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Abstract

Amidst the continuous growth in demand for electrical energy and the need
to reduce greenhouse gas emissions, integrating renewable energy sources into
electrical distribution networks offers a viable solution for enhancing the tech-
nical, economic, and environmental performance of power systems. This arti-
cle investigates the impact of high-penetration distributed photovoltaic (PV)
generation on the reliability of a conventional looped distribution network. The
study focuses specifically on optimizing the geographical coordinates of PV
installation sites to improve network reliability indices. The primary objective
is to assess how optimizing the geographical coordinates of PV sites affects the
reliability of the host distribution network. To achieve this, an Improved Par-
ticle Swarm Optimization (IPSO) algorithm is employed. The results demon-
strate significant gains in reliability indices, showing reductions of 30.80% for
SAIFI, 19.03% for CAIDI, 17.03% for EENS, 17.20% for ECOST, and 17.02%
for AENS. These results demonstrate that the optimal integration of distributed
photovoltaic generation contributes not only to improving the reliability of the
electricity grid but also to reducing the operating costs and environmental im-
pact of the power system.

Keywords

Power Distribution, Conventional Grid, Hybrid Grid, Photovoltaic

DOI: 10.4236/sgre.2026.179012

Sep. 24, 2026 245

Smart Grid and Renewable Energy


https://www.scirp.org/journal/sgre
https://doi.org/10.4236/sgre.2026.179012
http://www.scirp.org
https://www.scirp.org/
https://doi.org/10.4236/sgre.2026.179012
http://creativecommons.org/licenses/by/4.0/

M. Ahmat et al.

Generation, Site Location Optimization, Reliability Indices, Improved
Particle Swarm Optimization

1. Introduction

In a world experiencing rapid economic growth, electrical energy must play a piv-
otal role in ensuring the soundness of this expansion. Given that sustainable de-
velopment relies on sustainable energy and with electricity demand rising almost
daily and projected to reach a 43% global increase by 2035 [1], electric power dis-
tribution companies must keep pace; otherwise, they risk financial penalties, par-
ticularly if they fail to meet minimum quality standards or adhere to established
reliability parameters [2].

To effectively meet this demand amidst global warming, policies aimed at re-
ducing Greenhouse Gas (GHG) emissions are driving a transition from fossil fuels
to Renewable Energy Sources (RES) [3]. Among RES, solar energy currently stands
out as one of the best options for meeting future energy needs, offering advantages
over other sources in terms of availability, cost-effectiveness, accessibility, scala-
bility, and energy efficiency [4]. Furthermore, according to reference [1], the de-
ployment of distributed PV systems will boost distribution grid capacity, enhance
grid reliability, and mitigate voltage surges. Additionally, consumers with roof-
top photovoltaic systems see significant reductions in their electricity bills [5], and
the steadily declining cost of photovoltaic modules [6] represents a major benefit
for consumers.

The relationship between distributed renewable generation and distribution-
system reliability has received increasing attention in recent studies. In particular,
the optimal placement of PV generation has been shown to influence network reli-
ability, power losses, voltage performance and the ability of the system to maintain
supply during network disturbances [7]-[10]. Reliability assessment frameworks have
also increasingly considered the stochastic behavior of renewable generation and op-
erational failures of distribution-system components [8]-[10].

Furthermore, approximately 90% of the reliability issues encountered by cus-
tomers (served by power utility companies) stem from electric power distribution
systems [11].

