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Owing to the growing interest in the environmental impacts and energy security associated with
traditional electrical energy sources, the renewable energy sources (RESs) integration of, particularly
in distribution networks, is becoming increasingly urgent. Due to their decentralized characteristics,
RESs have the ability to improve distribution system performance and efficiency by enhancing energy
security, reliability and independence. However, the integration of RESs may influence the steady-
state operation of the distribution network. Accordingly, an assessment of the impact of the high
RESs integration such as wind and photovoltaic micro sources on a low-voltage (LV) radial distribution
network within the Tunisia’s Sfax-North distribution network is presented in this study. To carry

this out, RESs are modelled and incorporated into the power flow problem of the studied network,
and then a backward/forward sweep-based technique implemented in the MATLAB environment

is adopted for its implementation. This paper presents a comprehensive analysis of the impact of
integrating RESs on key technical parameters of a real LV distribution network, including voltage
profiles, branch currents, active and reactive power flows, and total power losses. This analysis is
based on extensive simulation studies across various operating conditions and a comparative study
of existing works. The simulation results reveal that appropriate sizing and placement of RESs can
improve the network efficiencies and performances in terms of voltage profile, reduce power losses and
mitigate reverse power flow.

Keywords Tunisian power grid, LV distribution network, PV, Wind, Backward/forward sweep, Voltage
profile, Power losses
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1 4% Photovoltaic

LV Low voltage

RESs Renewable energy sources
MGs Microgrids

DG Distributed generation
STEG Tunisian company of electricity and gas
BIBC Bus injection branch current
BCBV  Branch current bus voltage
PD Demanded power

Ppv PV power

Pwind  Wind power
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Global concerns about electricity and its impact on the environment have spurred the integration of RESs
and the creation of creative, useful microgrid (MG) solutions!,>. Moreover, the development of the electrical
energy industry today depends on the increasing use of renewable biomass®. These small-scale autonomous
power systems encompass a mix of conventional and RESs, energy storage systems (ESSs), and electronic power
converters. Additionally, numerous researchers have focused on renewable-based industrial applications, such
as charging stations, utilizing various sources including solar, wind, hydrogen, and biomass*,>. MGs can operate
independently or in conjunction with a utility grid®-®. RESs transform these natural occurrences into energy that
may be used. These systems mostly produce electricity, but they can also heat chemicals or produce mechanical
energy. All of these energy sources are essential in the fight against greenhouse gas emissions and climate change
because of their low pollution levels!?. The electrical grid is made up of loads, power plants, and power wires with
various voltage levels. Depending on the voltage levels, these components can be utilized to construct various
electrical network topologies.

Furthermore, to maintain general stability, an electrical grid needs to dynamically regulate the entire
production-to-consumption cycle. Several renewable energy production techniques can be connected into
the electrical grids. These include combined heat plants, wind turbines, solar panels, and power plants. The
integration of a large quantity can lead to issues such as regulation, protection, energy quality, and voltage control.
Therefore, innovative solutions to these problems are crucial'l. To improve the hosting capacity of renewable
systems in low-voltage distribution networks, research was presented a practical strategy founded on voltage
control and dynamic voltage regulation!2,13. This approach was utilized reactive power control along with two
types of compensation: on-load tap-changing transformers and a reactive power controller with coordinated
voltage management. Furthermore, a distributed generator optimal placement and sizing based on accelerated
particle swarm optimization (APSO) was employed to reduce the network power loss rate!“.

Electricity distribution networks possess distinct characteristics, including the following:

« Radial or weakly meshed structures;

» Operating with unbalanced loads and distributed loads;
« High number of buses and branches;

« Wide range of resistance and reactance values; and

« Operating across multiple phases.

Distribution networks are the last link in the power supply system because they are in charge of supplying
energy to final consumers. The effectiveness of the analysis carried out by these systems determines whether
customers receive a stable and reliable power supply. The primary objective of power flow analysis is to ascertain
the steady-state operational characteristics of a distribution network. The findings of voltage profiles, active
and reactive power flows, and possible problems such as overloads and voltage violations are all part of this
process!®. Over the past 20 years, various solution techniques, including Newton-Raphson and rapid decoupled
power flow approaches, have proven effective in addressing power flow difficulties in transmission power
systems'®,17. However, challenges arise when these algorithms are extensively applied to faulty or improperly
initialized power systems. Other traditional methods based on the Gauss-Seidel approach have been suggested
for power flow analysis purposes!'8,!®. Unfortunately, these methods may lose their effectiveness when applied
to complex and large power networks, despite their durability. Distribution networks characterized by their
wide range of resistance and reactance values and radial structure fall into the category of ill-conditioned power
systems for the standard Newton-Raphson, fast decoupled power flow and Gauss-Seidel methods. In fact, high
resistance and reactance ratios characterize the distribution lines, which can be neglected in transmission power
systems. Furthermore, considering the emergence of RESs further emphasizes the need for modifications and
enhancements in power system analysis®.

