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ABSTRACT

This study investigates the use of Flexible AC Transmission System (FACTS) devices for power quality management in grid-connected photovoltaic (PV) solar and
wind turbine systems within the GA West Municipal District electricity grid in Accra. With a growing reliance on renewable energy sources for sustainable solu-
tions, understanding their impact on low-voltage (LV) networks and effective management strategies is crucial. The study aims to assess the effects of hybrid
PV and wind systems, modeling and simulating the GA West Network and IEEE-Low-Voltage Distribution Network (LVDN) and focusing on power factor, active,
and reactive power. A 19-busbar test network was modeled to evaluate PV and wind turbine integration with the grid, and IEEE-LVDN was used for validation.
The study employed the MATLAB/Simulink simulations. Results show that FACTS devices substantially improve power factor, achieve near-unity levels, and
enhance overall network performance by reducing active and reactive power losses. The analysis confirms that FACTS devices boost system capacity, stabil-
ity, and dynamic behavior. The findings indicate that integrating FACTS devices in grid-connected renewable systems effectively manages power quality and

optimizes network performance.

Index Terms—Low-voltage distribution, network, power factor, power quality management, solar PV

I.INTRODUCTION

Grid-connected photovoltaic (PV) solar and wind turbine (WT) sys-
tems are becoming increasingly popular as renewable energy sources
(RES). However, these systems can host power quality issues, such as
voltage fluctuations, harmonics, and unbalanced loads, which may
negatively affect the grid’s performance [1]. Power quality manage-
ment strategies are needed to address these issues, and flexible
AC transmission systems (FACTSs) devices have been developed as
effective solutions. Many experts in the field are trying to discover
an alternative solution as a substitute energy source. Renewable
sources such as solar, wind, and biomass are economically viable
sources and pollution-free solutions for providing green energy to
many loads. [2, 3]. Solar and wind sources according to experts are
the best providers of present-day energy sources, yet, solar sources
remain outstanding among all renewables due to their accessibil-
ity and promising nature for various power [2]. The study aims to
investigate the impact of grid-connected PV solar and WT systems
on the power quality of low-voltage (LV) networks by modeling and
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simulating the GA West local grid and validating with a modified
|IEEE-Low-Voltage Distribution Network (LVDN).

Il. RELATED WORKS

Power quality management is critical for ensuring the reliable and
efficient operation of LVDNs, especially in the context of increas-
ing Distributed Energy Resources (DERs) [4]. The study has chosen
GA West Network as a case study. The IEEE European LVDN is a
standardized test system extensively employed in research and
analysis integration of DERs. Numerous studies have leveraged
the IEEE European LVDN to explore the integration of renewable
energy sources, such as solar PVs and wind power. One signifi-
cant area of research has been the impact of high penetration
levels of DERs on voltage profiles and network stability [5]. For
instance, studies have [6, 7] investigated voltage regulation chal-
lenges in LVDNs with substantial PV integration, highlighting the
need for advanced voltage control strategies. Similarly, Majeed
and Nwulu [8] examined the effects of wind power integration on
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the network and proposed methods to mitigate adverse impacts
on power quality. The accurate representation of consumer load
profiles is crucial for realistic simulations of LVDNs. Studies such as
those by Abban and Awopone [9] have utilized the IEEE European
LVDN to model residential load patterns and assess the poten-
tial of demand response programs. Their findings indicate that
demand response can significantly enhance grid flexibility and
support the integration of intermittent renewable energy sources.
Maintaining grid stability in high DER penetration is a critical
challenge addressed in the literature. Research by Gandhi and
Sampath [10] focused on the impact of reverse power flow on dis-
tributed transformers in a PV solar configuration of LV networks,
including dynamic voltage control, to maintain stability in LVDNs.
The power consumption and demand management operations
of the Municipal District Network and its associated equipment
require a significant amount of electricity. Proper demand man-
agement and energy-efficient practices are essential to consider-
ing the energy scenarios in Ghana [9].

The power factor (PF) measures the efficiency of power between
the grid and the load. A low PF can lead to increased power losses
and reduced efficiency in electrical equipment. Renewable energy
sources, such as PV solar and wind turbine systems, can lead to a
low PF due to the reactive power generated by these sources [10].
Power factor control is, therefore, necessary to maintain [11]. A high
power factor ensures efficient power flow. For instance, studies [6,
12] have investigated the use of static synchronous compensators
(STATCOM) for improving the power quality of a grid-connected PV
solar system. The outcome showed that STATCOM effectively reg-
ulated the voltage and reduced the harmonic bias in the system,
thereby improving frequency. FACTSs device, the STATCOM per its
design is connected at a point of coupling with a battery storage
system to moderate power quality [13]. With the incorporation of
wind generation and FACTS devices with a battery storage scheme,
the grid-connected system achieves power quality standards by the
IEC standard 61400-2, as presented in the Fig. 1 [14].

