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Abstract: Installing Photovoltaic (PV) systems is becoming a viable solution
for rural areas, with an innovative approach consisting of interconnecting
autonomous PV-powered households. This study analyses the performance
of interconnected autonomous PV households under different weather
conditions using the Matlab Simulink R2016a software. Over and above this
interconnection analysis, in this study, a new mathematical model to predict
PV power is also proposed and compared to the simulation's results and other
approaches allowing to prosumer to control their interconnection to others.
The interconnection demonstrated the improving performance of microgrids
and mutual energy compensation, increasing efficiency by 9% in houses with
a deficit. To manage the energy flow of these autonomous houses, the
households' energy management is independent and the bus Voltage (Vdc) is
maintained at around 52V, corresponding to the maximum bus voltage
setpoint, thanks to integrated Proportional control (PI). The results of the
simulation of the interconnection using the Matlab Simulink R2016a
software show that irradiation and temperature have an impact on
photovoltaic production and the results of the new mathematical approach
are approximately 2% of those of the simulations.
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Energy (RE) installed is under 40% of the total capacity).
In fact, the country has significant untapped renewable
energy capacity, for example in solar energy the average
irradiance is 4.5 kWh/m? /day, compared with just 3
kWh/m? /day in the temperate zone of Europe, which
constitutes good potential for solar energy production
according to Energy Ministry of Congo.

It is obvious that the world has high solar irradiance
and many studies are being conducted in this domain as
mentioned (Ngonda et al., 2023).

In that way, a study was carried out into the solar
energy resources and Photovoltaic (PV) energy potential
in the case of an under-utilized region in South Africa.
They reported that Alice has abundant solar resources for

Introduction

The move towards renewable energy is a response to
growing environmental concerns and the limited supply
of non-renewable resources (Schwarz et al., 2023). In
addition, many communities in general and in the
Republic of Congo in particular do not have adequate
access to electricity. The Republic of Congo, in terms of
electricity production in 2018, had 0.6 GW of installed
generation capacity, mainly composed of hydroelectricity
(0.2 GW) and fossil fuels (0.4 GW). Most of the growth
in electricity capacity comes from the natural gas central.
The installed hydroelectric capacity comes from three
existing hydropower plants: Imboulou (120 MW),

Moukoukoulou (74 MW) and Djoue (15 MW) according
to the Energy Ministry. The Republic of the Congo is
highly reliant on natural gas and the total of Renewable
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the use of solar Panels (PV) and are comparable to other
regions of the world. In South Africa, the town
experiences a total annual global horizontal irradiance of
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approximately 4.98 kWh/m? per day, according to the
GSA (Overen and Meyer, 2022).

In Southern Algeria, a study on the analytical evaluation
of the hot, dry climate, outdoor performance and efficiency
of grid-connected PV systems (Necaibia et al., 2018)
revealed an average of 4.88 kWh/kWp/day per year and a
solar energy performance rate of 74%. In Slovenia, a
study adopted similar parameters to assess the
performance of 3326 solar PV systems (Seme et al.,
2019). The study showed that the final yield and capacity
utilization factor was 1,038 kWh/kWp and 11.85%, while
the performance rate was 68.84%. That is why, the
Republic of Congo, which has an average annual solar
radiation of around 1,700 kWh/m?, or 4.7 kWh/m>.d
according to data from the Agence Nationale de I'Aviation
Civile (ANAC), has just started to promote renewable
energies in response to the high cost of using oil and the
transport of energy to isolated areas. One of the renewable
energies being promoted is PV. Unfortunately, this type of
energy is intermittent and requires precise dimensioning.
Thus, PV power plants require a large energy storage
system to regulate voltage and reduce the effects of
intermittency of the energy source, which increases the cost
of the installation. Thus, several energy sources have been
proposed to reduce the cost of Renewable Energy Storage
(RES) in order to form an interconnected electricity grid
(Vadirajacharya and Katti, 2012).

Beyond intermittency, the individual management of
PV energy during the day for a stand-alone system is often
another problem which is why, the microgrid and the
storage are used.

In fact, The interconnection of stand-alone
photovoltaic households with and without central storage,
is indeed worthy of study, as it aligns with the growing
importance of decentralized renewable energy systems,
improving energy efficiency and reliability, promoting
energy self-sufficiency, advancing control and
optimization strategies.