Given the importance of reliability in an electrical distribution network, exten-
sive research has been conducted to improve this technical aspect using various
methods. Sinishaw et al [11] investigated smart grid technology applications,
specifically optimal switching device placement, network reconfiguration, and
rapid power restoration to address reliability issues in the Bahir Dar power distri-
bution system. Based on the analysis of outage data, the Bata feeder experiences
an average of 604 outages per year and an average total outage duration of 712.425
hours per year. Software analysis indicated reductions in reliability indices, spe-
cifically SAIFI, SAIDI, CAIDI, and the Average Service Availability Index (ASAI)
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by 131.1454 interruptions/year, 245.8348 hours/year, 1.875 hours/customer-inter-
ruption, and 0.9719 p.u., respectively. Jaleel et al [12] presented a new approach
to reliability assessment and estimated the optimal location and capacity of Dis-
tributed Generation (DG) units using multi-objective functions aimed at reducing
power losses and improving voltage profiles. The results demonstrate that the pro-
posed approach outperforms other methods, achieving a 60.13% reduction in real
power losses and an 88.34% improvement in the voltage profile. Additionally, the
SAIFI index was minimized by 1.5686%, the EENS (Expected Energy Not Sup-
plied) index by 39.033%, and the AENS (Average Energy Not Supplied per cus-
tomer served) index by 0.0154%. Durgadevi et al [13] presented a study aimed at
improving the reliable operation of the electrical system by using reliability indi-
ces calculated via the Modified Salp Swarm Algorithm (MSSA) both before and
after the integration of Distributed Generation (DG) into the power system. Based
on the results obtained, the reliability indices for this case, namely SAIFI, SAIDI,
CAIDI, ASAI Information System Usage Analysis (AUSSI), Energy Usage Eval-
uation (EUE), and Energy Usage Evaluation Analysis (AEUE), showed improve-
ments of approximately 12.5%, 4.32%, 7.28%, 1.09%, 4.53%, 12.00%, and 0.19%,
respectively. Suyono et al [14] worked on improving the reliability of an electric
power distribution system by optimizing the number and location of sectional-
izers, utilizing standard distribution system reliability indices (SAIFI, SAIDI, and
CAIDI) alongside Ant Colony Optimization (ACO) and Simulated Annealing (SA)
methods. The optimal relocation of the network’s 16 existing sectionalizers proved
effective, reducing reliability indices by up to 43.96% for SAIFI, 45.52% for SAIDI,
and 2.8% for CAIDI. Ali Shaik et al [15] investigated how to reconfigure the dis-
tribution network and optimally position Distributed Generation (DG) units to
reduce power losses and improve the voltage profile. The results indicate that net-
work reconfiguration and DG placement are the best techniques for reducing
power losses and managing voltage instability, thereby enhancing overall perfor-
mance. The power loss index was 0.6984 at half-load and 0.5955 at full-load both
lower than previous values while the active power loss index was 0.6899 under
overload conditions. The EENS, SAIDI, and SAIFI reliability indices showed im-
provement compared to the baseline cases. Agajie et al. [16] investigated the op-
timal placement of Distributed Energy Resources (DER) to evaluate the impact of
varying levels of Distributed Generation (DG) penetration on system reliability
and voltage profiles, while also conducting a detailed analysis of the costs associ-
ated with integrating DG units into the distribution system. The calculated results
indicate that the integration of DG units improved overall system reliability by
40.55% for SAIFI, 38.04% for SAIDI, 1.53% for CAIDI, 37.76% for EENS, 52.29%
for AENS, and 37.76% for ECOST. Sai Kiran et al. [17] employed a hybrid (an-
alytical-simulation) method to evaluate the reliability of a microgrid featuring pri-
ority loads and distributed renewable energy resources. This approach utilized a
mixed-integer optimization model designed to maximize microgrid system relia-

bility by determining the number of critical and non-critical loads that could be
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served at each time step. The results demonstrated improvements of 29.8% in
SAIFI, 12.26% in SAIDI, 2.76% in CAIDI, 85.28% in EENS, and 33.32% in ECOST.
Josue et al. [18] used a numerical optimization technique to enhance reliability by
analyzing load profiles with the aim of mitigating load shedding in Central Africa
(Kinshasa). To this end, the study proposed ten strategies for reducing load shed-
ding within the grid: improved load forecasting, grid infrastructure upgrades, load
shedding scheduling, demand-side management programs, energy efficiency ini-
tiatives, decentralized generation, grid automation and monitoring, consumer ed-
ucation and engagement, policy and regulatory support, and updated load profile
analysis. Other recent studies, notably those by Mansaray et a/. on the integration
of decentralized solar PV into the distribution grid of Freetown, Sierra Leone, also
illustrate the growing interest in the deployment of photovoltaics within African
power systems [19]. Other studies have also demonstrated that distributed photo-
voltaic generation can contribute to improving the technical performance and re-
liability of distribution networks when its location and capacity are appropriately
determined. However, the stochastic nature of solar generation and its interaction
with network operating conditions make the optimal integration of PV resources
a challenging planning problem [20].

However, a review of the literature reveals that researchers have not yet in-
vestigated the impact of optimizing the geographic coordinates of PV genera-
tion sites on the reliability indices of a looped electrical distribution network.
The objective of this research is to present a novel reliability improvement method
that optimizes the geographic coordinates and output of actual photovoltaic gen-
eration sites, simulating power injection into a real-world looped distribution

network.

2. Materials and Methods

To demonstrate the effectiveness of the chosen optimization method, we decided
to apply it to an actual looped distribution network (that of the city of N’'Djamena).
Given that the city’s power generation is 100% fossil-fuel-based (conventional) [21],
and recognizing the need to contribute to global efforts to reduce greenhouse gas
emissions, we opted to hybridize this conventional network by simulating the in-
tegration of photovoltaic generation sites into the distribution grid.

To do this, we proceeded according to the flowchart (Figure 1) below.

