporal
reaction of Slip-Fooled Control (SFC). The AGC model may
be reduced to pa(t) = 0 when conducting fleeting
simulations lasting up to 20 or 30 seconds, as the impact of
SFC may be insignificant.
~ ref 1
Pn(®) =P () + (1 - we(®) )

AGC systems use the Proportional-Integral-Derivative
controller (PID controller) to evaluate the most effective
tuning parameters for rapid frequency regulation in order to
enhance the precision of primary frequency control and
resolve windup issues.

Modifying the scheduled power target to reflect the
desired frequency can reduce turbine power extraction during
frequency dips. Power plant control systems will adapt more
efficiently. Power stations can modify grid frequency and
lessen frequency variations by providing a frequency bias.
This strategy increases power grid stability and reliability by
synchronising power plant activities with the desired
frequency and adopting appropriate management measures.
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Figure 5. Total loads evolutions in Timimoun
substation

In most cases, the relationship between frequency and
power grid load is useful for controlling the system, since
lowering the frequency usually lowers the overall load. In
frequency control investigations, the ZIP model is used to
depict the interplay between voltage, active and reactive
power, and frequency variations; it captures this dynamic
relationship.

Piaoa (f) = Po(fnom) * (1 + m(Af)) (5)
Where,
m, load-damping factor

When it comes to effective power scheduling and grid
stability, the equations of the ZIP model emphasize the
significance of voltage levels and frequency sensitivity.
Electricity demand peaks at specific times of the day and
follows a more regular pattern on weekends, as demonstrated
in the daily load profiles, as depicted in Fig. 5.

Figure 6 illustrates the evolution of global partial loads
within the PIAT grid during the critical hours between 11:00
AM and 9:00 PM. This timeframe is particularly significant
as it captures the period of peak electricity demand. The graph
highlights the fluctuations in load demand, reflecting the
dynamic nature of electricity consumption throughout the
day.

Loads Evolution in PQ buses [MVA]

~@-1lh —®-12h & 13

14h —@-15h @ 16h —@—17n —@-18h —@ 1% —@ 20h —@-21h

Apparent power S [MVA]

20

o PQBuses
1 2 3 4 5 6 7 8 9

0 11 12 13 14 15 16 17 18 19

Figure 6. Global partial loads evolutions between 11h-
21h
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1.1. Related Works

The integration of renewable energy sources (RES) into
power grids introduces significant challenges, particularly in
terms of frequency stabilization. The inherent variability of
RES, such as photovoltaic (PV) and wind farms (WF),
necessitates the development and implementation of
advanced control mechanisms to ensure grid stability. This
section reviews key contributions in this domain, focusing on
innovative strategies and methodologies that address these
challenges.

Kenyon et al. (2024) introduced the Droop-e control
strategy, a novel exponential droop control method tailored
for grid-forming inverters. This approach addresses
frequency stability issues by leveraging a non-linear active
power-frequency droop relationship, which enhances the
grid's ability to counteract frequency excursions. The Droop-
e method significantly reduces the rate of change of
frequency (RoCoF) and surpasses traditional linear droop
control strategies by incorporating non-linear dynamics,
thereby optimizing frequency response under varying load
conditions [30].

Chen et al. (2024) provided a comprehensive review of
measurement-based frequency dynamics monitoring in
RES-dominated power systems. The study highlights the
critical role of wide area measurement systems (WAMS) in
achieving full state awareness and deep informatization of
power grids. Chen et al. discuss various data-driven methods
for online monitoring of frequency dynamics, emphasizing
their potential for more accurate and effective analysis, which
is crucial for maintaining grid stability in the face of
increasing RES penetration [31].

Dedovi¢ et al. (2024) proposed an adaptive under-
frequency load shedding (AUFLS) scheme that utilizes
synchrophasor measurements and Empirical Mode
Decomposition (EMD). This innovative approach enhances
power system stability during significant disturbances by
dynamically adapting to the magnitude of disturbances,
frequency response, and voltage stability index. The EMD
algorithm, integrated within the AUFLS framework, enables
more precise load-shedding decisions, significantly
improving system resilience to frequency disturbances [32].