Main Points

e The study examines the use of flexible AC transmission sys-
tem (FACTS) devices, particularly static synchronous com-
pensators (STATCOM), for managing power quality in a grid
that connects photovoltaic solar and wind turbine systems in
the GW West municipal district of Accra.

e  The study modeled and analyzed the GA West Network and
|IEEE low-voltage distribution network, comparing the perfor-
mance of FACTS devices regarding power factor, active, and
reactive power.

e The results demonstrated that FACTS devices significantly
improve the power factor, bringing it close to unity, and
enhancing overall network performance by reducing active
and reactive power losses.

e This confirms that FACTS devices improve system stability,
capacity, and dynamic behavior, making them effective tools
for optimizing power quality and network performance in
grid-connected renewable energy systems.
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Fig. 1. Hybrid solar PV and wind turbine with STATCOM connected
to grid.

Benali et al. [7] proposed a FACTS device, SVC light, to be linked at
a Point of Common Coupling. This strategy was provided for the
wind energy source integration to improve power quality. Grid-
connected PV solar and wind turbine systems generate electricity
from the sun and the wind [15]. The utility grid can provide excess
power when the renewable energy source is producing more than
the system needs, and it can also draw electricity from the grid
when the renewable energy source is less than what the system
needs [16]. Grid-connected PV solar systems convert sunlight into
electricity using PV cells, according to ref. [17]. The power output of
the PV array is dependent on the solar irradiance and temperature
[18]. Wind turbine systems generate electricity from wind energy
using a rotor that is connected to a generator. The output power of
a wind turbine is dependent on the wind speed and direction [19].

11l. METHODOLOGY

The study employed MATLAB Simulink simulation for the models to
compare and analyze their differences. The modules consist of the
following models: 1) the GA West Network as a case study; 2) the GA
West Network connected with a FACTS device; and 3) the model of
the IEEE LVDN.

IV. CASE STUDY NETWORK

This study focuses on the GA West Municipal District network in the
Greater Accra region of Ghana, examining its radial LV distribution
grid configuration. The network is linked to the medium voltage grid
through a three-phase, four-wire system equipped with 11/0.415
kV transformers, and an interconnected 200 kVA transformer, as
depicted in Fig. 2. The network faces occasional power outages and
discrimination issues, prompting the proposed integration of solar
PV and wind turbine power to enhance the voltage profile. To assess
the peak load on the 11 kV feeder, data from an Electricity Company
of Ghana (ECG) in 2023 concerning the distribution transformer
were utilized. The recorded load current indicated a peak current of
255 A. Determining the transformer’s overall maximum operational
load follows the outlined procedure, considering the identified chal-
lenges in the existing network. Hence, the transformer’s rated kVA at
full load is 183.29 kVA for the solar PV rating.

V3xVl,  V3x255x415
1000

1000 @)

Case Study Transformer Rating =

To model the GA West Network and test it using a modified
LVDN system, a power flow analysis was set up to calculate
reactive power, active power, PF voltage, and current. This model
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Fig. 2. Single line diagram of GA West Network.

was used to determine the steady-state operating conditions of the
combined system. Below are the equations and calculations for each
of these parameters: the active and reactive power at each bus can
be calculated using the following equations in (2) and (3):

Active power (P):

Ps:Vsz::l\/s.[G,.cos(el—92)+B,-.sin(91—92) (2)

Reactive power (Q):

QS=VSZ,'1 Vs.[Gj.sin(el—62)—Bj.cos(61—92)] (3)
j=1

where P =active power at the bus, Q =reactive power at the
bus, V, =voltage magnitude at the bus, n =total number of buses,
G, = real part of the admittance (conductance) between buses, B, is
the imaginary part of the admittance (susceptance) between buses,
and 9, and U, are the phase angles at buses.

Py

P+

where Pfis the power factor at the bus.

Pf (4)

Current (/):

__P+jQ

* v (G+8) )

Zis the purely real, that is, when Z = R + jO, the admittance Yis identi-
cal to conductance Y =G +B.

Y:G+jB:1 !