To address distribution network challenges, adjustments to conventional load flow methods are imperative.
Power flow methods are often categorized into two groups?!,?. The first group comprises recursive solutions
with power flow equations expressed such that recurring differentiation is avoided®. This characteristic makes
these methodologies suitable for real-time applications and large-scale power systems. These strategies integrate
the distribution network graph by reconfiguring the power flow equations to yield a recursive formula**-2.
The second class involves iterative solutions based on linear approximations, utilizing Taylor’s series expansion
of power flow equations in real and complex domains. Within the same context, the backward/forward sweep
method has been shown to be effective and robust in solving the load flow problem for static distribution
networks?®. This method is based on Kirchhoff current and voltage laws instead of Jacobian matrices.

In recent years, the proliferation of distributed generation (DG) systems, heavily reliant on renewable energy,
has gained significant attention because of rapid advancements in their development?,*’. The incorporation of
DG units at the distribution level offers numerous benefits, including reduced peak loads, heightened system
security and reliability, enhanced voltage stability, grid reinforcement, lowered on-peak operating costs, and
decreased network losses>!,32.

Owing to the enormous potential of RESs, the Tunisian company of electricity and gas (STEG), the main
entity responsible for electrification in Tunisia, has developed several strategies and plans to integrate these
sources into the national network, particularly into the LV distribution levels. However, depending on their
location and capacity, RESs may degrade system reliability and performance. This study presents an analysis
of the impact of the integration of RESs with the technical parameters of the Sfax-North distribution network
within the Tunisian power grid. To accomplish this, the load flow problem incorporating PV and wind sources
is modelled, and then, the backward/forward sweep method is adopted for its solution. This method is selected
because it offers a comprehensive solution based on a precise power flow solution, as outlined in**-3. Even for
exceedingly large power flow loads, this approach consistently delivers accurate computations.
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The daily evolution of the network parameters is investigated and assessed under various penetration rates
of PV and wind, such as without RESs penetration and with PV and/or wind resources. Hence, on the basis of
the simulation results and comparative study, necessary discussions and interpretations regarding the impact of
integrating RESs on voltage levels, branch currents, active power flows, and reactive power flows in the studied
system are drawn. The novelty of this paper lies in its comprehensive and real-world assessment of integrating
RESs, specifically P and wind power, into a low-voltage radial distribution network within the actual Tunisian
power grid—a case rarely explored in existing literature. The key innovative aspects include:

o Real-world impact analysis This study uniquely focuses on the Tunisian grid’s specific operational character-
istics, offering practical insights into the technical impacts of high-level RESs integration, which can serve as
a reference for similar developing regions.

o Advanced power flow methodology Utilizing the backward/forward sweep technique in MATLAB provides an
accurate and robust approach for analyzing power flow, voltage profiles, current levels, active power losses,
and reactive power losses in Sfax radial distribution network.

o Extensive comparative simulations The paper conducts multi-scenario simulations (without RESs, PV-only,
wind-only, and combined RESs), offering a detailed comparative analysis that highlights the strategic benefits
of RESs placement in enhancing grid performance comparing to existing literatures.

o Superior performance metrics The study reports a power loss reduction rate of 1.88% alongside an improve-
ment in voltage stability through increased voltage support, outperforming previous research. This significant
efficiency gain underscores the potential of RESs integration to optimize Sfax radial distribution network
performance beyond what has been achieved in earlier studies.

o Strategic insights for future grids The findings provide novel insights into how distributed RESs can enhance
grid stability, reliability, and efficiency in real-world low-voltage networks, offering valuable guidance for
policymakers, grid operators, and researchers in regions with similar energy infrastructures.

This study, therefore, offers novel insights into the benefits of distributed RESs in enhancing the efficiency and
reliability of real low-voltage distribution networks, especially in regions with similar infrastructure.

System under study

STEG has installed different distribution networks overall in the country, where electricity is supplied through
medium-voltage (MV) lines at 10 kV, 15 kV or 30 kV and LV lines at 230/400 V. The Sfax-North distribution
network is a LV distribution system that is part of the Tunisia national power grid. This real radial network is
adopted in this study as a case study. The network consists of 33 nodes and 32 branches, as shown in Fig. 1°¢. The
network data are illustrated in Table 1.

System under study

A radial distribution network is a popular architecture in power distribution systems in which feeders are
connected in a radial pattern, with power flowing in a single direction from the source to the loads. When
modelling a real radial distribution network, several parameters must be taken into account. Additionally, this
analysis explores the modelling of a real radial distribution network from the Tunisian STEG, both with and
without distributed generators (DGs).

Modelling of the radial distribution network without DGs

Modelling transmission lines, distribution transformers, and loads in a radial distribution network involves
applying mathematical equations and principles of electrical engineering. The following is an overview of the
modelling process for each used component.

Distribution line model
The most often used model is the n-model, which is a simplified depiction of a distribution or transmission line.
The n-model divides the distribution line into two portions by using two series impedance elements (Z) joined
by a shunt admittance element (Y). Thus, the equivalent circuit of a distribution line can be described as shown
in Fig. 2%7.