Sahu et al. (2015) developed a hybrid PSO-PS
optimized fuzzy PI controller for Automatic Generation
Control (AGC) in multi-area interconnected power systems.
Their approach outperforms conventional and other recently
published optimization techniques, demonstrating robustness
to wide parameter variations and step load perturbations. The
method is also applicable to multi-source, multi-area
hydrothermal power systems, with or without High Voltage
Direct Current (HVDC) links, further proving its versatility
and effectiveness in maintaining frequency stability [33].

Mohapatra et al. (2024) introduced a type-2 fuzzy tilt
control strategy for AGC in multi-source power grids,
optimized using a quasi-opposition pathfinder algorithm
(QO-PFA). This novel controller significantly improves
frequency stability under various operating conditions and
demonstrates superiority over conventional PID controllers.
The QO-PFA algorithm also outperforms other optimization

O EAI

techniques, highlighting its potential for broader applications
in power system control [34].

Wang et al. (2024) proposed an optimal AGC allocation
strategy based on data-driven forecasts of key frequency
distribution parameters. Utilizing a CNN-LSTM-Attention
network, Wang et al. forecast these parameters to optimize
AGC allocation coefficients, resulting in improved frequency
regulation and reduced costs. Their approach shows marked
improvements in minimizing frequency deviations and
regulation costs compared to other strategies [35].

Zhao et al. (2024) addressed the challenges of real-time
dispatch in integrated electric and gas systems (IEGS) with
high RES penetration. They developed a multistage
stochastic real-time economic dispatch (RTED) model that
considers the dynamic interactions between electric power
systems (EPS) and natural gas systems (NGS). The
decentralized solution effectively mitigates the risk of EPS-
side reserve shortages and NGS-side pressure violations,
demonstrating its efficacy in managing uncertainty
propagation between these interconnected systems [36].

Maucher et al. (2023) explored the limitations in
interzonal exchange of automatic frequency restoration
reserves (aFRR) within Europe. Their study compares
different control models for interzonal aFRR exchange under
active limitations, providing insights into the impact of
transfer capacity limits and finite aFRR availability on system
stability [37].

Cremoncini et al. (2024) examined the potential revenue
increase from hybrid battery energy storage systems
(HESS) paired with wind plants. Their model optimizes
participation in both day-ahead and aFRR markets,
demonstrating significant revenue and system efficiency
improvements through battery hybridization [38].

Kang et al. (2024) proposed a distributed, event-
triggered voltage regulation approach for low-voltage
distribution networks (LVDN) with high PV penetration.
This method accommodates varying time delays and ensures
balanced power sharing among virtual energy storage
systems (VESS), thereby improving voltage regulation and
system stability [39].

Deman and Boucher (2023) focused on the relationship
between renewable energy generation and power reserve
energy demand in the French power system. Their study
addresses a significant gap in the literature, particularly the
impact of increasing renewable energy generation on reserve
energy demand. They emphasize the importance of
understanding this relationship to optimize reserve capacity
and maintain grid stability [40].

Tadjeddine et al. (2023) conducted a crucial study on the
integration of Variable Renewable Energy (VRE) sources
into the isolated PIAT grid in Algeria. They addressed the
critical issue of maintaining grid stability, particularly voltage
and frequency, which are adversely affected by the
integration of VRE such as wind and solar power. Their dual
approach, involving AFRR for frequency management and
local reactive compensation for voltage control, effectively
mitigates  stability issues, demonstrating significant
improvements in network performance and reliability [1].
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2. Methods Strategies and Formulation

The Algerian Electrical System Operator (AESO)
prioritizes the stability of the PIAT electrical grid,
particularly given its integration of renewable energy sources
that reduce dependency on natural gas for electricity
production. Efficient management of energy distribution
from conventional power plants, such as the 182 MWp gas
turbines in Adrar and Timimoun, alongside renewable
sources like the 38.5 MWp photovoltaic and wind hybrid
plant in Kabertene and the 9 MWp and 20 MWp photovoltaic
plants in Timimoun and Adrar, is essential for ensuring grid
reliability (Fig. 2).

Photovoltaic power plants and wind farms contribute to
the grid by generating active power P; and reactive
power Qg;, which are injected into the electrical grid. These
contributions are vital for maintaining a balanced and stable
power supply, while also minimizing costs and
environmental impacts.