Z= 6
Z R+jX (6)

To express Y in the form Y=G+jB, multiply the numerator and
denominator by R - jX, G, and B are related to R and X:

R
RP+ X2

X

1 R-jX_R—jX _ .
RP+ X2

TREXR—X R4XE

(7)
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where /_ is the current magnitude on the transmission line between
buses, Z is the impedance of the line, R is resistance, and X is the
inductance

The description of hybrid solar PV connected to the GA West
Network consists of a solar PV power system, and GA West Network
to form the spanner shape as presented in Fig. 3. The PV solar
system consists of a solar array, that is, Canadian Solar Inc. CS3U-
365MS-AG; 32 series modules, eight parallel strings connected to a
1000 uF capacitor, and boost converter that involves six insulated-
gate bipolar transistors (IGBT). This IGBT is a power transistor that
combines an input metal-oxide-semiconductor field-effect transis-
tor technology and an output bipolar transistor as it is a unidirec-
tional device, that is, it can only switch ON forward direction. It has
an internal resistance of 0.221 Q, a snubbed resistance of 415.405
Q, and a snubbed capacitance of infinity. It also modeled a subsys-
tem inverter with six diodes, which is connected to the modeled
subsystem of an LC filter. The modeling of the wind power system
consists of a transformer, transmission line, and wind turbine induc-
tion generator that implements a model of a squirrel-cage induction
generator driven by a wind turbine. All components are connected
to a common bus at the point of the typical coupling, as presented
in Fig. 3 below.

V. PHOTOVOLTAIC PANEL MODELING
A solar cell is represented by an equivalent circuit, as depicted in
Fig. 4. This equivalent circuit includes components such as the pho-
tocurrent source (/,,), diode (D), series resistance (R,), and parallel
resistance (R,,). The design of a PV array is grounded in this equiva-
lent circuit. Equation (8) is derived by applying Kirchhoff’s current
law to the circuit diagram in Fig. 4.
lpy = Iph —Ip =l (8)
In the context of the given parameters: /,, represents the current of
the PV module in amperes (A), I, denotes the current due to inci-
dent light or photocurrent in amperes (A), /, signifies the current
flowing through the diode of the PV module in amperes (A), and /,
is indicative of the current through the parallel resistance of the PV
module in amperes (A).

Vb =V, +1pRs

(€)

kv o woas kv

@

Supply Bt

Fig. 3. GA West Network GA West Network connected to hybrid solar
PV and wind turbine with STATCOM.
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Fig. 4. Equivalent circuit of PV solar cell.

In the given context: V, represents the voltage across the diode of
the PV module in volts (V), V,, stands for the PV module current in
amperes (A), and R, signifies the PV module series resistance in ohms
(Q). The expression for shunt current (/) flowing through the paral-
lel resistance (R,,) is derived in (10) by applying Kirchhoff’s voltage
law to the circuit diagram in Fig. 4.

Vot xRV

Isp = 10
’ Rsh Rsh ( )
The thermal voltage can be expressed as (11):
v, = _ Kxt (11)
g x N xQ,

In the given context: V, is the thermal voltage in volts, K is the
Boltzmann constant, which is 1.3806e"22JK™, T represents the cell
temperature, set at 25°C, g signifies the electron charge, equal to
1.6022 e7°C, N, indicates the number of series-connected cells per
module, and Q, is the diode quality factor of the PV module, speci-
fied as 1.25. Here, I, represents the photocurrent generated by solar
irradiation, as expressed in (12).

(12)

Iph =l +k/ (Tak - rk)|:G:|

ref

In the provided context: /. designates the short circuit current in
amperes (A), K; represents the temperature coefficient under short
circuit conditions, T,, corresponds to the surface temperature of the
PV module in degrees Celsius (°C), T,, denotes the reference temper-
ature in degrees Celsius (°C), G signifies the solar irradiation in Watts
per square meter (W/m?), and G, is the reference solar irradiation,
expressed in Watts per square meter (W/m?2). Shockley’s diode cur-
rent /, is expressed in (6).

(13)

Equations (7) and (11) are substituted into (13), and the PV module
current [, can be expressed in (14):
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(%)
(NsAk Tak) __ 11—

Iy = lon — 15| € (14)

Rsh

Canadian Solar Inc. CS3U-365MS-AH (the Canadian Solar KuMax
CS3U-365MS-AG Datasheet) data are used per Table | to model PV
cells. The following equations are considered for measuring the
maximum power point conditions for a PV module. The short-circuit
current is given by (15):

G e

ref

(15)

Isc = scO(

The open-circuit voltage V,,. at any given condition can be expressed
by (16):

Toyy

Ve =(=) 16

( T (16)

The maximum output power of a PV module, P__ is given in (17):

(\?C]_I‘[?Cw'n] R v, 7Y Y
Prax = = Vak X[ 1-—" o (i] Jseo (7]
1+ oc Yoc 1+ ISCD Gref T GO
NA I G

TABLE I.
SPECIFICATION OF SOLAR PV-PANEL USING CANADIAN SOLAR
INC. CS3U-365M AG DATA

Parameter Rating
Maximum power (P,,.,) 365 W
Current at maximum operating point (/) 9.18A
The voltage at the maximum operating point (V, ) 39.8V
Short circuit (SC) current (/) 9.75A
Open circuit (OC) voltage (V,,) 47.2V
Module efficiency 18.4%
Series resistance 0.221
Parallel resistance 415.405
Number of modules connected in a series string (N_,,.) 32
Many modules are connected in a parallel string (N,,,,,) 8
Operating temperature 85°C
Cell per module 72
Temperature coefficient of /. 0.017 (%/°C)

Temperature coefficient of V. -0.38039 (%/°C)

Solar panel current (/,) 8.8179 A
Diode saturation current (/,) 5.5324e7° A
Diode ideality factor 1.054
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Fig. 5 Solar PV systems.

