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Abstract- The influence of the Nigerian Defence Academy's (NDA) 2.5MW Solar Photovoltaic Generation (SPVG) on the
33/11Kv New NDA Feeder is discussed in this study. Nigerian distribution networks have experienced problems such voltage
variation, network losses, and insufficient power injection into substations relative to the net power supplied to the load.
Reducing line losses and enhancing the network's voltage profile are the goals of distributed generation (DG). One DG that
can boost an existing distribution network's overall efficiency by supplying real and reactive electricity is solar photovoltaic
generation (SPVQG). To increase the generation's performance, this issue must be resolved by examining the effects of
dispersed generation. Therefore, this research looks upon. The performance of the developed system was evaluated using
static and dynamic response analysis (current and voltage) as performance metrics. Static and dynamic response analysis
(voltage and current) were used as performance metrics to assess the proposed system's performance. The impact of the
developed 2.5MW SPVG on the network resulted in active and reactive power losses of (0.1887,0.1317, 0.0942, 0.0886p.u.)
and (0.3321, 0.2872,0.2117, 0.1873pu) when the DG was placed within the five (5) buses, according to the simulation results.
The active and reactive power losses were (0.0091, 0.0043, 0.0037, 0.0022pu) and (0.1413, 0.1222, 0.1077, 0.0810pu) when
SPVG was positioned ideally on the network. When compared to that without, this led to improvements in voltage profile,
active power flow, reactive power flow, active power loss, and reactive power loss of 12%, 21.33%, 24.21%, 26.77%, and
33.22%. This implies that the impact of DG on the NDA network resulted to increase in load demand. Once the DG was
introduced, it now increased the amount of power that is available and the same time, the 2.5MW solar hybrid power plant is
already injecting into the existing power flow. It also reduces the power losses due to location that it was strategically placed
there by curbing the issue of load demand in the NDA. All simulations were implemented in MATLAB and PSAT.

Keywords Grid connected solar photovoltaic (PV) system, distributed generation (DG), power loss minimization, voltage profile
improvement.

1. Introduction systems for distribution, transmission, and generation. These
subsystems distribute electricity to users for use through a

The most widely used and efficient energy source in  distribution system. Feeders, distributors, and service mains
contemporary life is electrical energy. There are three major ~ make up the distribution system. Additionally, it is
subsystems inside the electrical power system. These are  categorized as a radial, ring main, and interconnected system
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based on the connecting scheme [1]. In the past, coal-fired
power facilities, hydroelectric power plants, gas power plants,
nuclear power plants, large-scale solar power plants, or their
mixtures have all produced electricity centrally. Due to the
remote location of these traditional power plants, the electrical
energy produced must be carried over a considerable distance
before being dispersed to the waiting governmental,
commercial, industrial, and residential consumers [1]. Due to
technical and environmental issues with this vertical approach
system, which receives electricity at the load centers via
transmission and distribution network systems, a horizontal
approach system was introduced, requiring DGs to play a
significant role [2]. Based on provided capacity, distributed
generations are divided into four types. Micro distributed
generation has a capacity range of 1kW to less than 5kW,
small distributed generation has a capacity range of SkW to
less than SMW, medium distributed generation has a capacity
range of SMW to less than SOMW, and large distributed
generation has a capacity range of S0OMW to fewer than
300MW. The primary purpose of the DGs' structure is to link
them to the distribution network near the consumption centers.
Photovoltaic arrays, solar thermal, hydro turbines, wind
turbines, fuel cells, biomass gasification, battery storage, and
geothermal are the most widely employed DG technologies
[3]. The performance of the Nigerian grid might be impacted
by the incorporation of renewable energy, according to reports
in the literature [4],[5], [6]. This article examines the effects
of the Nigerian Defence Academy's 2.5MW solar photovoltaic
generation on the 33/11kv feeder network, including
insufficient power injection into substations relative to the net
power provided to the load. This was accomplished by
modeling a 2.5 MW NDA solar captive power station in PSAT
using a MATLAB/Simulink model for power flow analysis.
Additionally, the distribution network's performance was
evaluated in terms of network losses and voltage profile
enhancement within an acceptable range. The integration of
distributed generation (DG) into contemporary power
networks has accelerated because to the growing need for
sustainable power generation and the rising demand for
electrical energy. Photovoltaic (PV) systems have drawn a lot
of interest among the various renewable energy technologies
because of its advantages for the environment, modular
design, and falling installation prices. Transmission losses can
be decreased, voltage profiles can be improved, and system
dependability can be increased by integrating PV installations
into distribution networks [7]. Despite these advantages, high
penetration of distributed PV generation may also introduce
operational challenges such as voltage fluctuations, reverse
power flow, and power quality concerns. These challenges are
particularly relevant in developing countries where
distribution networks were originally designed for
unidirectional power flow. Several studies have investigated
the impact of distributed generation on distribution network
performance [8], [9]. However, limited research has focused
on practical case studies involving Nigerian distribution
networks using detailed simulation tools such as PSAT.
Therefore, this study evaluates the impact of integrating a 2.5
MW PV system into a distribution feeder and analyzes its
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effects on voltage profile and power losses using simulation
analysis.