Our research focuses on balancing power generation
(from both gas turbines and renewable sources) with energy
consumption (dynamic loads with ZIP characteristics) within
the PIAT network. We conduct a comprehensive study on
frequency stabilization across all buses in the PIAT network,
factoring in the integration of renewable energy sources.

Specifically, we implement an Automatic Generation
Control (AGC) system to correct real-time frequency
disturbances by regulating the active power output from the
Timimoun photovoltaic park, based on electrical
consumption and production data from May 21, 2023.

2.1. Automatic Generation Control (AGC)

The step response of frequency deviation, which indicates
how the grid's frequency reacts to sudden changes in energy
production or load demand, is analyzed in four phases:

1. Initial Deviation: The frequency initially deviates
from its nominal value when there is a change in
electricity production or load demand, depending on
the system's responsiveness.

2. Transient Response: The frequency enters a phase
of adjustment, where it gradually returns towards
equilibrium. This phase's duration is influenced by
the system's inertia and control mechanisms.

3. Damping and Recovery: The frequency deviation
is progressively reduced through system controls,
such as AGC, which stabilizes the frequency by
adjusting active power generation.

4. Steady State: Eventually, the frequency stabilizes
close to its nominal value, around 50.2 Hz.

The power system model provides real-time feedback on
frequency, closing the control loop. This MW Load
Frequency Control (LFC) model, equipped with a PI
controller, ensures frequency stability by dynamically
adjusting generator outputs in response to frequency
deviations, maintaining the power system within acceptable
limits. Fig. 7 illustrates the block diagram of the closed-loop
control system, where the PI controller continuously monitors
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and processes frequency deviations. The control signal
generated by the PI controller is then used to adjust generator
set points via the governor control system.

AP, (s)
wrg APyym 1 AQ(s)
5%+ wgs + wry D+2Hs

Governor + Turbine

APrer(s)
Afy

Rotating mass
and Load

Figure 7. Block diagram model of MW LFC with PI
controller

The closed-loop transfer function relating the load change
AP (s) to the frequency deviation AQ(s) is:
AQ(s) . (147gs)@+175)
—APL(S) T(s) = (D+2Hs)(1+145)(1+775)+1/Rg
We have adopted the step input: AP, (s) = AP, /s
Using the final value theorem, the steady-state value is:

— 1 = - 1
Aw =lim s AQ(s) = (=APy) D+1/R @

Where: wr represents the turbine pulse frequency, wg,
denotes the governor pulse frequency, and wr is the system
pulse frequency, defined as the product wr * w,. Here, H
stands for the generator inertia constant, and R refers to the

governor speed regulation.

The load varies by 66.82% between 6h and 21h for change
in frequency, i.e., D=0.67.

The turbine is designed to generate electricity at a constant
frequency of 50Hz, with a rated output of 180 MW in Adrar
and Timimoun. However, there is a load change of 67.74
MW (AP, = 0.376 per unit) that takes place.

(6)

_AAK;(s() _ T(S) _ (140.25)(1+0.55) ;
L(s) (0.67+105)(1+0.25)(1+0.55) +55=
T(s) = 52475410 ®)
50(s3+7.06752+10.469s+20.67)

The steady-state frequency deviation due to a step input
is:
. 1
{Aw = lim(s AQ(s)) = 55 (—0.376) ©
Aw = —0.0182p.u

Therefore, the application of a 67.74 MW load results in
a steady-state frequency deviation of 0.91Hz, which is
calculated as Af = + |(—0.0182)(50)|.

For a 20% load change ((AP.(s) = 0.2 p.u)), with the
controller's integral gain set atk; =4, the closed-loop
transfer function that relates the load change to the frequency
deviation AQ(s) is:

AQ(s) _
—APL(s) T(s) =

s3+7s2+10s
505%+353.3553+523.4552+1033.55+200

(10)

EAIl Endorsed Transactions
on Energy Web |
| Volume 12| 2025 |



Enhancing Power Grid Reliability with AGC and PSO: Insights from the Timimoun Photovoltaic Park

2.2. Generators and loads modelling

The sum of the currents from the loads and the generators

connected to the bus; can present by I;:
I; = Yk=1Yip Vi + Zik=1 Yis V; = Vi)
ki ki (11)
[ =1[r]V]

Where,
% & Yy, parallel and series admittances, respectively.
V;, Voltage at bus i.
[I], Column vector of order N containing all currents,
[Y], Symmetric matrix of network admittances,
[V], Column vector of order N containing all simple voltages.