From the equivalent circuit illustrated in Fig. 2, the sending end voltage (V) and the sending end current (1))
can be represented in the following matrix form:

‘/s o A’U’U A'ui V’V‘ 1
I | | Aw  Au I M
where v, and I are the receiving voltage and current, respectively. Indeed, AL,ALA, and A, can be expressed
as follows:
7Y
Appy =14+ —/—
+ 2
Avi =7
2
Aw=v(+ 20 @
ZY
Ay =1+ —
* 2
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Fig. 1. The 33-node Sfax-North distribution network with RESs integration under study.

Note that the shunt admittance element (Y) represents the charging current of the distribution line due to its
capacitance. However, it is often neglected for short distribution lines. This assumption is applicable for the
distributed network examined in this study. Therefore, Eq. (1) becomes as follows:

ARSI ”

lS [Z] Ir
o ]I II 0
[¥] [¥]
Vs 2 2 K
o )

Fig. 2. The m-equivalent circuit of a distribution line.
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Branch [Link |R(Q) |X(@) |P (kW) |Q(KVAR) [X/R

1 1-2 | 0.014176 | 0.00224 |3.15 | 1.5256 0.158014
2 2-3 | 0.011075 | 0.00175 | 0 0 0.158014
3 3-4 | 0030380 |0.00245 | 585 | 28333 0.080645
4 4-5 | 0.024365 | 0.00385 | 585 | 2.8333 0.158014
5 5-6 | 0.022150 | 0.00350 |3.15 | 15256 0.158014
6 6-7 | 0.018163 |0.00287 | 1.35 | 0.6538 0.158014
7 7-8 | 0.040756 | 0.00644 |0.90 | 0.4359 0.158014
8 8-9 | 0.018606 |0.00294 | 585 | 28333 0.158014
9 9-10 |0.019049 |0.00301 | 1.80 | 0.8178 0.158014
10 10-11 | 0.019492 | 0.00308 [ 0.90 | 0.4359 0.158014
11 11-12 | 0.005759 | 0.00091 | 0.90 | 0.4359 0.158014
12 12-13 | 0.006645 | 0.00105 | 1.80 | 0.8718 0.158014
13 13-14 | 0.019049 | 0.00301 | O 0 0.158014
14 14-15 | 0.037324 | 0.00301 | 1.80 | 0.8717 0.080645
15 15-16 | 0.019049 | 0.00301 |5.85  |2.8333 0.158014
16 2-17 0.021952 | 0.00224 | 5.85 2.8333 0.102041
17 17-18 | 0.013290 | 0.00210 | 5.85 | 2.8333 0.158014
18 4-19 | 0.014176 | 0.00224 | 0 0 0.158014
19 19-20 | 0.018163 | 0.00287 | 0 0 0.158014
20 7-21 | 0.014756 | 0.00119 | 1.80 | 0.8718 0.080645
21 21-22 | 0.014756 | 0.00119 | 1.35 | 0.6538 0.080645
2 21-23 | 0.014756 | 0.00119 |3.15 | 15256 0.080645
23 23-24 | 0.014756 | 0.00119 |3.15 | 1.5256 0.080645
24 24-25 | 0.036456 | 0.00294 |3.15 | 15256 0.080645
25 9-26 | 0.186060 |0.00294 | 189  [9.1537 0.015801
26 26-27 | 0.186060 | 0.00294 |3.15 | 1.5256 0.015801
27 27-28 | 0.186060 | 0.00294 | 0 0 0.015801
28 10-29 | 0.019049 | 0.00301 |3.15 | 1.5256 0.158014
29 29-30 | 0.019049 | 0.00301 | 5.85 | 2.8333 0.158014
30 11-31 | 0.019492 | 0.00308 | 3.15 | 1.5256 0.158014
31 31-32 | 0.019492 | 0.00308 | 585 | 2.8333 0.158014
3 13-33 | 0.008860 | 0.00140 | 1.80 | 0,8717 0.158014

Table 1. Electrical characteristics of the Sfax-North distribution network.

Distribution transformer model
The equivalent 7 representation of a two-winding transformer in a radial distribution network is a simplified
circuit model that represents the primary and secondary sides of the transformer via series and parallel elements.
The equivalent 7 circuit diagram is illustrated in Fig. 3%

where Z denotes the transformer’s equivalent leakage reactance, and ¢ represents the transformation ratio.
In the equivalent i representation of a two-winding transformer in a radial distribution network, mathematical
equations can be derived on the basis of the circuit elements.

Load model

The load model in a radial distribution network is often represented via a combination of real power (P) and
reactive power (Q) components. Various load models can be used, depending on the level of detail required in

Z/t

1-¢ tt—1)

Fig. 3. The 1 equivalent model of a transformer featuring two windings.
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Fig. 5. Equivalent diagram of a PV array.

the analysis. One common load model is the ZIP model, which considers three components: constant impedance
(Z), constant current (I), and constant power loads. Figure 4 illustrates the circuit depiction of the ZIP model®.
The mathematical equations for the ZIP load model in a radial distribution network are as follows:

P=P+Ps (%)2 @)
Q=Qo+Qz (%)2 5)

where P, is the constant power component of the load and P,, is the constant impedance component of the load.
Q, represents the constant power component of the load. Q,, is the constant impedance component of the load.
V is the actual voltage magnitude at the load. V/, is the reference voltage magnitude.