1.1. Problem Statement

The current generation is not enough to meet the load
requirement, and the electricity grid is expanded in a radial
configuration. As a result, the network needs extra power at
the load sites, which distributed generation, also known as
units offer. By changing the power delivery through the
feeders, the integration of DGs affects the distribution system.
Excessive DG capacity, however, might result in reverse
power flow, which raises overall circuit losses and may
overheat the network's power delivery components, lowering
overall efficiency. Numerous distribution feeders have levels
of voltage below the permissible range (0.95 pu-1.05 pu),
according to studies, which causes large power losses. As a
result, a voltage not at its limit causes voltage instability and
blackout. The ideal DG size can have a big impact on loss
reduction. Therefore, an empirical solution is absolutely
necessary to minimize power loss and optimize the voltage
profile. Thus, this thesis introduces distributed generation
Solar Photovoltaic Generation (SPVG) at the feeder to achieve
this purpose. The feeder lines under consideration are Airport,
Rigasa, Kinkinau and NDA 33/ 11kV feeder lines.

1.2. Significance of Research

Evaluating and reducing power distribution system losses
is essential since they result in significant expenses for electric
utilities. A complete system collapse may result from voltage
profile deviations at any node that exceed permissible bounds.
As a result, this study is important in preventing such
circumstances in the power system that was chosen for the
case study.

1.3. Objectives

» To model the power flow analysis of the base case
study network using PSAT in MATLAB/Simulink

» To determine the impact of SPVG in improving the
stability of the power system network on the base case
study using static response analysis.

» To evaluate the network performance before and after
the installation of SPVG in the base case study
network using dynamic response such as voltage and
current signal.

2. Power System Network

Generators, loads, transmission lines, transformers, buses,
circuit breakers, and other components make up the intricate
network that is the electrical power system. An appropriate
model is required for the examination of an operational power
system. This model essentially depends on the kind of issue at
hand. As a result, it could be transfer functions, differential
equations, algebraic equations, etc. Because the loads are
constantly fluctuating, the power system is never in a steady
state [10]. Nonetheless, it is feasible to imagine a quasistatic
state in which the loads can be regarded as constant. This
could take 15 to 30 minutes. Power flow equations in this state
are nonlinear because they contain trigonometric and variable
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product terms. Numerical (iterative) approaches are used in
the solution procedures to solve nonlinear algebraic problems.
The most popular mathematical method is the Newton-
Raphson method [11]. It is more appropriate to implement
symmetrical, derivative, and integral controllers or the best
controllers using Kalman's feedback coefficients when
analyzing the system for small load variations, where speed,
frequency, and voltage control may be necessary to maintain
the usual values, transfer function, and state variable models.
Differential equations depicting energy balance over one or
two half-cycles of time are needed for transient stability
studies including abrupt changes in load or circuit condition
caused by faults. Several matrix models are required to
examine the steady state performance [12]. Consider the
power system depicted in Figure 2.1. Its equivalent circuit is
shown in Figure 2.2. For the analysis of fault currents, the
equivalent circuit in Figure 2.2 can be simplified to that in
Figure 2.3, extending up to the load terminals, while
neglecting the transmission line shunt capacitances and the
transformers’ magnetizing reactance.

Fig. 1. Power system network [13].

Fig. 2. Circuit sample of the power system network [13].

Fig. 3. Reduced equivalent circuit [13].

The machine reactance may vary and take on different
values depending on the circumstances, whereas the reactance
of static transformers and lines remains constant.
Additionally, depending on the makeup of their components,
composite loads with 3-phase, 1-phase, d-c, rectifiers, lighting
loads, heaters, welding transformers, etc. may have quite
diverse models [14]. Controlling a turbo generator to match
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varying load demands requires an appropriate system model.
For small load variations, a linearized model is suitable for
analysis. Such a model can be developed using transfer
function concepts, and control can be implemented using
either classical or modern control methods. This involves
modeling the speed governor, the turbo generator, and the
power system itself, as these components form the feedback
loop essential for control. The primary goal of power system
control is to ensure a continuous power supply with acceptable
quality, where quality is defined in terms of voltage and
frequency stability [15]. The power system consists of a
generating plant, a transmission system, a sub-transmission
system, and a distribution system, all interconnected through
transformers T1, T2, and T3. To illustrate its operation,
consider typical voltage levels: electric power is generated at
a thermal plant at around 22 kV (line-to-line). This voltage is
then stepped up to approximately 400 kV via transformer T1
for efficient long-distance transmission. Transformer T2
reduces the voltage to 66 kV for delivery through the sub-
transmission network to industrial loads that require bulk
power at higher voltages. Many large industrial customers
have their own transformers to further step down the 66 kV
supply to the voltage levels they need. These voltage
adjustments are made primarily to minimize transmission line
costs for a given power level. Distribution systems, which
handle much lower power levels, receive medium-voltage
supply to serve end users efficiently [16].