Step 1

BHTR PV site data
Step 2 Cgi;‘;‘ﬁ::;ty inventory and

- collection
~Optimization o vV sIte a f HDN '

PV site production B

Step 3 - e reliability

p - RUICCOON, assessment
9

Figure 1. Flowchart outlining the steps for carrying out the activities.
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The following hardware (Figure 2) and software (Figures 3-5) were used in the
course of this research.

Figure 2. Garmin GPS.

Xcel

Figure 3. Excel software interface.

Figure 5. ETAP software interface.
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2.1. Description of the Studied Network and Data Used

The data used in this study were obtained from Chad’s National Electricity Com-
pany (SNE) and pertain to the medium-voltage distribution network of the city of
N’Djamena. The observation period covers the year 2023. The collected data in-
clude the characteristics of MV feeders and MV/LV transformers, outage histories,
power demand figures, the geographical locations of transformers and photovol-
taic sites, and the information required to calculate reliability indices.

The studied network section consists of three medium-voltage (15 kV) feeders
supplying a total of 90 MV/LV (15/0.4 kV) transformer substations, serving ap-
proximately 22,560 customers across various residential, commercial, and admin-
istrative areas of N’Djamena. The network features a conventional looped topology
that allows for supply restoration operations in the event of a fault.

Reliability assessment is based on operational records from 2023. Failure param-
eters were derived from actual events observed on the network (outage frequency
and duration), assuming a mean time to repair of 12 hours. Network reconfigura-
tion maneuvers are carried out using a mixed switching strategy combining man-
ual operations with existing network switching devices to isolate faulty sections and
restore power to healthy sections.

The SAIFI, SAIDI, CAIDI, EENS, ECOST, AENS, and VAENS indices were cal-
culated both before and after the integration of distributed photovoltaic generation
to quantitatively assess the impact of the proposed method on distribution network

reliability.

2.2. Evaluation of the Conventional Distribution Network (CDN)
Parameters for Evaluating the Reliability of the Conventional

Network
This involves evaluating the conventional distribution network by determining,
for each feeder:
- Customer-based reliability indices (SAIFI, SAIDI, and CAIDI);
- And energy-based reliability indices (EENS, ECOST, AENS, and VAENY).

1) Determination of customer-based reliability indices

Total number of customers subject to load shedding 27:1 AN,

SAIFI = (1)
Total number of customers served N
i i i " U.N,
SAIDI = Total duration of interruptions _ Z,:I AV, @)
Total number of customers served N
CAIDI Total duration of mtc.erruptlons .
Total number of customers subject to load shedding
(3)

_2..UiN. _sAIDI
> AN, SAIFI

where 1 = total number of load points, J; = average failure rate of each segment
N;= number of customers shed at the /" node, and N = total number of customers

served.
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2) Determination of energy-based reliability indices

EENS=U, 2, La(i) @)

AENS = Total energy not supplied _ >U,La(i) “
Total number of customers served z N,

ECOST=)(P-C-H) ©

where Uis the annual outage duration for load point 7 Lais the average load at
each load point busbar, Pis the received active power, Cis the cost of the received
active power, and His the duration or period (in hours) of the received active power

availability.

2.3. Optimization Method for Photovoltaic Production Site
Coordinates

A wide range of optimization techniques has been investigated for the optimal
allocation of distributed generation, including genetic algorithms, mathematical
programming and particle-swarm-based methods. Recent studies have also em-
ployed improved or hybrid metaheuristic algorithms to determine the optimal lo-
cation and sizing of renewable distributed generation while satisfying technical and
reliability constraints [22]-[25].

In this study, an Improved Particle Swarm Optimization algorithm (IPSO) is
therefore proposed. The objective is to optimize the position (x, y coordinates) of
each production site relative to the position of the corresponding transformer sub-
station while simultaneously maximizing production to meet local consumption
needs as well as a significant portion of the demand in the area supplied by that
same transformer. To achieve this, an improved Particle Swarm Optimization algo-
rithm (IPSO) is used as follows:

Let X (x; y7) be the coordinates of any given physical site (where x;is the longi-
tude and y;is the latitude of site 7); the IPSO initiates the optimization process using

the initial positions of the PV production sites.
Xy (i, j)=Lb(i, j)+rand (Ub(i, j) - Lb(i, j)) 7)

X[ : initial coordinate of a PV production site.
The determination of PV production site locations proceeds in two stages:

- Stage 1: Determining the production location based on energy demand and the
capacities and locations of MV/LV substations in the zone. The search process
yields the optimal production site location, Pbest;

- Stage 2: Determining the production location for a neighboring zone, based
on the capacities and locations of MV/LV substations. The search process yields
the optimal location for the neighboring production site, Lbest; this continues
until the optimal site locations for the entire distribution network, Gbest, are
determined.