Relation 12b can be expressed in a more convenient form
by introducing the complex powers S;; & S;; and eliminating
the currents. To achieve this, we define a complex power at
bus i as follows:
{ So=VI =P +jQ;

S, = (Pgy — P) +j(Q — Q)

Where,
I*, the complex conjugate of I.
Pschea and Qqqneq represent the desired active and reactive
powers at an operating voltage V, while P, and Q, are real
powers at the nominal voltageV,. The -coefficients
Ay, by, ¢y, aq,bq and ¢, determine the relationship between
voltage and power outputs in polynomial model. The ks and
k¢ parameters indicate the sensitivity to variations in active
and reactive powers with respect to voltage variations,
typically within specific ranges. 4f Represents the frequency
deviation, influencing the dynamic behaviour of the system
in response to frequency fluctuations.
In addition, we define:

(12)

V_ = V jsk
k= ke (13)
Yi = Yyl Ok

Therefore, by combining all these relations, we get:

ST = VeI ity Yo i Vie POk (14)

Where: Pycpoq and Qgepeq represent the desired active and
reactive powers at an operating voltage V, while P, and Q,
are real powers at the nominal voltage V. The coefficients
ap, by, cp,aq,bg and ¢, determine the relationship
between voltage and power outputs in polynomial model.
The k,; and k,; parameters indicate the sensitivity to
variations in active and reactive powers with respect to
voltage variations, typically within specific ranges. Af
Represents the frequency deviation, influencing the
dynamic conduct of the system in response to frequency
fluctuations.

We derived two fundamental equations:
{ Py = Ximo(ViVi Yig cos(8y + 6 — 6;) (15)

Qi = — Xito(ViVk Yir sin(yy + i — 6;)

They allow us to relate the active and reactive powers
produced (or consumed) at each busi, to the voltages (in
magnitude and phase) present throughout the grid.

Pschea = Po [ap (VKO)Z + b, (Vlo) + Cp] [1 - kpfAf]

1A% v

Qschea = Qo [aq (V_0> + bq (V_o) + Cq] [1 - kquf]
Here, Pgcpeq and Qscpeq represent the desired active and
reactive powers at a given operating voltage V, while P, and
Qo denote the corresponding powers at the nominal
voltage V. The coefficients ap,bp,cp,aq,bq and Cq define
the relationship between voltage and power outputs in a
polynomial model. The parameters k,; and k¢ reflect the
sensitivity of active and reactive power outputs to voltage
variations. Lastly, Af represents the frequency deviation,
affecting the system's dynamic response to frequency
fluctuations.

Each bus provides two equations of type 13 & 14,
resulting in 2N equations. Each bus is also characterized by
6 variables: V;, 8;, Pgi, Q¢i, Pri, and Qy;, giving us 6N
variables initially. To make the system solvable, we need to
fix 2N unknowns among the 6N variables and set 4N
parameters to known values. The resolution method for this
system of equations involves assuming that the dispatcher
imposes the network loads; this is the case as long as the grid
operates normally. This assumption means fixing the values
of P,;& Q,; at each busi. Therefore, there remain 4N
variables to be distributed between unknowns and
parameters. Up until now, our approach has led us to fix
P;; & P;; at each node of the network. However, this is not
realistic because the following relationship must be satisfied:
Py = (Xio Pei) — (Ui=o Pri) (17)
Where: P;, Total losses in the grid.

These losses cannot be predetermined in the allocation
calculation. They are the result of various power flows within
the network and cannot be fixed in advance. If we do not
know P;, it is impossible to set all the P;; & P;; while
satisfying equation 17.

The production generators are controlled synchronously
with load variations, taking into account all the constraints
and limits of the subsystems. The main control lines are
summarized in the following Fig. 5. Traditional and effective
ways to reduce these problems are to derive additional signals
for generator excitation systems and to compensate for
fluctuations in power flow through transmission networks.