Fig. 5 presents the solar PV model as a computational tool that
simulates the behavior and performance of a solar PV system,
aiding in design, optimization, and performance prediction. The
components include, PV effect, which converts sunlight into elec-
trical energy. Equivalent Circuit Models, Single-Diode Model, uses
a current source, diode, series resistor, and shunt resistor. Double-
Diode Model: Adds a second diode for greater accuracy. System
Design Parameters: Module specifications (cell configuration,
temperature coefficients) and array design (series/parallel con-
nections). Environmental inputs, solar irradiance (W/m?2), ambient
temperature, and spectral effects, and Performance Curves: Fig. 6
|-V characteristic of PV array at different temperatures and (b) P-V
characteristic of PV array at different temperatures. Fig. 7 P-V Curve,
highlights the maximum power point (MPP) for optimal efficiency.
These models are critical for analyzing PV system performance
under varying conditions.

VI. WIND TURBINE MODELING

Wind power is generated from wind turbines due to the move-
ment of the wind. The energy related to this wind is called kinetic
energy. This kinetic energy (E) with mass (m) and velocity (v) can be
expressed as (18).

Kinetic Energy (E)= %mvzjoule (18)

m = air mass (k) = air density p (k,/m?) x volume Q (m°)

Array type: Canadian Solar Inc. CS3U-365MS-AG:
32 series modules: 8 parallel strings
1000 i L . :

00 W/n®

600 W/m?>

400 W/m?

Current (A)
8

M

200 600 800 1000

400 1200 1600

Voltage (V)

Power (W)

[V
T

b

800 1000 1200 1400

Voltage (V)

200 400 600 1600

Q =discharge.

The expression of power is derived as (19).

(mv?)

dE_1d

dt  2dt

Power(P):

14,
2P ar

S S

3
Rate of discharge (mj =Am?*x v[ﬂ)

where A = swept wind turbine area

Power(P)=%pAv3 (19)
The actual power generated by the wind would be smaller due to
friction losses. The power coefficient C,, defined as a ratio of actual
power to theoretical power, can be expressed in (20).

P, Actual

Cpr = (20)

P Theoritical

Tip speed ratio T, is defined as the ratio of the tip speed of the blade
divided by wind speed.

It can be expressed as (21):

Array type: Canadian Solar Inc. CS3U-365MS-AG:
32 series modules; 8 parallel strings

Current (A)
8 2

N

800 1000

Voltage (V)

o 200 400 600 1200 1600

~10*

o 200 400 600 1000 1200 1400 1600

800
Voltage (V)

Fig. 6. (a) /I-V characteristic of PV array at different temperatures and
(b) P-V characteristic of PV array at different temperatures.

Fig. 7. (a) I-V characteristic of PV array at different temperatures and
(b) P-V characteristic of PV array at different temperatures.
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TABLE II.
PV SOLAR OUTPUT AT MPPT FOR DIFFERENT IRRADIANCE
PV Output
Irradiance (W/m?) V,, (V) I, (A) P, (W)
400 240.8 8.30 1998.6
600 245.7 16.28 4000
800 246.90 24.30 5999.7
1000 246.2 325 8001.5
Tor = Tip Speed of Blade _o (21)

Wind Speed v

Therefore, the amount of power is directly proportional to the area
swept out by the rotor, the air density, and the wind speed cube.
The amount of power captured by the blade of a wind turbine is
expressed as (22).

P, = 1pAc,,wv3

5 (22)

where P_ is the mechanical output power, C, is the power coefficient, A
is the tip speed ratio, 8 is the blade angle pitch, and p is the air density.
The power coefficient C, is a function of 8. It can be expressed as (23).

116

125
Co :o.zz{T—o.zle—s}e B (23)

VIl. MODELING OF WIND TURBINE PERMANENT MAGNET
SYNCHRONOUS GENERATOR

The wind turbine propels the rotor, and the stator winding is directly
linked to the grid. Through the induction generator, the wind turbine
captures energy and converts it into electrical power, which the sta-
tor winding then feeds into the grid. During high wind speeds, the
pitch angle is adjusted to limit the generator’s output power to its
nominal value. For electricity generation, the speed of the induction
generator must slightly surpass that of the synchronous generator.
However, the wind turbine permanent magnet synchronous genera-
tor (WT-PMSG) is commonly classified as a fixed-speed wind genera-
tor due to the typically minor speed fluctuations. The grid supplies
the reactive power needed by the induction generator, as presented
at Fig. 8. The analysis of WT-PMSG model comprises three phases,

Rotor

Turbine

R
—_—
l
Dri

Wind

3- Phase Grid

train

———

Stator

Pitch Control

Fig. 8. Wind turbine permanent magnet synchronous generator
(WT-PMSG).

as illustrated in Fig. 9, which shows the corresponding single-phase
circuit of the WT-PMSG. The inclusion of a movable magnetic source
and the use of permanent magnets for excitation without additional
electrical consumption make the WT-PMSG one of the most efficient
all-electric machines. This results in a compact structure for the
WT-PMSG, similar to the same-rated induction generator.