These equations capture the relationships among the real power, reactive power, voltage magnitude, and
constant impedance and power components of the load in a radial distribution network.

Modelling of the radial distribution network with DGs

Each DG unit in the radial distribution network needs to be modelled on the basis of its specific characteristics.
This includes modelling power generation capabilities, such as solar PV or wind turbine models. The DG models
should take into account various factors, including power output variability, voltage regulation capabilities, and
responsiveness to network conditions.

PV array model

Solar cell modelling depends on the kind of diode configuration. The single-diode model is the most popular
among the available diode models because of its simplicity and accuracy in many applications. Furthermore, in
this study, we use a single-diode model to simulate a solar cell. Figure 5 displays a preliminary circuit diagram of
the used PV array with Nss series and Npp shunt cell arrangements4°.

The basic equation that describes the I-V characteristics of the PV array is given by the following equation:

Vpy + RssIpy (mss Vpv + RssIpy (R58
Ipy = Npplpn — Npplp |exp T (NPP) 1l = NSS(NPP) ©6)
TvNss Rpp (Npp)
where:
Ip =1 {exp (£> - ].:| (7)
Vry
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Fig. 6. PV array specifications at 25 °C and 45 °C.
PV generator Specification
Maximum power (W) 12,955
Voltage at maximum power point (V) | 194
Current at maximum power point (A) | 66.78
Open-circuit voltage (V) 239
Short-circuit current (A) 71.19
Table 2. PV generator electrical characteristics.
NecsKTNp
Viv = =S5 (8)

In these equations, the output current of the PV array can be represented by the following variables: I o 18 the
light-generated current produced by the solar cell. I, is the reverse saturation current. V,,, is the operatmg
voltage of the PV array. N, is the diode ideality factor. Q is the electron charge. R is the series resistance. Ryp

is the panel shunt resistance. Vi represents the terminal voltage. V) represents the diode voltage. N is the
series-connected cell quantity in a PV module. Figure 6 and Table 2 show the PV array’s electrical characteristics.

Wind turbine model

The mathematical equation for a wind model in a radial distribution network can be represented via a combination
of power generation and control equations*'. The power generated by a wind turbine depends on the wind speed
and the turbine power curve. The following equation is commonly used to represent wind power generation:

Pwind = 05pACpV3 (9)

where P . is the generated wind power. P is the air density. A is the swept area of the turbine blades. C is the
power coefficient, which represents the efficiency of the turbine. V is the wind speed. The values of p, A, and
C, are specific to the wind turbine being used and can be obtained from the manufacturer’s specifications or
performance data.

Wind turbine control mechanisms are designed to adjust network voltage and frequency. These systems
modify the power output in response to fluctuations in the grid. Depending on the grid characteristics and the
control mechanism used, a wide range of control equations may apply. This is usually performed by controlling

Scientific Reports|  (2025) 15:10594 | https://doi.org/10.1038/s41598-025-93488-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Turbine Power Characteristics (Pitch angle beta = 0 deg)
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Fig. 7. Turbine power characteristics.

g } Power flow
—p

= Other feeder

‘ -
M

%
|

4 ! A

—_ DG

J
.
J

A

T IA"I#l

J

]

!
y
;
|

! DG . DG
(@) Distribution network without DG (b) Distribution network with DG

Fig. 8. Power flow directions before and after DGs integration.

the turbine’s power factor. The turbine active power output may be adjusted to help stabilize the grid frequency
via frequency regulation. The control mechanisms that can be utilized to do this include pitch control, active
power control and all the characteristics is addressed in Fig. 7.

Power flow problem formulation

Electric grids are designed to accommodate power flows that transfer from the distribution network to the
transmission network. Power injection can occur in the opposite direction, that is, from distribution to
transmission, when DGs are injected into voltage levels other than the transmission network. In this case,
bidirectional equipment is essential. Because LV distribution networks are usually oversized to handle increased
consumption, there might not be any immediate problems with power transfer limitations. However, over time,
as DGs penetration rates rise, the direction of power transit may change and possibly cause local congestion*2.
Figure 8 shows the power flow directions in an LV distributed network before and after the integration of DGs.

In this work, a load-balancing technique was developed that analyses the LV distribution network to identify
the current directions and magnitudes flowing across the lines, as well as the nodal voltages. It is built on two
topology-derived matrices: the bus injection branch current (BIBC) and the branch current bus voltage (BCBV)
matrices. The procedure of this method is applied to a simple distribution network, as illustrated in Fig. 9.

The primary premise of this method is that, on the basis of network data, active power injections and the
reactive and active power consumption at nodes are recognized to be known. Except for the balancing node
voltage, which is equal to its nominal value, all node voltages are initially considered equal to unity.

Furthermore, the apparent power consumed by the loads is given by:
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Fig. 9. LV radial distribution network test with one source substation.