In the literature, both the AC Micro Grid (ACMG) and
the DC Micro Grid (DCMG) have been investigated. The
study showed that the DCMG has certain advantages over
the ACMG, such as ease of connection to the DC bus and
system reliability, as well as high efficiency. They
confirmed that in DCMGs, power disturbances are caused
by fluctuating power exchanges, power variations between
the storage system and energy sources, as well as rapid load
change of the DC bus (Lonkar and Ponnaluri, 2015).

With this in mind, the study conducted by Ahshan et al.
(2010), has designed an MG system that has the
advantage of using renewable energy sources and
reducing transmission losses when using wind and
hydroelectric power.

The study by Phurailatpam et al. (2015) proposed a
DCMG system that includes a PV power system and uses
the battery as an energy storage system and the DC/DC
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converters were also investigated, as well as Maximum
Power Point Tracking (MPPT) for the PV system. The
performance of their system at constant and varying
values of the irradiance, wind speed and load was
monitored and analyzed. The simulation results of that
study showed that the system maintained the DC bus
Voltage (Vdc) at a constant value, confirming the
advantages of the DCMG over the ACMG.

Beyond PV system operation, power management is
crucial, leading some authors to propose a new binary-
based power management strategy (BPSO) to optimize
MG performance, maximize MG power and reduce
system power consumption (Elsied ef al., 2016). A study
by Mwinyiwiwa (2013) proposed limiting storage
capacity by connecting multiple Distributed Renewable
Energy sources (DERs) to the grid via a SEPIC converter.
This method eliminates SEPIC converter voltage
variations and staggered load variations. However, the
number of DERs connected requires the Al controllers to
meet  conflicting  requirements,  which  limits
communication. The central Micro Grid Controller
(MGCC) can be installed either on the low-voltage side or
in the low-voltage substation (Lopes et al., 2006).

Implementing a Battery Energy Storage System
(BESS) in DCMG improves its operation, thereby
reducing its operating costs (Gil-Gonzalez et al., 2020).
Therefore, they proposed efficient operation strategies
that maximize the useful life of BESS without making it
operate inadequately or become completely discharged.
In their study, they observed that this strategy also affects
the performance of the DCMG and concluded that future
work could include the development of operational
strategies for BESS to minimize the DCMG's operating
costs and increase its useful life.

Regarding the bus voltage, in the literature, the
regulation voltage on the DC bus of an MG has been
achieved (Madaci et al., 2016; Sahu ef al., 2018). However,
its stability remains a challenge, leading to voltage drops
and rises when the voltage of inputs and outputs (loads
connected to the DC bus) changes suddenly, regardless of
their size. Contrary to the work of (Kumar et al., 2020),
which considered constant input parameters and a variable
load to evaluate the controller's performance.

It has been concluded in the literature that the
shortcomings identified in the planning, operation and
control of DC MG can be overcome through advanced
technologies and further research (Al-Ismail, 2021).

Among recent technologies, in areas where solar
potential is dominant, Peer-to-Peer (P2P) technology is
being adopted (Zhang et al., 2018; Sayed et al., 2024;
Kong et al., 2024; Harish et al., 2019; Choobineh et al.,
2023). However, a lot of discussions have been going on
peer-to-peer electricity sharing and trading in an MG
scenario all over the world. With the advent of smart grids
and transactive energy systems, the design of a reliable
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electricity exchange model that can integrate the on-site
generation of renewable energy sources, variable loads
and households without rooftop solar PVs in an MG
scenario, is necessary. All around the world, off-grid
solar-based systems are being utilized to satisfy the
electricity demands of isolated rural areas.

It is noticed in Congo as in many countries, in rural
areas, everyone buys their own PV kit and installs it, while
the other household overproduces energy when the load is
insufficient, or underproduces when the load is too high
(Hoffmann and Ansari, 2019). This overproduction in
areas close to the national grid is injected into the national
grid and, if necessary, withdrawn from it. This
overproduction (Salles-Mardones et al., 2022) is used to
save energy consumption in residential houses with
electric Vehicles in Chile.

In the same option, India has achieved good progress
in managing the energy demand with a 0.5% energy
deficit and in managing the peak demand with a 0.6%
deficit in July 2019 (Central Electricity Authority, 2017)
via the technology of P2P. The challenge, however,
remains in delivering affordable power to all and
reliability of service for rural electrification (Niti, 2017).