2.1. Power Distribution Network

Medium voltages categorized as both primary and
secondary distribution voltages make up the power
distribution system. The secondary output (feeder) voltage is
rated at 11kV, whereas the primary distribution voltage is
33kV. Distribution substations, transformers, distribution
lines or feeders, and sub-feeders are only a few of the
components that make up the distribution sector. For balanced
loads, both 33kV and 11kV are three-phase, three-wire
systems. However, for an unbalanced load, the tertiary
distribution section is a 3-phase, 4-wire system [17]. The
connection is from the 33kV side before dropping the voltage
down to 11kV if the industries (manufacturing, production)
are to be fed from the distribution networks. This is due to the
fact that the majority of their electric motors and machines
operate at this voltage. When these devices and certain loads
are used in residential locations, the power quality is typically
distorted, power losses are increased, harmonics are produced,
voltage swells occur, and flickering occurs. Arcing devices,
induction motor starting, information and communications
technology (ICT) facilities and equipment, electromagnetic
radiation, cables, and embedded generation are some of the
technologies that produce these distortions [18]. Typical
Nigeria distribution network has the following characteristics:

» Consistent overloading of the distribution installations
(distribution lines and transformers)

» Lack of system network upgrade

» Prolonged abandonment of the distribution network

» Deviation/not adhering strictly to engineering ethics,
standards and practices.
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2.2. Distribution System Losses

Energizing the distribution system at the connection of a
load with the resistance of all connecting conductor results in
many losses[19]. When current flows through cables and other
electrical devices (e.g., transformer,) there is bound to be a
power loss. Thus, this power loss is known as technical loss,
and the losses that do not involve the physical power system
but rather are related to electric theft and errors due to billing
and metering systems, bypassing the meter, unpaid electricity
bills, vandalization of power line were all counted as non-
technical losses. A report published by[17], declared that 26-
30% of power losses occurred in transmission and distribution
systems with a voltage variation of up to 10% of the rated
value. However, in their report, they opined those non-
technical losses are due to the ageing of equipment of power
system, human errors in measurements of a kilowatt-hour
(kWh) on energy meters, and the theft of electricity[20].
Highlighted that the losses mentioned above would reduce the
overall system's efficiency, thereby increasing the operational
cost of service delivery and the high cost of electricity to end
users. According to [21], transmission and distribution losses
account for a good portion of the power losses in any power
system. If the real power losses are greater than the demand,
the distribution companies will be adversely affected. Hence,
the system engineers need to put in place the necessary
mechanism.

2.3. Reducing Distribution System Losses

A distribution network's power loss can be decreased in a
number of ways. Among these actions are[22].

» Optimizing feeder capacity through network
reconfiguration

Determining the optimal capacity and sizing of
transformers

Balancing loads across all phases

Proper coordination of voltage control devices
Implementing reactive power compensation
Enhancing the voltage profile through strategic
placement of distributed generation (DG) units

Y

YV V.V V

2.4. Distributed Generation

Distributed generation, sometimes referred to as
embedded generation, on-site generation, dispersed
generation, decentralized generation, or distributed energy, is
a small plant that produces electricity in close proximity to the
final consumer. Distributed Generations (DG) has a capacity
of less than 100MW [23]. Cogeneration units, renewable
energy systems, or conventional power generation are used in
its development. In order to directly supply electricity, several
DGs were installed on the customer's property and connected
to the customer's side. Others were linked to the distribution
system in order to provide electricity to several clients.
Building sustainable energy infrastructure can be greatly aided
by the deployment of DG in distribution networks [24].
Consumers now prioritize the requirement for a higher-quality
power supply. They understand the need of a dependable

International Journal of Environmental, Social and Economic Sustainability

power source. Due to a greater R/X value, distribution
networks are linked to large power losses. As a result, the
client may experience lesser voltage variances in addition to
significant voltage dips to almost zero [25], For instance, in
radial networks, bus voltages tend to drop with increasing
distances from the distribution transformer and may even go
below the utility's minimum voltage [26].

The power flow and voltage conditions at consumers and
utility equipment can be greatly affected by the addition of
DGs to distribution systems. These effects could be either
favorable or negative, depending on the DG and distribution
system operational parameters [27]. Loss reduction, improved
utility system reliability, voltage support, improved power
quality, increased transmission and distribution capacity,
delaying the need for new or upgraded infrastructure, ease and
speed of installation due to prefabricated standardized
components, cost savings by eliminating the need for long-
distance high-voltage transmission, and environmental
benefits when renewable energy sources are used are all
positive effects that are sometimes referred to as "system
support benefits." [28]-[29].

2.5. Optimal DG Placement

The main distinction between DG allocation studies and
capacitor placement studies is that DG units provide actual
power. Using a variety of analytical techniques, numerous
research have concentrated on DG allocation and sizing to
reduce power losses. Power loss is closely correlated with the
quantity of power produced by the DG units, as the
relationship between power loss and DG capacity usually
exhibits a quadratic trend [30], Finding the DG size that
minimizes power losses over time under various load
conditions will yield the ideal DG capacity [31]. For the
purpose of this work, this research will focus on the impact of
2.5Mw developed solar photovoltaic generation of the
Nigerian Defence Academy, Kaduna on 33/11kv feeder
network.