The principles governing changes in velocity and position are defined as follows:
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Vik+1 —w. Vik +C, -rand, (Pbest—(xl.k +yf ))+ C, -rand, (Gbest—(xf +yf)) (8)
(et )= (ot ot ot Y

where w is the weighting function; G and G, are the weighting factors; rand, and
rand, are two uniformly distributed random numbers generated independently
between 0 and 1; ¥/* and V' are the particle velocities at iterations kand & +

1, respectively; and (x/, x/™)and (yf, y

) are the longitude and latitude of
site 7at iterations kand & + 1, respectively.

The weighting function is given by the equation:

wma,\ — wmin

0=0,, ——E—"0 . jter (10)
itermax

where: Wy, = initial weight, @i, = final weight, jifermax = maximum number of
iterations, and ifer = current iteration.

The following table (Table 1) presents the principal parameters of the proposed
IPSO algorithm.

Table 1. Parameters of the proposed IPSO algorithm.

Parameter Value
Swarm size 50 particles
Maximum number of iterations 100
Inertia weight w 0.7 (constant)
Cognitive coefficient G 1.5
Social coefficient G 2.0
Number of independent runs 15

. . Boundary projection (particles exceeding the
Constraint handling ] o
search domain are returned to the admissible boundary)

Stopping criterion Maximum number of iterations reached

Optimized variables PV site coordinates and PV capacities

The proposed IPSO algorithm was implemented using a swarm of 50 particles
and a maximum of 100 iterations. A constant inertia weight of 0.7 was selected
based on preliminary numerical tests to provide a suitable balance between global
exploration and local exploitation during the optimization process. The cognitive
and social learning coefficients were fixed at 1.5 and 2.0, respectively. Since PSO
is inherently stochastic, the optimization was independently executed 15 times,
and the solution with the best objective function value was retained. The search con-
straints were enforced using a boundary projection strategy: whenever a particle
exceeded the admissible search domain, its position was projected back onto the
corresponding boundary. This implementation was specifically configured for the
simultaneous optimization of the geographical coordinates and capacities of the

distributed photovoltaic sites.
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2.3.1. Conceptual Diagram of the Improved PSO Applied to PV Placement
General principle

Each particle in the swarm represents a candidate solution defined by:
- The geographical coordinates of the PV sites (x; y);
- The power injected by each PV site;
- The distribution network transformers have fixed positions, which impose a

rigid network topology.

The operating cycle of the IPSO (Improved Particle Swarm Optimization) algo-

rithm can be represented by Figure 6 below.

Random particules
initialization

g

Objective function evaluation

v

Update of individual best
position (Pbest)

!

Update of global best position
(Gbest).

v

Adaptative Ajustement of o, C;
and C,

v

Particules mouvement

!

Lattice constraint check

Stopping criterion

End

Figure 6. Flowchart of the IPSO algorithm for optimizing the coordinates of PV produc-
tion sites.

2.3.2. Complete Mathematical Formulation of the Problem
1) Decision variables
The optimization problem aims at determining the optimal geographical coordi-

nates of the photovoltaic sites. The decision vector is defined as
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X = [(Latl,Lon1 ),(Latz,Lonz),-‘-,(LatN,LonN )] (11)

where:
e Lat, isthe latitude of PV site %
e Lon, isthelongitude of PV site 7
e N =25 isthe number of PV sites considered in this study.

Each particle of the swarm therefore represents a complete geographical config-
uration of all photovoltaic sites.

2) Objective functions

The objective is to determine an optimal geographical distribution of the pho-
tovoltaic sites while maintaining realistic installation locations and improving the
electrical performance of the distribution network.

The optimization problem is formulated as

J(X)=aL L d(PHT) B

,-<,-W+7P(X) (12)

where:

d(PV,T)=\(Lat, - Lat,, ) +(Lon, ~ Lon, )’ (13)

270

is the Euclidean distance between the i photovoltaic site and its associated trans-
former.

The penalty function is defined as:

p (X) _J0,  ifall geographical constraints are satisfied
| M, otherwise

where M s a sufficiently large penalty coefficient

The first term of Equation (12) minimizes the distance between each photovol-
taic site and its associated distribution transformer, thereby reducing feeder exten-
sion requirements and facilitating local power injection.

The second term of Equation (12) maximizes the geographical dispersion of
photovoltaic sites by penalizing excessively close installations, thus preventing un-
realistic clustering of generation units.

The third term of Equation (12) represents a penalty function that guarantees
feasible geographical solutions.

The weighting coefficients a, 8, and yregulate the relative contribution of each
objective component.