Figure 8 shows the Flowchart of OPF dynamic ZIP loads

with evaluation methods.
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Figure 8. Algorithm flowchart of PSO and D-ZIP loads
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3. Results and discussion

The study investigates the role of the Automatic
Frequency Restoration Reserve (AFRR) in stabilizing
network frequency by coordinating the AGCs of the gas
turbine (GTs) units in Timimoun and Adrar. The research
examines the PIAT network's 220 kV transmission grid and
60/30 kV distribution system in southern Algeria’s Adrar
province. Figures illustrate the Timimoun PV Park’s location
and provide a single-line diagram of the PIAT network with
PV outputs. MATLAB 2023b and ETAP 2019 were used for
analysis and results representation.

By performing transient stability analysis of small signal
disturbances, the AGC controller addresses frequency
discrepancies. The study also evaluates the impact of
integrating photovoltaic energy on PIAT’s dynamic voltages,
especially at the Timimoun injection bus. Maintaining the
injection power factor or local reactive power within
acceptable limits is crucial for managing this integration.

For the Power Flow Analysis (PFA) of the Timimoun
Park's photovoltaic power distribution within the grid, two
methodologies were employed: the Fast Decoupled Load
Flow (FDLF) method and the Particle Swarm Optimization
(PSO) technique for Optimal Power Flow (OPF).

3.1. Frequency grid evolution

At the integration point of Timimoun (bus 4), Figure 9
illustrates the progression of the synchronism frequency
correction (f;) as it relates to the frequency prediction (fy)
model.

In accordance with the forecasts generated by the f,
model, the graph depicts the variations that occur in the fypp
value throughout the course of time. The fypr is a
representation of the frequency correction that is desired and
necessary in order to keep optimal synchronism throughout
the integration point.

The proper value for the f,pr is determined by the model
through a comparison of the predicted frequency (f,) with the
actual frequency. This is done in order to guarantee
synchronisation and stability within the system.

The success of the frequency prediction model in properly
forecasting the necessary correction to preserve optimal
synchronism at the integration point of Timimoun is
illustrated by this graph, which provides interesting insights
into the effectiveness of the model.

It assists system planners and operators in making well-
informed decisions and modifications, which helps to ensure
that the electrical grid continues to function in a dependable
and stable manner.

The correction that was accomplished utilising the AGC
at the injection bus of Timimoun is depicted in Figure 9, after
which the error frequency correction is shown in Figure 10.

Evolution frequency grid with AGC control at Timimoun Bus
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Figure 9. Frequency grid with AGC correction at
Timimoun injection bus

The graph illustrates how the AGC system adjusts and
regulates the power active generation of the gas turbines in
response to changes in frequency fluctuations. This
correction mechanism ensures that the power generation from
these gas turbines aligns with the required frequency and
maintains the stability of the electrical grid at the integration
Timimoun bus.

Error frequency AGC control at Timimoun Bus
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Figure 10. Frequency grid with AGC correction at
Timimoun injection bus

Figure 11 illustrates the maximum voltage levels recorded
at the 220 kV transmission and 30 kV distribution buses,
comparing scenarios with and without the integration of PV
sources under frequency control measures.

The graph highlights the peak voltages encountered
during the operation of the electrical system, providing
insight into the system's voltage stability.

Frequency control mechanisms, including automatic
voltage regulation and reactive power compensation, are
employed to ensure that voltage levels remain within
acceptable limits.
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Figure 11. Evolution of Maximum Voltages in the 220
kV Transmission and 30 kV Distribution Buses with PV
Integration at the Timimoun Injection Bus.

3.2. Generator productions

Figure 12 illustrates the dynamic variations in the
maximum aggregate active power generation (in MW) over a
24-hour period on May 21, 2023. This includes contributions
from both the gas turbines and the Timimoun photovoltaic
(PV) park, with an emphasis on maintaining an optimal power
factor configuration.

Timimoun one-day fluctuationin photovoltaicand GT MW power output
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Figure 12. Active Power Generation from Gas
Turbines in Adrar and Timimoun PV Park.

The Power Factor optimised to maximise power
efficiency and reduce losses. The graph shows how
appropriate power factor settings affect overall active and
reactive power production, especially when VRE sources are
integrated.