Additionally, heat production occurs in the stator, which is easier
to cool compared to the rotor, as it is located at the periphery of
the generator. Furthermore, the WT-PMSG exhibits a prolonged
lifespan for winding insulation, bearings, and magnets, requiring
minimal maintenance due to its simplified mechanical design.
Moreover, it boasts the highest power-to-weight ratio. These
advantages collectively contribute to the widespread utilization of
WT-PMSG in wind-integrated systems. This results in a compact
structure for the WT-PMSG, similar to the same-rated induction
generator. Furthermore, the WT-PMSG exhibits a prolonged life-
span for winding insulation, bearings, and magnets, requiring
minimal maintenance due to its simplified mechanical design.
Moreover, it boasts the highest power-to-weight ratio. These
advantages collectively contribute to the widespread utilization
of WT-PMSG in wind-integrated systems. The MATLAB Simulink
modeling of the WT-PMSG is accomplished using the following
equations, with the machine model analyzed in a single phase, as
depicted in Fig. 9.

The stator resistance R, represents the resistance within the
windings of the relatively small machine. Synchronous induc-
tance L, stems from the inductance of the windings and encom-
passes the air gap inductance, slot leakage inductance, and end
turn inductance. The back electromotive force E; is generated
through the flux linkage in the windings from the rotating mag-
netic field in the machine. Consequently, V, denotes the stator
terminal voltage.

Ef :kpm(pm"‘)e (23)

In this context: k, denotes the magnetic strength, ¢, signifies the
permanent magnet flux linkage, and w, represents the electrical
rotor angular speed. The expression for the back EMF can also be
derived from Fig. 5 as follows:

|4 . di
Ef =K@ — @y =V, —iRs — L — 24
f pm®P 2 dt ( )
In this scenario, the connection between the electrical rotor speed
(w,) and the mechanical rotor speed is expressed as follows:

@
Ls +

0 —

Fig. 9. Per phase model of WT-PMSG.
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2

©e ==, (25)

The expression for the terminal stator voltage (V) of the WT-PMSG
can be articulated as follows:

. di
Vo= iR L

+kPm(pm§Q)m (26)

The rate of alteration of the complete flux linkage with each stator
winding ¢, is presented as given below:

_ dos
dt

Lo
dt

+kPm(Pm Bmm (27)

2

s

By inserting (26) into (27), the ultimate expression for the terminal
voltage (Vs) of the PMSG can be written as:

V=i, + 2
dt

(28)

VIIl. MODELING OF THE IEEE LV DISTRIBUTION NETWORK AS A
TEST CASE

The IEEE European LVDN is a standardized test system extensively
employed in research and analysis related to the integration of
DERs. Fig. 10 illustrates the single-line diagram of the examined
unbalanced LVDN. This diagram represents an |IEEE European test
system commonly utilized in DERs integration studies. The network
has a radial topology, a typical feature of European LVDNs. The test
network connects to the main grid via an 800 kVA LV transformer,
reducing the voltage from 11 kV to 416 V, with a delta/grounded star
configuration. The transformer windings have a resistance of 0.4%
and a reactance of 4%. Within this LVDN, three-phase residential
consumers are connected at various points.

The consumption profiles are based on anonymized real-world
data from the GA West Municipal District, with each consumer ran-
domly assigned a profile from these recorded measurements. These
load profiles are sampled at 1-hour intervals. Fig. 11 presents the
aggregated demand of 31 consumers over 2 days. The model in this
study focuses solely on active power, disregarding reactive power.
Consequently, the power flow analysis assumes a constant power

11kV

Source
Supply

Fig. 10. Modified IEEE low-voltage distribution network (IEEE-LVDN).

70
E 60
< 50
E: 40
é 30
-;3 20
£ 10
<o
12345678 9101112131415161718192021
Time (hour)
Fig. 11. Aggregated demand profiles of 31 homes.

factor of 0.99 pu. Various legal and functional entities, such as the
Energy Commission and the Electricity Company of Ghana, are being
established to support this transition.