Constraints

There are at least four constraints to be met in this optimization: constraints re-
garding voltage limits, power limits, and transformer capacity limits, as well as con-
straints concerning the zones authorized for injection into a conventional grid trans-
former. These constraints are formulated as follows:

Voltage constraints:

PV power constraints:
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OSPISPIWIHX

Transformer capacity constraints:
Sll‘ S Strnom

Geographical constraints:
(x;,;) € Permitted zone

2.4. Technical Feasibility of Optimized PV Injection into the
Conventional Grid

To efficiently inject power generated at a production site into the conventional dis-

tribution grid (following the assessment and optimization of the power produced

and the energy demand at each PV site), an intelligent interface system is installed,
comprising:

- A pure sine wave inverter sensitive to distribution grid fluctuations;

- Anintelligent stabilizer capable of controlling and maintaining the frequency
and voltage of both the production site and the grid within acceptable limits;

- Anintelligent meter capable of real-time monitoring of energy produced, energy
consumed, and energy fed into the grid;

- Anintelligent residual-current circuit breaker capable of continuously mon-
itoring the inputs and outputs of the PV injection system regarding both the site
and the grid.

The following images (Figure 7) show the schematic diagram of the PV injection

process:

PV Site Network

A

.l' Ay~ 7

le— — (O —

B

Interface

Transfo

| Permitted zone

t—”

WlllTl

Figure 7. Architecture of photovoltaic grid injection system.

Principle

The DG sources at the PV production site are considered to operate in MPPT
mode. They are connected to the load bus via the smart interface system. In a hybrid
meshed configuration, when there is insufficient power from the site (e.g., at night)
to meet load demands, the smart interface system can draw energy from the Con-
ventional Distribution Network (CDN) via the MV/LV transformer. Conversely,
when surplus power is available from the site’s DG sources, it can be injected into
the CDN grid via the smart interface, the line, and the MV/LV transformer.
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The additional constraints to be met during injection, in this instance as well as
in other cases cited in the literature [26], are as follows:

e The power flow, P, through each branch (4 7)) must be less than or equal to
the branch’s maximum load limit: Py < Pepmas

o Power balance constraint: Prowu(?) = Proc(?) + P D);

e Converter rating constraint: (Ps(£))* + (Qsice()* < (Ssiee( ).

Where P, is the total active power of the CDN, and V,,;, and V., are the min-
imum and maximum bus voltage magnitude limits set by the grid. P, Qsize; and
Ssiee are the active, reactive, and apparent power produced by the PV production
site, respectively.

Relationship between IPSO optimization and reliability assessment

It should be emphasized that the IPSO algorithm does not directly minimize
the reliability indices. The optimization stage aims at determining the spatial con-
figuration of the distributed PV units by minimizing a weighted objective function
combining the PV-to-transformer connection distance and the corresponding in-
tegration cost. The resulting optimal PV locations are subsequently introduced
into the distribution-network reliability assessment model. The reliability indices,
including SAIFI, SAIDI, CAIDI, EENS, AENS and ECOST, are then calculated for
the optimized configuration and compared with the reference configuration under
identical network, failure-rate, repair-time, load and PV-availability assumptions.
Therefore, the reported improvement in reliability represents the effect of the op-
timized spatial allocation of PV generation, rather than a direct optimization of
the reliability indices by IPSO.

2.5. Modeling the Operation of Photovoltaic Systems during
Outages

In the simulations performed using ETAP, the output of the photovoltaic instal-
lations is assumed to be constant in order to evaluate the impact of photovoltaic
site optimization on grid performance under steady-state conditions. Temporal var-
iations in solar irradiance and module temperature were not taken into account
in this study.

Each photovoltaic installation is equipped with a smart inverter that ensures nor-
mal grid-connected operation while enabling islanded operation when the upstream
grid becomes unavailable. When a major fault, such as a short circuit, triggers the
opening of protection devices, the faulty section is isolated from the rest of the grid.
The inverters then maintain power supply to the local loads connected to their is-
landed zone, provided that the available photovoltaic power is sufficient.

Given the grid’s looped configuration and the adopted protection strategy, no
energy injection into other grid sections is permitted during islanded operation.
Loads located outside the zone supplied by the photovoltaic installation remain
de-energized until the main power supply is restored and the grid returns to its nor-
mal configuration. The following table (Table 2) presents the key simulation as-

sumptions adopted.
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Table 2. Key simulation assumptions.

Parameter Assumption adopted
PV generation profile Constant generation
Irradiance variability Not considered
Normal operating mode Grid-connected
Operation during a fault Islanded mode
Inverter type Smart inverter
Protection behavior Isolation of the faulted zone
Loads kept energized Local loads only
Power export to other feeders Not permitted during islanding

3. Result of the Evaluation of the Conventional Distribution
Network (CDN)

The following table (Table 3) presents the evaluation results for the conventional

distribution network in the study area.