2.6. Impact of Renewable Energy Sources on the Power
System Network

Flexibility is a relatively new notion in power systems that
has garnered a lot of interest. Additionally, there is a growing
need for operational flexibility [26], Despite its significance,
flexibility has not yet been defined consistently and has been
approached differently in different research. Planning
flexibility and operational flexibility are the two primary
categories of flexibility in the literature, with the majority of
studies concentrating on the latter. While operational
flexibility relates to the equipment of the generation system
and its real-time capacity to react to power changes through
optimal controllability, planning flexibility mostly concerns
with long-term transmission system design and planning [1].
Furthermore, since the interconnections of power systems that
serve different countries or areas and operated by different
Transmission System Operators (TSOs) have been
dramatically increased, the term “exported flexibility”
emerged. This term defines the operating flexibility thata TSO
can offer to a neighbor network through the tie-points. The
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general definition of flexibility in [32], It is considered a more
precise definition, describing flexibility as “the ability of a
system to deploy its resources to respond to changes in net
load.” In conclusion, a flexible power system requires
sufficient resources along with optimized operational and
planning management [33].

Flexibility has recently been given significant attention
under the BRIDGE program, particularly as the distribution
grid transforms into a supply-driven system that centers the
transmission network on decentralized producers and
consumers. According to this "bottom-up" method, flexibility
at the voltage level is described as:

»  Ensuring a continuous balance between power generation
and consumption within the distribution grid to maintain
stability increasingly relies on the deployment and
utilization of operational flexibility [34].

» on one hand, operational flexibility includes the use of
energy storage systems, such as batteries, gas, water, or
multi-energy carrier storage [35]

» on the other hand, operational flexibility can also be
achieved through flexible, controllable consumption and
generation resources via Demand Side Management and
Demand Response mechanisms, for example, at the level
of a residential urban district [36]-[37]

In this regard, the European Commission’s Smart Grid
Task Force, specifically Expert Group 3, [38], Flexibility is
defined as follows: "At the individual level, flexibility is the
ability to modify patterns of generation output and/or
consumption in response to an external signal or activation to
provide services within the energy system." A number of
indices and metrics have been created to evaluate and measure
flexibility, which is recognized as a crucial characteristic of
power systems. Inflexibility Signs, Flexibility Chart, GIVAR,
Flexibility Assessment Tool (FAST), Insufficient Ramping
Resource Expectation (IRRE), Normalized Flexibility Index
(NFI), and Loss of Wind Estimation (LOWE) are a few of the
instruments and metrics now in use [39]. Ranking method,
lack of ramp probability (LORP), and flexibility in location
[40].

Large-scale integration of variable renewable energy is
technically difficult due to its uncertain nature [41]. Generally
speaking, the generation portfolio is designed to offer enough
flexibility to effectively manage demand forecast mistakes
and unforeseen generating failures, as well as the variability
of renewable energy sources (RES). The system must be able
to handle the accompanying uncertainty and unpredictability
since variable renewables, including wind and solar
electricity, contribute to variations in generation capacity [42].
When integrating high levels of intermittent generation, the
need for more flexibility has mostly been identified from a
centralized perspective. The viewpoint of electrical market
participants, who might serve as present or future flexibility
suppliers, is also necessary to address this issue. Only when
providing flexibility results in financial gain are these
participants likely to do so [43]. A power system is considered
more flexible than another if it can integrate a greater amount
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of renewable energy sources (RES) without restrictions,
assuming the same demand and available RES generation.
Variations in wind and photovoltaic (PV) output occur across
multiple time scales seconds, minutes, hours, days, months,
seasons, and years with the primary goal of managing the daily
net load cycle. The frequent and inherent fluctuations in wind
and PV generation create challenges for conventional
generators, requiring rapid, large ramping and frequent start-
ups. The need for reserves arises due to inevitable
discrepancies between forecasted and actual wind and PV
outputs. Therefore, to effectively integrate large volumes of
wind and PV power, the system must possess high flexibility
to track variable net demand and manage associated
uncertainties.[44].

Flexible generation, energy storage, and flexible demand

(demand side management) were typically used to meet these
needs. Various metrics are used for quantification based on
these three fundamental possibilities for offering the necessary
flexibility.
In the OECD and IEA joint report [45], Flexibility is the power
system's capacity to adjust generation and demand in response
to both anticipated and unforeseen unpredictability. It further
divides the requirements for flexibility into three fundamental
categories: power, energy, and transfer capacity flexibility
[46]. Different definitions of power system flexibility reflect
and highlight various operational requirements for
conventional generating. Three primary metrics are used to
measure the flexibility of generation systems: absolute power
output range (MW), ramp rate (MW/min), and power output
continuity (energy) (MWh) [47].

3. Method

Step-by-step procedure leading to the implementation of
the stated objectives are discussed based on the following
assumptions. the distribution network was modeled using the
Power System Analysis Toolbox (PSAT) within the
MATLAB environment. PSAT provides a comprehensive
platform for power system simulation and analysis, including
load flow studies, stability analysis, and renewable energy
integration. In this study, the distribution network parameters
including line impedances, bus loads, and transformer ratings
were modeled based on available system data. The
photovoltaic plant was represented as a distributed generation
unit connected at a selected bus within the feeder. Load flow
analysis was performed under two operating scenarios:
without PV integration and with the 2.5 MW PV system
connected to the network. The simulation results analyzed to
assess the impact of the PV plant on key system performance
including voltage profile, power losses, and power flow
distribution within the network.

3.1. Modelling of the Power System Network of NDA 33/11kV
in PSAT

The power system line diagram was first obtained from
the research of the TCN regional centre. The one-line diagram
of 33/11kV NDA Injection substation was modelled using
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Power System Analysis Toolbox (PSAT) software in
MATLAB/Simulink and then an SPVG was developed.