Si=P4jQi=V,+1; (10)

where P;and Q, are the active and reactive powers of the load, respectively, and the voltages at nodes i and I.* are
the conjugates of the current injected into node i.
The current injection at iteration k is expressed as follows:

- S\ Pi+37Q:\"
(3 ()

where V? Vi is the voltage at node i at the k™ iteration.

On the basis of Eq. (11), currents flowing into the lines can be calculated by starting at the end nodes and
applying the current Kirchhoff law. These currents can then be expressed as functions of the various node
currents as follows:

I3 = Bs = I
Iys =By =15
Isy =B3s =15+ 14 (12)

Ios=DBo=Is+Is+ 14+ I3
Lo=Bi=I¢+1Is+ 14+ 13+ 1>

These relationships can subsequently be expressed in matrix form as follows:

[B] = x [I] = [BIBC] x [I] (13)

OO OoOO
SOoOOoO
OO ==
O RRFRH
_=_O O

where [B] = [B1B2B3B4Bs] is the vector of currents flowing through the network various lines, and
[I] = [L21514151, G}T is the vector of currents injected at the network nodes.

Beginning at the source substation, where the voltage is assumed to be constant, we can calculate the voltage
drop across each line using the following method:

Vi =V = Zi; 1 (14)

where V; Vi and V; and V; are the complex voltages at nodes i and j, respectively. Z;; = R;; + s * X;; is the
impedance of line (4, j). R;; and X;; are the resistance and reactance of the line, respectively.

By calculating the voltage drop in a line (4, j), the voltage at node j can be determined according to the
following equation:

V; =Vi— Zi;1;; (15)

These voltage drops are expressed by the following system:

Vo=Vi — B1Z12

Va=Va2— B1Z12 — B2Z23

Vi =V3 — B1Z12 — BaZa3 — B3Z34 (16)
Vs = Vi — B1Z12 — BaZa3 — B3Z34 — ByZss

Vo = Vs — B1Z12 — BaZas — B3Z34 — BaZys — BsZ36

The system of equations provided in Eq. (16) can be represented in the following matrix form:
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i Vs Zi2 0 0 0 0 By
Vi Vs Zho Zas 0 0 0 B,
1% — Va = Z12 Zoas 0 0 0 X B3 (17)
V1 Vs Zy2 Zos Zss Zss 0 By
|4t Ve Z12 Zos Zza 0 Zse Bs
Then, Eq. (17) can be simplified as follows:
[AV] = [BCBV] % [B] (18)
By combining Egs. (13) and (18), [AV] can be expressed as follows:
[AV] = [BCBV] % [BIBC] x [I| = [DLF] * [I] (19)
where:
[DLF) = [BCBV] =« [BIBC] (20)

This process continues until the difference between the voltage profiles of two successive iterations falls below a
predetermined threshold:

[AVEH] - [AVE] < (21)

where ¢ is a prespecified value that represents the convergence threshold.

Figure 10 summarizes the principle of this method and the various steps to be followed to determine all nodal
voltages. The method also calculates the active and reactive losses in the radial distribution network lines.

The active and reactive power losses in the distribution line can be expressed as follows:

Pl‘j = Rij * ‘B,‘Q (22)
Qij = Xij * |Bi|? (23)

The total active and reactive losses in the distribution network are given by:
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Fig. 10. Flowchart of the backward/forward sweep load flow.
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N-1 N
Pioss = Z Z P;; (24)

i=1 j=i+1

N—-1 N
Quoss = > > Qi (25)

i=1 j=i+1

where N denotes the total number of nodes.

According to the mathematical formulation of this technique used in this study, only one matrix is required for
the power flow calculation, which is [DLF]. This matrix is calculated via Eq. (20). This means that the admittance
matrix, which is used in conventional algorithms, is not required in this technique. As a result, this method is
generally more efficient and accurate for distribution networks compared to traditional techniques. Additionally,
its primary advantage lies in its ease of implementation and significantly reduced computation time.

Simulation results

The Sfax-North distribution network, a LV radial distribution system, is an integral component of the Tunisian
national power grid (STEG). This actual radial distribution network serves as the focus of this study, acting as a
representative case study. To assess the impact of RESs on the investigated Sfax radial distribution network, four
different cases are considered:

(i) Case 1: without RESs integration.
(ii) Case 2: with a PV source only.
(iii) Case 3: with a wind source only.
(iv) Case 4: with both a PV and a wind sources.

The investigated load flow methodology, which is based on backward/forward sweep, is implemented within
the MATLAB environment. Indeed, the simulation results are subsequently displayed and discussed. These
results offer insights into the effects of incorporating RESs like PV and wind on various aspects such as voltage
levels, branch currents, active power flows, reactive power flows, and power losses. This analysis enables a
comprehensive understanding of the implications of integrating RESs into the studied network.

Casel
In this case, the load flow problem has been successfully solved without the integration of RESs into the studied
radial distribution network. It is to be underlined that the backward/forward sweep is utilized to solve the load
flow problem. The simulation is conducted via the load demand curve depicted in Fig. 11.