Table 3. Reliability indices for the conventional distribution network.

The calculated initial parameters of the Conventional The values found

No. Distribution Network (CDN) in each case

o1 System Average Interruption Frequency Index 39.34
(SAIFT, in number of interruptions/customers per year)

02 System Average Interruption Duration Index 103.23
(SAIDIL, in hours of interruption per customer per year)

03 Customer Average Interruption Duration Index 330.72

(CAIDI in hours/customers interrupted per year)
04 Expected Energy Not Served (EENS in MWh/year) 55202.45
05 Cost of Expected Energy Not Supplied 11.25
(ECOST in million dollars/year)
06 Average energy not st.lpplied per customer served 2492.93
(AENS in MWh/year)
07 Average cost of unsupplied energy per customer served 0.52
(VAENS in millions of dollars/year)

Average annual interruption frequency experienced by

08 . 160

customers in the CDN/Feeder
09 Average annual outage duration (in hours) 545.04

Based on the evaluation results for the conventional distribution network, it is
evident that the average interruption frequency index (SAIFI) and the average in-
terruption duration indices (SAIDI and CAIDI) for the network are very high. This
indicates that customers on this network frequently experience unplanned out-
ages. Furthermore, the expected energy not supplied and its associated cost (EENS
and ECOST), as well as the average energy not supplied per served customer and
its cost (AENS and VAENS), are also very high, resulting in significant revenue loss

for the energy-producing company.
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Table 4. Actual and optimized coordinates.

Given these findings, conducting a study to improve the reliability of this con-

ventional distribution network would be highly beneficial.

4. Results and Discussion

4.1. Optimization of Generation Sites

After carefully applying the optimization methods described above, we obtained

optimized coordinates corresponding to the actual site locations. These new site

positions were optimized relative to the fixed locations of the transformer substa-

tions within the conventional distribution network. The following table (Table 4)

presents the results for each PV generation site.

Names of Measured real (x;, ) Optimized (x, y) Fixed (x, y) coordinates
sites and coordinates coordinates of the transformers
transfers  Longitudes Latitudes Longitudes Latitudes Longitudes Latitudes
A3 15°7'49.55" 12°6'4.07" 15°7'42.64" 12°6'10.55" 15°7'42.82"  12°6'8.03"
A2 15°7'55.63" 12°5'48.23" 15°7'50.74" 12°5'33" 15°7'51.1"  12°5'33.36"
SG 15°8'23.96" 12°5'41.35" 15°8'19.14" 12°523.6" 15°8'18.64" 12°523.68"
ND1 15°6'13.21" 12°7'18.62" 15°6'10.62" 12°7'17.62" 15°6'10.33" 12°7'17.87"
ND2 15°5'57.16" 12°7'30.58" 15°5'59.46" 12°7'44.15" 15°5'56.58" 12°7'43.87"
ND3 15°5'56.58" 12°7'43.86" 15°5'57.41" 12°7'10.63" 15°6'10.35" 12°7'17.73"
HR 15°5'56.40" 12°7'7.64" 15°6'22.43"  12°8'35.79" 15°5'52.4" 12°7'4.4"
DS 15°6'21.42" 12°8'35.81" 15°6'10.34" 12°7'17.51" 15°622.61" 12°8'35.56"
CR 15°4'13.56" 12°7'42.42" 15°52.15" 12°6'42.98"  15°52.22" 12°6'42.8"
P2 15°4'12.14" 12°7'41.74" 15°4'6.37" 12°7'40.53" 15°4'13.48" 12°7'42.24"
P1 15°6'22.66" 12°8'35.69" 15°4'6.31" 12°7'40.51"  15°4'12.15"  12°7'41.7"
Aml 15°4'16.00" 12°7'30.35" 15°4'16.46" 12°729.75" 15°4'16.54" 12°7'34.68"
Am2 15°4'5.00" 12°9'55.34" 15°4'16.5" 12°7'34.79"  15°4'3.25"  12°9'33.52"
PG 15°3'5.98" 12°7'41.27" 15°3'7.74" 12°7'40.55" 15°3'2.6" 12°7'26.14"
Phi 15°3'0.50" 12°7'25.62" 15°3'1.55" 12°7'26.94" 15°2'19.87" 12°6'49.37"
BB 15°4'4.54" 12°5'51.54" 15°5'1.39" 12°5'19.1"  15°3'18.76" 12°7'26.36"
PN 15°2'21.37" 12°6'53.81" 15°2'19.93" 12°6'49.36" 15°3'39.32" 12°5'53.57"
ADj 15°4'4.76" 12°5'51.53"  15°3'56.88" 12°6'17.46" 15°3'32.65" 12°6'14.15"
CD 15°3'38.27" 12°5'58.73" 15°3'39.49" 12°5'53.63" 15°2'19.69" 12°6'49.52"
GM 15°4'5.74" 12°5'49.81" 15°4'4.62" 12°5'51.47" 15°4'10.27" 12°5'31.33"
HBS 15°5'6.79" 12°5'7.25" 15°5'7.33" 12°522.74" 15°4'5.8" 12°5'49.78"
NDA 15°4'44.90" 12°5'33.30" 15°3'1.7" 12°7'26.86" 15°4'43.43" 12°5'34.87"
PC1 15°4'23.02" 12°6'16.52" 15°4'23.13" 12°6'16.25" 15°4'33.35" 12°6'52.67"
PC2 15°4'44.99" 12°5'54.68" 15°3'32.73" 12°6'14.28" 15°4'15.71" 12°6'35.32"
PC3 15°4'12.65" 12°628.43" 15°4'18.95" 12°629.26" 15°4'17" 12°6'30"
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4.2. Mapping of Site Locations