3..1.1. Data acquisition and analysis

The data used in this work were collected from the public
utility service provider known as Transmission Company of
Nigeria (TCN) Kaduna regional centre, during visitation to the
station. The Company provides Power to Kaduna and other
states within the Northwest part of Nigeria. The single line
diagram of the power system network of the 2.5 MW NDA
solar system on 33Kv Airport feeder was shown in Fig. 4.
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Fig. 4. Single line diagram of the case study.

The Fig.4 shows the single line diagram of 132/33kV
substation. This houses 60MVA 132/33kva transformer which
step-down the 132kv voltage to 33kV as the secondary voltage
system on the Busbar. The 33kV bus-bar of the 60MVA
transformer is the distribution centre that feeds the various
loads, namely; 33kV Airport feeder (6MW), 33kV Rigasa
feeder (12MW), 33Kv Kinkinau feeder (13MW) and 33Kv
New NDA feeder. The New NDA 33kv is a dedicated feeder
to the NDA permanent site at Afaka, at the 33kv Substation, it
was further step-down to 11Kv for reliability purposes. The
solar PV plant which is rated 2.5MW, 11kV is connected to
the 11kV common busbar, serving as common interphase
between the Grid voltage level and the output from the solar
generation. The bus information, line information and
information of the existing solar system used as the DG of the
power system network were shown in Table 1, Table 2 and
Table 3.
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Table 1. Bus data

Volt =
Bus number | Bus location ks/ba:;gsil((li;l)

1 (location of PB 1

2 NDA 1

3 Airport 1

4 Rigasa 1

5 Kinkinau 1

Table 2. Line data

Line number From bus To bus
1 1 )
4 2 5

Table 3. The information of the existing solar system used as
the DG

Parameters (units) Values
Power rating (MW) 2.5
Number of panels 5,460
Daily temperature (°C) 25
Sun irradiance 800
Percentage efficiency

86
(average)
Number of inverter 13
Power rating per inverter 185
(Kw)
Current rating of batteries 1300
(Amps)
Number of batteries 162

3.1.2. Modeling of the power system Network in PSAT using
MATLAB

The datasets obtained from section 3.1.1 were used to
model the power system network in PSAT using MATLAB.
The procedure for the modeling of the power system network
in PSAT was shown in the flow diagram in Fig. 5
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Enter V, D, f of buses and lines

!

Initiate MATLAB from desktop and call-up PSAT

¥

Navigate to PSAT library, open the model
environment and move model blocks

v

Link the buses, lines, transformer and circuit breaker
to represent the model in Figure 3.2

!

Simulate the system without DG and export to m-file
(generate V, P, R, P1 and R1)

¥

Insert DG, Simulate the system without DG and
export to m-file (generate V, P, R, P1 and R1)

¥

Determine the percentage improvement achieved
with DG implementation

v

Print Resuits

Fig. 5. Flow diagram of the procedure of PSAT modeling of
the power system network.

Fig. 6 represents one-line diagram of 33/11kV NDA
injection Substation using PSAT software.

The model in Fig. 6 was simulated and the data exported
to MATLAB environment for the generation of tables, plots
and charts for the power system network static and dynamic
parameters for with and without DG. The outcome was
presented in the result section of chapter four.

3.2. Determination of the System Impact Without and with the
Implementation of the DG on the NDA 33/11 kV Network
Feeder

The equation for the determination of the improvement
for each voltage profile (%Vimp) was shown in Equation 1.

YoVimp, = ~26= 100 1)

Vbe

Then
% Vimp =

S um(Vimp L-)

n

@

Where %V, represents the voltage improvement for
each bus, Vpg represents the voltage with DG, V represents
the voltage without DG and n represents the number of
stations.

The percentage real power improvement was shown in
Equation 3.
sum(Ppg

") 100 3)

o4Hp,  —
A)lep sum(PG)

Where %P;,, represents the real power improvement
achieved, Ppg represents the real power flow with DG, P
represents the real power flow without DG and n represents
the number of stations. Other parameters such as reactive
power flow, active power loss and reactive power loss
followed the format as shown in Equation 3.

The overall percentage improvement of the impact of DG
over without DG placement was evaluated based on the
equation:

n= ’(f";l‘(ﬂ x 100% @)

DG

Where 1 represent percentage improvement of the impact
of DG placement over without DG placement (WDGQG), Ky pg
is the value obtained on without DG placement on the network
and K is the value obtained when DG was used.

8 —
+ Bus 2 (PB) 33V

! T

Bus 3 (NDA) 336V

S

—

- &

Bus 4{Airport
Bus 5 (Rigasal — s 6 (Kirkwam

Fig. 6. PSAT model of the power system network with DG.
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4. Result and Discussion

The results obtained based on the methodologies
presented in Section 3 that addressed the research objectives
are discussed.