Figure 12 shows the voltage levels at different nodes for two levels of demanded power (PD), which are
20 kW and 82 kW. As the PD rises from 20 to 82 kW, the voltages at most nodes tend to decrease. This reduction
in voltage is likely due to the increased load on the system caused by higher power consumption. Increased
electricity demand leads to higher current flows in the studied radial distribution network, causing significant
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Fig. 11. Power demand analysis over a 24-h period.
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voltage drops across distribution lines. In the studied network, nodes 27 and 28 experience voltage levels below
the permissible 90% threshold, resulting in elevated power losses and reduced network efficiency. Indeed, this
study focuses on mitigating these issues by implementing strategies to enhance voltage levels at critical nodes,
thereby minimizing losses and improving overall system performance.

Figure 13 shows the branch currents of the studied radial distribution network, demonstrating that currents
increase proportionally with higher PD levels to meet the rising load demands. This highlights the importance of
designing robust networks to handle increased currents and maintain reliability under varying load conditions.

Figures 14 and 15 illustrate the active and reactive power flows through the various branches of the studied
radial distribution network at two different levels of PD.

As PD increases in the radial distribution network, both active and reactive power flows rise across branches,
consistent with fundamental electrical principles. Higher load demands require more active power, while reactive
power flows increase proportionally from the system’s reactive components to support the rising demand.

Nodes 27 and 33 exhibit the lowest voltages and significant power losses in the studied network (see Fig. 16),
as identified through a node voltage analysis using the backward/forward sweep load flow technique. These issues
suggest potential voltage drops and inefficiencies within the investigated network. To address these challenges,
integrating RESs, such as PV systems and wind power, is proposed. In this study, a PV source is placed at
node 27, improving both voltage levels and power while reducing losses, with benefits extending to downstream
nodes. Similarly, a wind power generator is installed at node 33, the final node, enhancing the voltage profile,
minimizing power losses, and ensuring power continuity. These interventions effectively mitigate voltage drops
and power losses, improving the overall efficiency and reliability of the real radial distribution network.
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Case 2

In this case, where a PV source is connected to node 27, Fig. 17 depicts the relationship between the PD and
the photovoltaic power production (Ppv). Figure 18 shows the voltages at different nodes for two operating
conditions: (i) PD =20 kW and Ppv=0 kW and (ii) PD =80 kW and Ppv=102 kW. The integration of the PV
generator into the studied network significantly enhances the voltage profile by reducing dips and improving
stability. This effect is most pronounced during periods of excess energy generation and low demand, such as
between 11:00 AM and 3:00 PM. By injecting surplus energy into the network, the PV source stabilizes voltage
levels, especially in nearby nodes, and reduces reliance on traditional power sources, showcasing the critical role
of photovoltaic source in optimizing grid performance and reliability.

During this period, the PV source produces more electricity than is needed, resulting in surplus energy being
injected into the radial distribution network. This raises voltages, particularly near the PV connection point,
reduces transmission losses, and mitigates voltage dips, significantly enhancing network stability and efficiency.

Figure 19 shows the currents in different branches for the two aforementioned operating conditions.

A comparison of these results with the scenario without a PV source reveals a clear shift in current
distribution. As the PV produces energy, the total power flow from the principal source node to neighboring
nodes decreases. On the other hand, the PV source power injection increases the power flow in branches near the
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PV connection point. This is because the PV system provides more current to the branches around it, resulting
in higher currents in those branches.

The active power flows in various branches for the two previously indicated operating conditions are shown
in Fig. 20. When the power generated by the PV source exceeds the local electricity demand, the power flow
dynamics undergo significant changes. As observed in nodes 1-8 and 25-26, the active power becomes negative,
indicating that the excess electricity is being fed back into the grid. This behavior highlights the bidirectional
capabilities of grid-connected PV systems, where surplus power is injected into the grid. Consequently, the
PV system not only meets local demand but also contributes to the broader power generation and distribution
network. This enables the integration of clean and sustainable energy sources into the existing real distribution
network.

Figure 21 illustrates the distribution of reactive power flows across different branches of the studied network.
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The generation of the reactive power of PV generator is generally limited compared with their active power
output. As a result, the impact of PV systems on reactive power flows in the network is usually insignificant.
However, fluctuations in reactive power flows could result from enormous variations in PD. Even when some
reactive power is produced by the PV system, it typically constitutes a small fraction of the total power generated.
As a result, the integration of PV generator does not substantially affect the reactive power flows in the network
branches, with their primary contribution being in the form of active power to meet local demand.

Case 3
In this case, a wind source is connected at node 33 of the studied radial distribution network. Figure 22 illustrates
the evolution of the PD and wind power generation (Pwind) over a 24-h period.

Figure 23 shows the voltage levels at various nodes under two operating conditions: PD=20 kW and
Pwind =19.93 kW at 4:00 AM, and PD =80 kW and Pwind = 13.37 kW at 5:00 PM. The investigation shows that
the PD amplitude has a considerable impact on the voltage levels throughout the studied network. Significant
voltage drops at different nodes occur when the load demand is high, exposing the network’s susceptibility
to high loading situations. This is explained by the wind turbine’s restricted capacity, which prevents it from
exceeding the peak PD. As a result, especially during peak hours, the wind power supply is not enough to fulfill
the growing demand. In order to preserve grid stability, this analysis highlights how crucial it is to strike a
balance between load requirements and the incorporation of renewable energy.