We used Excel software to illustrate the locations of actual production sites in re-
lation to the production sites optimized based on the fixed positions of the equiv-

alent transformers. The following (Figure 8) illustrates these locations.

@ Measured real (x, y) coordinates y
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Figure 8. Overview of the coordinates of actual transformer sites and optimized sites, il-
lustrated using Excel software.

4.3. Optimization of Power Output from Generation Sites

To inject generated power effectively and efficiently, it is necessary based on the
power demand at each generation site to optimize (specifically, to maximize) the
power produced by that site autonomously, while adhering to the grid constraints
described in paragraph 2.4 above.

The results obtained after applying the selected optimization method are pre-
sented in Table 5 below.

Table 5. Recorded power and optimized power for PV generation sites.

No. of sites Recorded power outputs (in kW)  Optimized power (in kW)

1 2 5.64
2 3 8.88
3 10 29.8
4 5 15.08
5 5 14.68
6 15 43.42
7 100 285.62
DOI: 10.4236/sgre.2026.179012 259 Smart Grid and Renewable Energy


https://doi.org/10.4236/sgre.2026.179012

M. Ahmat et al.

Continued

8 15 45.80
9 75 232.40
10 3 9.41

11 30 95.29
12 3.5 9.99

13 10 29.03
14 6 17.44
15 3.5 10.19
16 4 11.66
17 150 438.22
18 3.5 10.30
19 4.5 13.27
20 3 8.86

21 165 488.79
22 6.5 19.27
23 6 17.80
24 10.5 31.32
25 3.5 10.45

The following Figure 9 shows the power outputs recorded at actual sites com-

pared to the optimized power outputs for each production site.
600
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Power values
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100

123 45 6 7 8 9 10111213 14 15 16 17 18 19 20 21 22 23 24 25
PV Production site numbers

==@==Recorded power outputs (in kW) ==@==Optimized power (in kW)

Figure 9. Graph of recorded power levels (red) versus optimized power levels (green).

Figure 9 above shows that the higher the actual power generated, the greater
the power obtained after optimization. This is due to the demand at the sites in
question, which feature high and varied load concentrations. Regarding Figure 10,
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a nearly steady increase is observed in the difference between the recorded power
and the optimized power as the recorded power levels rise. This indicates a propor-
tional relationship between the power differences and the actual power recorded
at each PV generation site.
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Figure 10. Representation of power deviations as a function of measured power levels.

4.4. Simulation of Power Injection from Distributed PV Sites into
the Distribution Grid

After optimizing the locations and output of the photovoltaic generation sites using
the Particle Swarm Optimization (PSO) algorithm in MATLAB, we proceeded to in-
ject this power into the study area’s conventional distribution grid using ETAP sim-
ulation software. This step was taken to verify the effectiveness of the chosen method.

The setup diagram for simulating these PV injections is shown in Figure 11 below.

Figure 11. Single-line diagram of the hybrid distribution network.
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The results obtained from injecting the photovoltaic output of the 25 produc-

tion sites are recorded in Table 6 below.

Table 6. Reliability indices.

Indi Conventional Hybrid network Hybrid network after
ndices
distribution network before optimization optimization
SAIFI
39.34 12.11 8.38
(H/customers)
CAIDI
(H/customers 330.72 19.13 15.49
shed per year)
EENS
55202.45 7595.21 6302.28
(MWh/an)
ECOST 11.25 1.57 1.3
(million$/an) ’ ' '
AENS 2492.93 343.05 284.65
(MWh/an) ’ ’ ’
VAENS 0.52 0.071 0.059
(million$/an) ' ' '
M Conventional distribution network M Hybride network before optimization
M Hybride network after optimization N
S
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Figure 12. System interruption frequency and customer interruption duration.
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Figure 13. Expected Energy Not Supplied (EENS) and Average Energy Not Supplied per
served customer (AENS).
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B Conventional distribution network W Hybride distribution network before optimization

M Hybride distribution network after optimization
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Figure 14. Cost of Expected Energy Not Supplied (ECOST) and Average Energy Not Sup-
plied per Served Customer (VAENS).