4.1. Simulation Results of voltage of the system without and
with the implementation of the DG

The voltage of the system without and with the
implementation of the DG was shown in Table 4.
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Table 4. Voltage profile of the system with and without DG

% Improvement
Bus voltage .
. Bus voltage with
Bus number | without DG DG (pu) Vpe—V
(pu) P %V imp, = —,—— 100

DG
1 0.9500 0.9930 433
2 0.9240 0.9941 7.05
3 0.8920 0.9823 8.89
4 0.8950 0.9817 8.83
5 0.8890 0.9789 9.18

Table 4 summarizes the performance improvement of
voltage profile of the impact of DG and that without DG. It
was observed from the Table 4 that, bus 1 to 5 has
improvement of 4.33, 7.05, 8.89, 8.83 and 9.18% as a results
impact of DG placement on the network. However, it can be
revealed from the Table 4 that, the impact of DG on the
33/11Kv network resulted to the overall voltage improvement
of 9.18% on bus 5 when compared to that without DG
placement. This implies the improvement in the voltage
profile currently witness in the NDA distribution network is
totally attributed to the developed 2.5SMW solar captive power
plant and such, the improvement witness was on the outcome
achieved from the research. The Bar chart of the comparative

analysis of the voltage profile for with and without DG was
shown in Fig.7.

The voltage profile of the power system network was
shown in Fig.7. It was observed that without the DG
implementation, the voltage values were outside the voltage
threshold of 0.95 to 1.05pu but the implementation of the DG
improved the voltage profile of all the buses to be within the
threshold.

The active power flow of the system without and with the
implementation of the DG was shown in Table 5.

I without DG
I With DG

buses

Fig. 7. Bar chart of the voltage profile for with and without DG.
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Table 5. Active power flow of the system with and without DG

o,
. Active power flow Active power flow with KA) Irill;{rovement
Line number . DG WDG
without DG (pu) DG (pu) n= — x- X 100%
DG
1 1.1421 1.7722 35.55
2 0.9977 1.8143 45.00
3 0.9813 1.3317 26.31
4 0.9810 1.2172 19.41

Table 5 summarizes the performance improvement of the
active power flow of the impact of DG and that without DG.
It was observed from the Table 5. that 35.55, 45.00, 26.31 and
19.41%. However, it can be revealed from the Table 5 that,
the impact of DG on the 33/11Kv network resulted to the
overall improvement of active power flow of 45.00% on line
2 when compared to that without DG placement. This implies
that, with the introduction of 2.5SMW DG power compensation
into the system, more power is available for the NDA military
personnel in their day-to-day activities.

The Bar chart of the comparative analysis of the active
power flow for with and without DG was shown in Fig. 8.

The active power flow of the power system network is
shown in Figure 4.2. It was observed that the introduction of
the DG improved the active power by ensuring the reduction
in the power flow congestion. Hence, active power flow was
improved with DG implementation.

The reactive power flow of the system without and with
the implementation of the DG was shown in Table 6.

Real Power Flow(pu)
o© o© - - - -
)] (o] - N » ()] oo

©
N

©
N

o

I vithout DG
I With DG

buses

Fig. 8. Bar chart of the Active Power flow for with and without DG.



International Journal of Environmental, Social and Economic Sustainability
N. E Asuquo et al., Vol. 1, No. 1, March, 2026

Table 6. Reactive Power Flow of the System with and without DG

Line Reactive power flow Reactive power % Improvement
number without DG (pu) flow with DG (pu)
7= Kpc—Kwpe_ X 100%
Kpg

1 2.1213 2.8987 26.82
2 1.9887 2.9908 33.51
3 1.5567 1.9928 21.88
4 1.2219 1.7219 29.04

Table 6 summarizes the performance improvement of the
reactive power flow of the impact of DG and that without DG.
It was observed from the Table 5 that 26.82, 33.51, 21.88 and
29.04%. However, it can be revealed from the Table 5 that,
the impact of DG on the 33/11Kv network resulted to the
overall improvement of active power flow of 33.51% on line
2 when compared to that without DG placement. This implies
that, with the introduction of 2.5MW SPVG more power will
be delivered to the institution.

The Bar chart of the comparative analysis of the reactive
power flow for with and without DG was shown in Fig. 9.

In Figure 4.3, it was observed that the introduction of the
DG improved the reactive power flow of the power system
network largely due to the introduction of more reactive flow
compensation to the power system network. This implied that
the introduction of the DG improved the reactive power of the
network. The active power loss of the system without and with
the implementation of the DG was shown in Table 7.

Reactive Power Flow(pu)

.
I ithout DG
I with DG

buses

Fig. 9. Bar chart of the reactive power flow for with and without DG.
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Table 7. Active power loss of the system with and without DG

Line Active power Active power loss with % Improvement
number loss without DG (pu)
DG (pu) n = Xpe—Kwne 10094

Kpg

1 0.1887 0.0091 95.18

2 0.1317 0.0043 96.74

3 0.0942 0.0037 96.07

4 0.0886 0.0022 97.52

Table 7 summarizes the performance improvement of
active power loss on the impact of DG and that without DG.
It was observed from the Table 7 that, bus 1 to 4 has
improvement of 95.18, 96.74, 96.07 and 97.52% as a results
of impact of DG placement on the network. However, it can
be revealed from the Table 7 that, the impact of DG on the
33/11Kv network resulted to the overall active power loss
reduction of 97.52 % on line 4 when compared to that without
DG placement. This implies the reduction of the power loss
was a result of power generated from the developed NDA
2.5MW solar captive power plant installed which can be
trusted to the end users without any form of loss. Hence, based

on the improvement achieved, a larger percentage of power
generated get to the consumers.