Figure 24 shows the active power flows in different branches for the same operating conditions. Power flow
can reverse when the PD equals the wind turbine’s generation, with excess energy returning to the network.
The dynamic impact of wind turbine integration and the requirement for flexible grid infrastructure are shown
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Fig. 20. Active power flow distribution across network branches.
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Fig. 21. Reactive power flow distribution across network branches.

by this two-way flow. Notably, branch 32 experiences the largest active power injection into the grid due to the
integration of wind power at node 33.

The reactive power capability of the studied network is illustrated in Fig. 25. Moreover, the reactive power
link is relevant only when power consumption increases. In this context, its stable reactance power output
remains at a relatively constant level, thereby helping to maintain flow balance.

Case 4

In case four, a PV source is integrated at node 27, whereas a wind power source is integrated at node 33.
Figure 26 illustrates the evolution of PD, PV production, and wind power production over a 24-h period. To
study the performance of the Sfax-North distribution network when RESs are integrated, two different operating
conditions are considered. Hence, the simulation results presented in Figs. 27, 28, 29 and 30 are based on
the following operating conditions: (i) PD=20 kW, Ppv=0 kW, and Pwind=19.93 kW at 4:00 AM, and (ii)
PD =80 kW, Ppv=102 kW, and Pwind =19.53 kW at 1:00 PM.

Figure 27 illustrates the voltage profiles of the studied network under various operating conditions. The
analysis shows that integrating wind and PV energy enhances the voltage profile compared to the base scenario
(Case 1). This improvement indicates that voltage levels are better regulated and remain below legal limits at
various electrical network nodes. Moreover, a significant finding emerges when wind and PV power outputs
increase due to favourable weather conditions, such as rising wind speeds and abundant sunlight. During a
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Fig. 23. Voltage profile for two PD levels and wind power generation.

specific time (between 11 AM and 03 PM), the voltage magnitudes of the majority of nodes, particularly those
near the PV and wind source connections, are greater than that of the source node essentially in nodes nearby
to PV and wind sources connection. This phenomenon is most apparent in the nodes close to the PV and wind
power source connections. In conclusion, these results demonstrate that integrating RESs, particularly with
significant wind and PV power output, enhances the voltage profile and enables higher voltage levels across the
electrical grid, improving overall stability and performance of the Sfax radial distribution network.

Figure 28 depicts the currents flowing through the network branches under the two aforementioned
conditions. A comparison of the results with the case without RESs reveals an interesting observation: currents
at nodes near the main source decrease, while currents at nodes close to the wind and PV connection points
increase. This decline in current magnitude at nodes near the main source can be attributed to some of the power
demand being met by RESs, resulting in an overall decrease in current flow from the main source node. This shift
highlights the effectiveness of RESs integration in the Sfax radial distribution network in meeting local power
demands, thereby reducing the load on the main source and enhancing overall network efficiency.

The active power flows in the Sfax radial distribution network branches are presented in Fig. 29. Referring
to Fig. 29, it can be seen that when the combined power generated by the PV and wind sources exceeds the PD,
there is a significant change in the power flow direction. PV and Wind sources export electricity to the electrical
grid when their output exceeds local demand, with surplus power from RESs flowing through branches 1-8,
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Fig. 25. Reactive power flows in the studied network branches.

10-12, 25-26, and 32. This capability to inject excess power into the electrical grid highlights a crucial advantage
of RESs integration in the Sfax radial distribution network, enhancing energy utilization and grid efficiency.

Figure 30 shows the reactive power flows in the Sfax radial distribution branches for both operating
conditions. Typically, PV and wind sources generate relatively low and constant levels of reactive power. As a
result, their influence on the reactive power flows upon the integration of RESs is generally minimal. However,
as power demand increases, fluctuations in reactive power flows may become evident. These variations occur
because a higher power demand alters the reactive power exchange within the studied network.

Figure 31 highlights the active power losses of the Sfax radial distribution network for cases with and without
the integration of RESs. The figure clearly demonstrates the notable benefit of RESs integration, which is the
reduction in active losses. The maximum active power loss without the RESs integration is approximately
7366.71 W. While, when RESs are integrated in the studied network, the maximum active power loss decreases
to around 4251.66 W. This indicates that the integration of PV and wind energy sources results in a reduction of
active power loss by about 50%.

Table 3 analyzes the active power loss rate (AAPL) across scenarios without and with RESs integration. The
integration of high PV and wind power sources in the Sfax radial distribution network dramatically reduces
AAPL. This reduction indicates the good influence of RESs on decreasing power losses, notably during periods
of higher renewable production, such as at 09:00 AM, when AAPL exceeds 3990.5 W compared to 988.7 W at
05:00 PM. As a result, integrating PV and wind sources improves not only energy efficiency but also network
operating performance by significantly reducing active power losses.