IX. FINDING RESULTS
The results were obtained from the MATLAB/Simulink model of
the GA West Network with voltage, current, active and reactive

TABLE IlI.
POWER LOAD FLOW FOR GA NETWORK

Number of Active Power Reactive Power  Apparent

Bus P (MW) Q (MVAR) Power (MVA) PF
Bus 1 0.499997 0.5 0.7071 0.71
Bus 10 0.003662 -1.2E-17 0.00366 1
Bus 11 0.003662 -1.1E-17 0.00366 1
Bus 12 -8.7E-19 -9.7E-18 9.7-E-18 0.1
Bus 13 0.000732 -1E-17 0.00073 1
Bus 14 0.003662 -1.1E-17 0.00366 1
Bus 15 0.003662 -1.1E-17 0.00366 1
Bus 16 0.003662 -1.1E-17 0.00366 1
Bus 17 0.002441 -1.1E-17 2441 1
Bus 18 0.003662 -1.2E-17 0.00366 1
Bus 1 0.002441 -1.1E-17 0.00244 1
Bus 2 0.499992 0.499995 0.7071 0.71
Bus 3 0.003688 1.51E-13 0.00368 1
Bus 4 0.000244 -1.1E-17 0.00024 1
Bus 5 0.000488 -1.1E-17 0.00048 1
Bus 6 0.003688 2.84E-13 0.00368 1
Bus 7 0.003662 -1.1E-17 0.00366 1
Bus 8 0.001247 -1E-17 0.00124 1
Bus 9 0.003662 -1.2E-17 0.00366 1
Total 1.044256 0.999995 1.04458 0.72
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Fig. 12. Peak value of relative voltage obtained at Bus_1 GA West
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power, and power factor assessment of voltage levels at different
node busbars. The voltage, current, and power factor assessment
are compared. The model was modified to reflect the parameters of
LV distribution grid components, as shown in Table Ill. Three-phase
voltages and currents at different points in the system are compared
by superimposing the simulation results. It is observed in Figs. 12-16
that the voltage level has improved compared to the voltage level
across Bus (Fig. 10). It was observed that when the peak values of rel-
ative voltage, current, active, and reactive power were at Bus_1, the
overall current, voltage profile, and relative power generated by the
system at Bus nos. 1, 2, 3, and 6 (Table Ill). The voltages remain within
acceptable limits as defined by regulatory standards. Fig. 13 shows
that the active and reactive power dissipated at Bus_1 is higher than
the relative power generated at Bus_1, which could affect the quality
of the power supply to connected loads. The current flow through
various components, such as the transformer and distribution feed-
ers, was observed. The assessment of reactive power flow, which
indicates the exchange of reactive energy between components, can
also affect voltage stability.

X. RESULTS FOR GA WEST NETWORK CONNECTED WITH A
FACTS DEVICE

In the results for modeling GA networks with FACTS devices, from
Figs. 17 to 19, it is observed that the voltage profile of the system

T T T T T T T [—— Output Voltage of PV Pancl ] |

o

S

3
T

IS

=3

3
T

w
=3
3

)
S
3

PV Voltage (Volts)

3
3

o
T

L L 1 L L L L L L
0.05 0.1 0.15 0.2 0.25 03 0.35 04 0.45
Time (seconds)

0.5

°

T T [—— Red phase Voltage (Vph) measured at Bus 3 GA West Network

Yellow phase Voltage (Vph) measured at Bus 3 GA West Network
——Blue phase Voltage (Vph) measured at Bus 3 GA West Network

Pcak value of relative voltage

L ! I I I
0.15

01 Time (seconds)

Fig. 15. Peak value of relative voltage obtained at Bus 3 GA-West
Network.
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improved after placement of the STATCOM. It was observed that the
peak values of relative voltage, current, active, and reactive power at
Bus_1 using the GA Network with STATCOM all changed. The overall
current, voltage profile, and relative power generated by the system
improved at Bus nos. 1, 2, and 6 (Table 1V). Without a STATCOM, the
voltage profile across the network did not exhibit significant varia-
tions, especially under dynamic load changes. Voltage levels at vari-
ous nodes deviated further from nominal values, potentially leading
to voltage instability and sag/swell issues. Without a STATCOM,
the network relied solely on traditional reactive power compensa-
tion devices, such as synchronous condensers. The reactive power
exchange between nodes was less efficiently regulated, leading to
larger reactive power flows and increased losses in the GA network.
Without a STATCOM, power factor control was slitting less precisely,
particularly under fluctuating load conditions. The GA network was
experiencing low power factor performance, leading to increased
losses and reduced efficiency in power distribution. Voltage stabil-
ity and transient response were more susceptible to disturbances
without the dynamic voltage support provided by the STATCOM.