The Bar chart of the comparative analysis of the active
power loss for with and without DG was shown in Fig. 10

From Figure 4.4, it was observed that the introduction of
the DG reduced the real power losses of the power system
network by reducing flow congestions in the network. The
reactive power loss of the system without and with the
implementation of the DG was shown in Table 8.

pu)

Real Power Loss(

I without DG
I With DG

buses

Fig. 10. Bar chart of the active power loss for with and without DG.
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Table 8. Reactive Power loss of the System with and without DG

Line Reactive power Reactive power % Improvement
number loss without DG loss with DG
(pw) (pu) n = Xpe=Bwne 1009,
Kpg

1 0.3321 0.1413 57.45
2 0.2872 0.1222 57.45
3 0.2117 0.1017 51.96
4 0.1873 0.0810 56.75

Table 8 summarizes the performance improvement of
reactive power loss on the impact of DG and that without DG.
It was observed from the Table 8 that, bus 1 to 4 has
improvement of 57.45, 57.45, 51.96 and 56.75% as a results
of impact of DG placement on the network. However, it can
be revealed from the Table 8 that, the impact of DG on the
33/11Kv network resulted to the overall reactive power loss
reduction of 57.45% on line 1 and 2 when compared to that
without DG placement. This implies the introduction of DG
reduced the rate of power congestion during flow of electricity
that resulted to loss. In reducing the power congestion implies
reducing the power loss in the network.

The bar chart of the comparative analysis of the reactive
power loss for with and without DG was shown in Fig. 11.

3

T
I vithout DG
I With DG

2.5 1
2
@ 20 h
w
o
|
pus
£
215 1
a
[
=
& 1r 1
[)
o

0.5

0
1 2 3 4

buses

Fig. 11. Bar chart of the Reactive Power Loss for with and
without DG.

The comparative analysis of the reactive power losses for
with and without DG was shown in Fig.11. It was observed
that the introduction of the DG reduced the reactive loss of the
power system network. The percentage power quality
improvement achieved with the introduction of the DG was
shown in Fig. 12

35

31.22 %

% Improvement

@
>
£

)
S

Active flow
Active loss

Reactive flow
Reactive loss

Fig. 12. Impact of DG.

From Fig. 12, it was observed that the introduction of the
DG impacted positively to all the static power system
parameters with the most impact on the reactive power loss
with percentage improvement of 31.22%.

4.3. Simulation Results of Dynamic Improvement

The parameters utilized to study the DG impact on the
dynamics of the power system were current and voltage
signals. The current signal of bus | for with and without DG
was shown in Fig. 13.

250

without DG
With DG

200 [

150 [

100 [

Current (A)

50

-50

. . .
0 5 10 15 20
time(secs)

Fig. 13. Current Signal for Bus 1.
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The dynamic current signal of bus 1 for without and with
the DG was shown in Fig.13. Though the signal tends to
stabilize without the DG implementation but it would have
required longer period than the monitored 20 seconds.
However, the system stabilized faster with the introduction of
the solar DG. The current signal of bus 2 for with and without
DG was shown in Fig.14.

250

without DG
With DG

Current (A)

50 . . .
0 5 10 15 20
time(secs)

Fig. 14. Current signal for Bus 2.

The current signal for bus 2 for with and without DG was
shown in Fig. 14. It was seen that there was a high level of
instability at the onset as against the outcome with the DG that
was stabilized at 5 seconds. The current signal of bus 3 for
with and without DG was shown in Fig. 15
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A ‘ ‘
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| \ | \/ \
| \ i
\| U
V
-50 ‘ ‘ ‘
0 5 10 15 "

time(secs)

Fig. 15. Current signal for Bus 3.

Fig.15 showed the current signal outcome monitored for
20 seconds for with and without DG. The current signal of the
power system showed that the signal was unstable without DG
and increased in stability with the introduction of the DG. The
current signal of bus 4 for with and without DG was shown in
Fig. 16.
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without DG
N With DG

2000 [ [} - 1
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100 | |

Current (A)
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0 5 10 15 20
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Fig. 16. Current Signal for Bus 4.

Fig. 16 showed the current signal outcome monitored for
20 seconds for with and without DG at bus 4. The current
signal of the power system showed that the signal was unstable
without DG. However, with the introduction of DG, the
system was able to stabilize after 8 seconds. The current signal
of bus 5 for with and without DG was shown in fig. 17.

300

L ) A / H Wwith DG | |
200 O N 1

2000\ 0y Y YT

LI L Y Y A A &

100 |

ol | A || \ | \ | | 5 | 5 | | x s \‘ [

Current (A)

50 F u

-100 ' . :
(0] 5 10 15 20
time(secs)

Fig. 17. Current Signal for Bus 5.

From the analysis of Fig. 17, it can be seen that there was
an oscillation in amplitude of the current without the DG
placement on the network. However, with the introduction of
DG it was able to stabilize it faster to zero equilibrium point
and the oscillation was negligible when compared to the
existing scheme without DG. It implies that the controllability
of linear displacement state. This shows that with the
introduction of DG, this provides an improved dynamic
stability for the power system during operation.

The voltage signal of bus 1 for with and without DG was
shown in Fig. 18.
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Fig. 18. Voltage Signal for Bus 1.