Figure 13 shows the fluctuations and interrelationships
between PV injection power factor and grid (load) power
factor with power factor control throughout the cycle. This
diagram shows the system's power factor performance,
helping operators and planners optimise power factor and
manage electrical energy. The Timimoun PV Park and other
energy sources affect the system power factor, which is the
average power factor across the electrical grid.
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Figure 13. Global Power Factor Control per Cycle.

3.3. Active losses of the system

Figure 14 presents the results of the total active losses in
the system with and without PV integration.

The graph illustrates the total active losses experienced in
the electrical system under two different scenarios. The first
scenario represents the total active losses without the
integration of VRE, while the second scenario includes the
presence of VRE in the system PF control.

Timimoun active power losses evolution without and with Photovoltaic
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Figure 14. PIAT Total active losses in different
scenario

Table 2 presents a comparison between different
scenarios or interventions aimed at reducing active losses in
the system. It shows the percentage by which active losses are
reduced in each case, indicating the effectiveness of the
respective measures or conditions.

Table 2. Reduction in percentage of max active losses

Study ID Without VRE With VRE
Max Loss-MW 3.998 3.443
Reduction % 13.88

The percentage reduction in active losses offers critical
insights into the effects of integrating renewable energy
sources, such as photovoltaic (PV) systems, and
implementing optimization strategies on overall system
efficiency. When PV systems are added to the power grid,
various factors can influence megawatt (MW) losses.

Transmission and distribution losses arise due to
resistance in power lines and transformers, which are affected
by the location and capacity of PV installations, as well as the
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distance between generation sources and load centers. Grid
integration challenges, including voltage fluctuations and
stability concerns, often require additional infrastructure,
which can increase MW losses. The inherent variability of PV
generation, due to factors like cloud cover and shading, can
cause fluctuations in power output, leading to supply-demand

Appendix A.

Table 3 presents parameters of the control system:

Table 3. Parameters of the Control System

imbalances and higher MW losses. Parameters value
Effective system design and operation, including proper Turbine Pulse Frequency wy 2rad/s
sizing, optimal panel positioning, and efficient inverters, are Governor Pulse Frequency w, 5rad/s
crucial in mitigating these losses. Additionally, the System Pulse Frequency wr, 10 rad/s
conversion efficiency of PV systems plays a significant role; Generator inertia constant H 5s
lower efficiency leads to more energy not being converted Governor speed regulation R, 0.05P.u
into electricity, resulting in greater MW losses. Load variation AP, 0.376 P.u
Despite these challenges, the environmental and Steady-state frequency deviation Aw —0.0182 P.u

sustainability benefits of solar energy often outweigh the
losses, with ongoing efforts to improve PV efficiency, grid
integration, and system design to minimize MW losses and
maximize the advantages of PV integration.

4. Conclusion

This study underscores the critical importance of
efficiently managing the integration of solar energy from the
9 MW Timimoun Photovoltaic Park in Algeria. It offers a
practical solution for ensuring grid stability, reliability, and
power quality while promoting the sustainable use of
renewable resources. The integration of photovoltaic energy,
despite its potential benefits, poses technical challenges due
to dynamic power consumption patterns and meteorological
variations, which can lead to frequency fluctuations and
transient stability issues.

To address these challenges, we proposed an approach
that combines Automatic Generation Control (AGC) with the
Particle Swarm Optimization (PSO) algorithm. This method
provides real-time regulation to mitigate frequency
deviations caused by imbalances between production and
consumption, while also optimizing the injection power
factor. The effectiveness of this approach is evident in our
simulations and case studies, which demonstrate significant
benefits, including stabilized frequency at the Timimoun
integration point and reduced total active losses within the
PIAT network.

Additionally, strategic power factor control at injection
buses enhances electrical power quality and maximizes the
photovoltaic park's output. The results also indicate a notable
reduction in natural gas consumption for the gas turbines in
Adrar and Timimoun, with a 4.84% decrease in overall
production for the PIAT network on May 21, 2023, attributed
to the Timimoun park's 86.82 MW output over 24 hours.

The findings of this study are highly relevant to the
Algerian Electric System Operator (AESO) and researchers
focused on renewable energy and sustainable electrification.
By adopting the proposed approach, the integration of
renewable energy sources can be optimized, leading to
improved grid stability, economic advantages, and a reduced
carbon footprint, thereby contributing to a greener and more
sustainable energy future for Algeria.
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