I T I I I
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Yellow Phase Voltage (VPh) at Bus | when testing IEEE Low Voltage Network
==Blue Phase Voltage (VPh) at Bus | when testing IEEE Low Voltage Network

0.16 0"6

20000

5 i ]

5 10000

Peak value of relative voltage

OI’ O’R

Time sccondx)

Fig. 20. Peak value of relative voltage at Bus_1 using IEEE-LVDN.
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Fig. 21. Peak value of relative voltage at Bus_2 using IEEE-LVDN.

TABLE IV. TABLE V.
LOAD FLOW GA NETWORK WITH STATCOM LOAD FLOW WHEN TESTING IEEE-LVDN
Active Reactive Power Active Reactive

Number Power P Power Q Apparent S Factor Number Power P Power Q Apparent S
of Bus (MW) (MVAR) (MVA) PE=P/S of Bus (MW) (MVAR) (MvA) PF=P/S
Bus 1 0.0 0.02 0.028 071 Bus 1 0.001455 0.001455 0.00257 0.707
Bus 10 0.002441 0.001221 0.002729 0.9 Bus 11 0.00375 ~2.2815 0.00375 !

Bus 12 2.4E-15 -2.2E-15 3.26E-15 0.74
Bus 11 0.003662 -9.8E-18 0.003662 1

Bus 13 0.008125 -2.3E-15 0.008125 1
Bus 12 -1.4E-17 -1.8E-16 1.81E-16 0.08

Bus 14 -3.8E-16 -2E-15 2.04E-15 0.2
Bus 13 0.003663 -1.1E-17 0.003662 1

Bus 15 0.006625 -2.3E-15 0.006625 1
Bus 14 0.003663 -1.1E-17 0.003663 1

Bus 16 0.002813 0.000125 2.82E-03 0.99
Bus 15 0.003663 -1E-17 0.003662 1

Bus 17 0.002188 -2E-15 0.002188 1
Bus 16 0.003662 -1.2E-17 0.003662 1

Bus 18 0.00475 -2.2E-15 4.75E-03 1
Bus 17 0.002441 0.001221 0.002729 0.9

Bus 19 0.004063 -2.2E-15 0.004063 1
Bus 18 0.003662 -1E-17 0.003662 1

Bus 2 0.000145 0.000145 2.05E-04 0.707
Bus 19 0.002441 -1.1E-17 0.002441 1

Bus 20 0.002188 -2.2E-15 0.002188 1
Bus 2 0.02 0.02 0.028 0.71 Bus 3 0.0047 -2.4E-15 4.70E-03 1
Bus 3 0.001243 0.000746 0.00145 0.85 Bus 3 0.002563 2915 0.002566 1
Bus 4 0.002441 -1.1E-17 0.002441 1 Bus 4 0.004832 22615 4.83E-03 1
Bus 5 0.000488 -1.1E-17 0.000488 1 Bus 5 3.16E-15 -7.1E-15 7.68 E-15 0.4
Bus 6 0.003688 -3.98-13 0.003688 1 Bus 6 0.002554 0.000128 2.56E-03 0.99
Bus 7 0.003662 -1.1E-17 0.003662 1 Bus 7 2.41E-15 -2.1E-15 3.19E-15 0.75
Bus 8 9.17E-05 0.000114 0.000146 0.63 Bus 9 0.005938 -2E-15 5.94E-03 1
Bus 9 0.003668 -1.1E-17 0.003668 1 Bus 10 0.007625 -2.2E-15 7.63E-03 1
Total 0.084582 0.043301 0.095 0.89 Total 0.064312 0.001853 6.43E-02 1
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TABLE VI.
COMPARISON OF ALL THE MODEL'S POWER FACTOR

Model of GA Model of Hybrid

Number Modelof Model GA Network with Connected to GA
of Bus IEEE-LVDN  Network  FACTS Device Network
Bus 1 0.707 0.707 0.707 5.00E-05
Bus 10 1 1 0.9 4.00E-07
Bus 11 0.74 1 1 1
Bus 12 1 0.1 0.4 1
Bus 13 0.2 1 0.07 1
Bus 14 1 1 1 1
Bus 15 0.99 1 1 1
Bus 16 1 1 1 1
Bus 17 1 1 0.9 4.00E-07
Bus 18 1 1 1 1
Bus 19 0.707 1 1 1
Bus 2 1 0.71 0.707 5.00E-05
Bus 3 1 1 0.85 3.40E-05
Bus 4 1 1 1 1
Bus 5 1 1 1 1
Bus 6 0.4 1 1 1
Bus 7 0.99 1 1 1
Bus 8 0.75 1 0.63 1
Bus 9 1 1 1 1

Transient voltage graphs or spikes occurred more frequently, poten-
tially affecting sensitive loads and equipment. Without dynamically
injecting or absorbing reactive power, load balancing across phases
and node busbars was less effective. Some loads experienced higher
voltage variations or voltage imbalances, affecting their performance
and reliability.