When optimized PV generation is injected, a remarkable improvement (reduc-
tion) is observed in the System Average Interruption Frequency Index (SAIFI),
and a very sharp decrease occurs in the Customer Average Interruption Duration
Index (CAIDI) (Figure 12 above). There is also a very sharp decrease in Expected
Energy Not Supplied (EENS) and a remarkable decrease in Average Energy Not
Supplied per customer (AENS) (Figure 13 above). Furthermore, a very sharp de-
crease is seen in the Cost of Expected Energy Not Supplied (ECOST), alongside a
remarkable improvement in the Cost of Expected Energy Not Supplied per customer
(VAENS) (Figure 14 above). The sharp reductions in CAIDI, EENS, and ECOST
stem from the fact that outage durations in distribution networks are often long,
unlike outage frequencies. Consequently, when injection is performed strategi-
cally—targeting residential areas prone to these issues—outage durations improve
significantly, explaining these sharp decreases. This indicates that when system in-
terruption duration decreases significantly, the impact on the values of other indices
becomes substantial. Moreover, optimizing the locations and power outputs of gen-
eration sites leads to further reductions across all indices. This demonstrates that
optimizing the coordinates and power outputs of PV sites has a significant impact
on the reliability indices of looped hybrid distribution networks.

4.5. Percentage Gains in Reliability Indices

From the preceding Table 4, we derive the percentage improvements for each re-
liability index when photovoltaic generation site coordinates are optimized and
their power outputs are strategically injected into the conventional network. Table

7 below presents the percentage gains for these various reliability indices.

Table 7. Percentage gains in reliability indices.

Reliability indicators ~ SAIFI CAIDI EENS ECOST AENS VAENS

Gain in % 30.80 19.03 17.03 1720  17.02 17.35
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Figure 15. Percentage gain in the improvement of reliability indices for the hybrid distri-
bution network.

It can be observed from Table 7 and Figure 15 above that optimizing the geo-
graphical coordinates of photovoltaic production sites yields significant gains
across all reliability indices. This indicates that optimizing the geographical coor-
dinates of PV sites relative to a target distribution substation (for power injection)
has a positive impact on the reliability index values of an electrical distribution

network.

5. Conclusions

To improve the reliability of an electrical distribution network in the context of
global warming, the ideal approach is to utilize clean, inexhaustible energy sources
(such as photovoltaic generation). This research highlights a novel approach to en-
hancing distribution network reliability by optimizing the geographical coordinates
of actual, distributed photovoltaic production sites. The results obtained 30.80%,
19.03%, 17.03%, 17.20%, and 17.02% for SAIFI, CAIDI, EENS, ECOST, and AENS,
respectively, demonstrate the effectiveness of this new reliability improvement
method.

However, hybridizing the algorithm proposed in this study, incorporating en-
ergy storage systems, and considering potential siting constraints relative to con-
ventional network substations represent promising avenues for future research in
this field.
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Appendix

Abbreviations, symbols, terms, and abbreviations used in this study are presented

in bellow table (Table A1).

Table Al. Symbols, terms and abbreviations.

Symbols, terms and

DOI: 10.4236/sgre.2026.179012

abbreviations Significations
MV Medium Voltage
LV Low Voltage
SNE Chad’s National Electricity Company
CDN Conventional Distribution Network
GHG Greenhouse gases
RES Renewable Energy Source
SAIFI System Average Interruption Frequency Index
SAIDI System Average Interruption Duration Index
CAIDI Customer Average Interruption Duration Index
EENS Expected Energy Not Served
ECOST Cost of Expected Energy Not Supplied
AENS Average Energy Not Supplied per customer served
VAENS Average cost of unsupplied energy per customer served
IPSO Improved Particle Swarm Optimization
Lb Lower search bound
Ub Upper search bound
rand Random number generated within the interval ]0, 1[
Pbest Optimal location of the individual production site
Lbest Optimal location for the neighboring production site
Gbest Optimal locations sites for the entire distribution network
8 Particle velocities at iterations & + 1
vk Particle velocities at iterations &
X Longitude of site 7 at iterations & + 1
xf Longitude of site 7 at iterations &
i Latitude of site 7at iterations &£ + 1
v Latitude of site 7at iterations &
@ Inertia weight
@, Initial weight
Dpiin Final weight
iter Current iteration
itermax Maximum number of iterations
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