Fig. 18. show the voltage signal at bus 1 without and with
the DG. It was observed from Fig. 18 that, the voltage signal
didn’t stabilize without the DG implementation but it would
have required longer period than the monitored 20 seconds.
However, the system stabilized faster with the introduction of

the solar DG.

The voltage signal of bus 2 with and without DG was
shown in Fig. 19.
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Fig. 19. Voltage Signal for Bus 2.

In Fig. 19, it was observed from the voltage signal at bus
2 without DG placement, there was a uniform oscillation of
voltage signal even after 20 second without stabilizing to zero
equilibrium point. However, with the introduction of DG, the
amplitude of the voltage signal settles faster to the equilibrium
position showing improvement in term of stability over
without DG. The voltage signal of bus 3 for with and without

DG was shown in Fig. 20
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Fig. 20. Voltage Signal for Bus 3.
Fig. 20 shows the voltage signal for bus 3 with and

without DG introduction. From the Figure above, it was
observed that the voltage signal without DG introduction,
there was a rise in amplitude of the voltage oscillation due to
transient nature.

Using DG-based introduction, there was a decrease in
amplitude of oscillation, which occurred due to transient
nature of the system but it took a shorter time to stabilized and
converged to the equilibrium. Similarly, the voltage signal of
bus 4 for with and without DG was shown in Fig. 21.
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Fig. 21. Voltage Signal for Bus 4.

Fig. 21 shows the voltage signal at bus 4 with and without
DG, it can be seen that there was a decrease rise in amplitude
of oscillation of the voltage signal when an input signal was
applied to the system without the placement of DG. However,
when using the DG, the voltage signal was reduced faster to
zero equilibrium point within 8 seconds when compared to the
existing scheme without DG. It implies that the controllability
of voltage signal. This shows that the DG introduction
provides an improved dynamic stability.

Also, the voltage signal of bus 5 for with and without DG
was shown in Fig. 22.
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Fig. 22. Voltage Signal for Bus 5
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Fig. 22 shows the voltage signals at bus 5 with and
without DG placement. From the Figure above, it was
observed that the voltage signal without DG introduction there
is a rise in amplitude due to transient nature of the system as
result of high level of instability at the onset, as against the
outcome with DG. Using DG-based introduction, there is a
minimum rise in amplitude, which occurred due to transient
nature of the system but it took 11 seconds to stabilized and
converged to the equilibrium.

4.4. Performance Comparison of the DG Impact with and
without Solar Captive on NDA 33/11kv Network.

The performance of the impact of DG on NDA 33/11Kv
was assessed on the basis of voltage improvement, active
power flow, reactive power flow, active power loss and
reactive power loss using

Equation (4). The performance of the DG impact with and
without Solar Captive on NDA 33/11kv Network with respect
to the performance metrics were presented in Table 9.

Table 9. Performance comparison between the impact of DG and without DG Impact

Performance Specification DG Percentage Improvement
(%)
Impact DG Without DG

Voltage Improvement 0.9860 0.9100 12
Active Power flow 6.1354 4.1021 21.33
Reactive Power flow 9.6042 6.8886 24.21
Active Power loss 0.0193 0.5032 26.77
Reactive Power loss 0.4462 1.0183 31.22

Table 9 summarizes the performance comparison of the
impact of DG and that without DG. However, it can be
revealed from the Table 9 that, the impact of DG on the
33/11Kv network has the overall improvement of 31.22% in
reactive power loss when compared to that without DG
placement.

5. Conclusion

The paper presents an impact of 2.5MW developed solar
photovoltaic generation of the Nigerian Defence Academy on
33/11kV Feeder Network in order to improve the voltage
profile and minimize power loss, a scientific solution is highly
required. Thus, this work introduces distributed generation
Solar Photovoltaic Generation (SPVG) at the feeder to achieve
this purpose. The feeder lines under consideration are Airport,
Rigasa, Kinkinau and NDA 33/ 11kV feeder lines. The data
used in this work were collected from the public utility service
provider known as Transmission Company of Nigeria (TCN)
Kaduna Region, during visitation to the station and the

2.5MW NDA solar captive power plant located at the
permanent site of NDA Afaka. Subsequently, modeling of the
Power system network in PSAT using MATLAB/Simulink.
The Simulation of the developed system was carried out by
considering static and dynamic response improvement. The
performance evaluation of the results was carried out and
compared to the system with and without DG placement in
terms of voltage profile improvement, power loss
minimization and dynamic improvement (voltage and current
signal). The simulation results reveal that the impact of the
developed 2.5MW NDA solar captive power plant on NDA
33/11Kv feeder network has the overall improvement of
voltage profile improvement when considering the buses the
DG placement on the network. For power loss minimization
and dynamic improvement, the implementation of the DG has
an improvement without the placement on the network. This
study provides useful insights into the impact of PV
integration on distribution network performance; numerous
limitations should be addressed. The analysis is mostly
focused on simulation using a static load flow model and does
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not include dynamic system behavior under transient
disturbances. Furthermore, seasonal load swings and
variations in solar irradiation were not specifically predicted.
By adding time-varying solar generation models, energy
storage devices, and the best distributed generation
deployment strategies, future study could expand on this
work. Additionally, the conclusions' practical usefulness will
be enhanced by confirmation using actual operating data from
Nigerian distribution utilities.
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