XI. RESULTS FOR MODELING TEST SYSTEM: MODIFIED IEEE
DISTRIBUTION NETWORK

The results from Figs. 17 to 21 and Tables IV show that the voltage
profiles of the IEEE LV distribution system have improved. Figs. 18
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Fig. 22. Peak value of relative power measured at Bus_1 using
IEEE-LVDN.
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Fig. 23. Peak value of relative power measured at Bus_5 using
IEEE-LVDN.

and 19 show the various power generated at Bus nos. 1, 2, and 3.
The load flow findings from the power load flows and power factors
of the benchmark IEEE-LVDN are compared to validate the model.

XIl. VALIDATION OF GA-WEST NETWORK AND MODIFIED IEEE
The comparison reveals that both networks perform well in power
factor management, with the mdified IEEE-LVDN showing slightly
better power factor values under all conditions. However, both net-
works experience a drop in power factor during peak load conditions,
which is expected due to the increased reactive power demand. The
sensitivity analysis highlights the importance of effective power
factor correction devices to maintain high power factor values. By
following this detailed validation process, it is observed from Table
VI that the power factor performance of the GA-West Network has
more unity power factor than modified IEEE-LVDN. They accurately
assessed and compared, leading to insights for further improvement
and optimization. From the comparison of the peak levels of relative
current, voltage, and power generated in Tables VI and Fig. 17-15,
especially Fig. 25 it is observed that the voltage profile and power
of the system have improved. The overall active power generated by
the system has improved when testing with IEEE-LVDN at Bus nos. 1,
2, 3, and 4, respectively.

From the comparison in Fig. 25, it is observed that the real power
loss of the system has been reduced after the placement of
STATCOM. The overall real power loss of the system has decreased
with the increase in the size of the FACTS device, and the majority
of buses measured approach a power factor of 1 (Table IV). When
analyzing the overall performance from the tables and the graphs, it
is observed that the various reactive power values are minimal when
the system is connected to the FACTS device. It was observed that
the reactive power loss of the system has been reduced after the
placement of the FACTS device. The overall reactive power loss of
the system has decreased with an increase in size as compared to
STATCOM, and after that, reactive power loss increased again and
has a higher absorption power. Fig. 17 and Table IV detail the power
factor on each line, as well as the power factor on each line. The
addition of FACTS devices to Bus 3 increased both active power loss
and reactive power loss for many lines in the system. The power fac-
tor comparison indicated that the system with the FACTS device had
a higher power factor, closely approaching that of the other device.
A power factor close to 1 is desirable for minimizing losses in the
system.
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Validating the GA-West Network and the modified IEEE-LVDN for
load flow analysis involves the accuracy and reliability of the sim-
ulation model. Load flow analysis is crucial for understanding the
steady-state operation of electrical power systems, including volt-
age profiles, power losses, and the loading of network components.
The validation ensures that the performance of load flow and power
factor calculations at various buses for the GA-West Network and
the modified IEEE-LVDN are accurate, reliable, and reflective, as
observed from Fig. 15 and the corresponding graphs. The compari-
son between the GA-West Network and the modified IEEE-LVDN
reveals that the GA-West Network demonstrates slightly improved
energy efficiency. Additionally, significant enhancements were
observed in key values. However, the IEEE-LVDN achieved a power
factor closer to unity, effectively reducing power losses within the
power system network.

XIIl. CONCLUSION

This study investigates the impact of FACTS devices on power factor
in LV networks connected to renewable energy sources, specifically
PV solar and wind turbines, within the GA West Municipal District
electricity grid in Accra, Ghana. As renewable energy use grows,
understanding its effect on LV networks and optimizing manage-
ment strategies is crucial. The research models and simulates the
GA-West Network and the IEEE-LVDN to assess the performance
of FACTS devices, specifically the STATCOM, with a focus on power
factor, active, and reactive power. A 19-busbar test network was
modeled to evaluate the integration of PV and wind turbine sys-
tems, with IEEE-LVDN used for validation. MATLAB/Simulink simu-
lations reveal that FACTS devices significantly improve the power
factor, achieve near-unity levels, reduce active and reactive power
losses, and enhance overall network performance. Instead, active
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and reactive powers were 293.8 MW and -43.5 MVA, with a power
factor of 0.99 at Bus 2. Systems with FACTS devices showed bet-
ter performance in active and reactive power and power factors.
These findings demonstrate that FACTS devices play a key role in
managing power quality and optimizing the performance of renew-
able energy systems in grid-connected networks. This study con-
cluded that:

e There was an improvement in power factor when the FACTS
device was installed in the system network approximately to 1.

e  There was a significant enhancement in values. The power fac-
tor of the IEEE-LVDN bus system has been improved to a more
unity power factor.

e Inject active and reactive power flow in the power system net-
work, active power loss and reactive power loss are minimized.
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