Table 4 compares the voltage (AV) at critical nodes of the Sfax radial distribution network with and without
RESs integration. The results show that AV increases dramatically, especially in nodes near the RESs connecting

Scientific Reports |

(2025) 15:10594 | https://doi.org/10.1038/s41598-025-93488-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

12

—PD
—— Pwind

10.2

PD, Ppv and Pwind (W)

3 4 7 9 11 13 15 17
Time (hours)

Fig. 26. Evolution of PD, PV generation and wind power generation over a 24-h period.

490 r rr o1 1 11 1.1 11 1. 1. 1.1 717 1 1T 1T °1T7T1T 71T T 11T T T T 7T

EPD = 20 kW, Ppv = 0 W, Pwind = 19.93 kW
430~ |mEPD = 80 kW, Ppv = 102 kW, Pwind = 19.53 kW

470 - N

460 =

o

n

=
T
|

Node voltage (V)
= =
) -
(—] (—
T T
1 1

410 .

400 - .

390

1 23456 7 8 91011121314151617 18192021 222324252627 282930313233
Node number

Fig. 27. Voltage profile of the Sfax radial distribution network with RESs integration.

sites. When PV and wind power sources are combined, the voltage rises significantly, reaching 132 V at Node 27
with Ppv=102 kW and Pwind =19.53 kW. This rise can be described to the direct injection of active electricity
from renewable energy sources, which decreases reliance on the main grid and minimizes voltage drops along
distribution lines. As a result, the significant penetration of RESs improves voltage stability, decreases losses, and
overall performance of the Sfax radial distribution network.

Table 5 represents a comparative analysis of active power loss rate in radial distribution networks
with integrated RESs. Referring to this table, one can underlined that the rate of power loss resulting from
the integration of the RESs is equivalent to 2.98% of the total power transferred over the low-voltage radial
distribution network. This reduction in losses serves as evidence of the improved quality and efficiency of the
network resulting from the integration of PV and wind energy sources comparing to other existing works.
Indeed, the combined maximum power capacity of approximately 122 kW from the PV and wind turbine energy
sources reflects a high integration rate of RESs into the studied electrical grid. This substantial renewable energy
contribution significantly improves the efficiency and reliability of the Sfax radial distribution network, reducing
dependency on conventional power sources and enhancing overall grid performance.

Conclusions
This study presents an overview of the impact of integrating PV and wind sources on the electrical parameters
of a real LV radial distribution network. The Sfax-North distribution network within the Tunisian grid is taken
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Time Ppv (kW) | Pwind (kW) | AAPL (W)
09:00 AM | 30 19.55 3990.5
05:00 PM | 30 13.4 988.7

Table 3. Difference in active power loss rate (AAPL) without and with RESs integration.

AV (V)
Node 26 | Node 27 | Node 31 | Node 32 | Node 33

Ppv=102 kW
Pwind=0 kW

Ppv=102 kW
Pwind=19.53 kW

82 127 42 43 44

91 132 53 54 55

Table 4. Difference in voltage for the study nodes (AV) with and without RESs integration.

Paper

Problem studied

Network Active power loss rate (%)

14

DG optimal placement and sizing IEEE 33 bus radial distribution network 2.98

43

Optimal PV placement in radial distribution network IEEE 33 bus radial distribution network 5

44

Load flow analysis and the Impact of a PV generator in a radial distribution network | Seven-node PV-radial distribution network 9.75

45

Optimal integration of RESs in distribution network IEEE 69-bus test radial distribution 5.3

[This paper]

Impact of RESs integration on a low-voltage distribution network Real radial distribution network, Sfax-Tunisia | 1.88

Table 5. Comparative analysis of active power loss rate in radial distribution networks with integrated RESs.

as a test network. To identify the optimal placement of the RESs, the load flow problem for the studied network
comprising 33 nodes and 32 branches is solved via a backward/forward sweep-based technique. Then, nodes
with low voltages are selected as the best location for the RESs.

To provide a more effective investigation of the impact of RESs on the studied network, a modified model
for the power flow problem incorporating PV and wind sources is developed where four cases are considered:

« Without RESs;

« The PV source is integrated at node 27;

« The wind source is integrated at node 33.

 The PV source is integrated at node 27, and the wind source is integrated at node 33.

The simulation results conducted in the MATLAB environment reveal that the RESs optimal placement can
leverage their decentralized characteristics to achieve substantial improvements in the studied network voltage
profile. Additionally, this strategic integration leads to a notable reduction in power losses across the distribution
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network. These findings underscore the potential benefits of incorporating RESs into electrical grids, highlighting
their role in enhancing overall system performance and efficiency. Indeed, the RESs integration significantly
enhances the performance and efficiency of the analysed Sfax-North LV radial distribution network, resulting in
a remarkably low power loss rate of 2.98%. This performance surpasses that reported in other existing studies,
highlighting the advantages of RES integration in optimizing network efficiency.

However, the obtained results show that high penetration of RESs can result in reverse power flow. The
proposed research could be expanded to explore the integration of energy storage systems and voltage regulators
with distributed generation. This approach aims to enhance the management and control of bidirectional power
flows within the studied network.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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