In a recent study, (Sayed et al., 2024) investigated the
feasibility of a Peer-to-Peer (P2P) solar energy-sharing
system for rural communities. The results of the analysis
show that the P2P system increased the community's self-
sufficiency and self-consumption by 13.66 and 11.16%,
respectively. As a result, a significant improvement in the
life cycle enables the community to utilize the benefits of
the proposed energy-sharing system.

In this type of sharing, (Kumar et al., 2020) considered
constant input parameters and variable load to evaluate
the controller performance. Furthermore, in this study, the
DC MG will be analyzed under different meteorological
conditions with a point load and the input parameters,
particularly irradiance and temperature, are variable.

The study by Harish et al. (2019) calculated surplus
power at every hour sample of the simulation period, as
the difference of on-site solar PV generation minus the
hourly demand. However, no forecasting technique has
been used here. The developed algorithm prioritizes
satisfying the individual household's demand for the hour
and any surplus available is for charging of battery or for
P2P power sharing. Therefore, in this study, in order to
control its connection to the grid without using simulation
results, the power prediction is proposed using two
meteorological parameters given by the meteorological
prevision of the country. This mathematical approach
enables autonomous households to predict daily
production according to their needs and to decide whether
or not to connect to the grid. Also, in the literature, the
impact of meteorological conditions is not discussed in
the P2P solar energy sharing system.
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Hence, the scientific aim of this study is to analyze
the operation of DC interconnected households under
meteorological conditions in order to see the robustness
of interconnection households in sharing energy. The
integration of MG in these localities would be a reliable
solution, as it would have a very positive socio-
economic impact on the development of rural areas. It
will provide electricity on a permanent basis, enabling
the population to carry out certain activities at night.
The study will focus on the interconnection of stand-
alone households powered by PV systems with specific
storage capacity, common load and central storage for
household surpluses with a mathematical approach to
predict the PV power at an hour of the day.

The novelty in this article is the contribution of the
mathematical approach which allows users to program
their interconnection control device (switch) for
dispatching according to household needs. This approach
will enable us to determine the interconnection conditions
on the basis of meteorological data. In this article, we will
also want to show the impact of sudden changes in
irradiation on the load of a household and the behavior of
interconnected households when they do not receive the
same irradiation and temperature.

The objectives of this study are to:

— Study the behavior of DC MG voltage and power
following weather conditions

— Propose a PV power prediction equation approach

— Evaluate the performance of the DC MG energy
dispatching system

Theory and Calculation
Household Sizing

The energy balance consists of determining the daily
energy consumption of all the electrical equipment in
order to correctly size the system. The energy balance of
a household is determined in Table (1) from which the
daily energy of the MG is deduced.

The peak power Pc of the array is determined by
taking into account the daily energy.

Table 1: Energy balance

Power Duration  Energy
Consumption (W) Quantity  (h) (Wh/d)
lamps 10 5 5 250
vV 60 1 4.5 270
Radio 30 1 6 180
Others 360 1 360
Total  daily 1 060
energy




Gilbert Ngoma et al. / American Journal of Engineering and Applied Sciences 2025, 18(1): 11.27
DOI: 10.3844/ajeassp.2025.11.27

E and the average incident energy per day Gi:

Household 1

S

Household 2

pc=-=2 (1)

T kixGi

]
Where, ki is the correction coefficient for systems with &
battery banks, generally between 0.55 and 0.75. The T
approximate value used for systems with batteries is
often 0.65 in areas where the minimum daily sunshine
Gi is 2.5 kWh/d. In this study, ki is 0.38. The peak power
corresponding to this study is around 600 Wp. r‘—‘ [t

The capacity C of the battery is determined by the . |\
formula below: _

P
Jp

Common load Central Battery
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C=72 2
With: C: Battery capacity in ampere-hours (Ah), E: Fig. 1: Microgrid model
Daily energy, N: Number of days of autonomy, D: ‘ i
maximum allowable discharge (for lead batteries, D = 0.8), (% el ide i
Vpvi Cov .

U: Battery voltage (V). < :
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Presentation of the System Household1

The installation of photovoltaics in rural areas Batery &=
becomes a recommended option for the population, but
its management often poses problems with variations in = :
weather conditions. Thus, in this article, a model of et 2050 ks

autonomous PV MG is proposed (Figs.1-2) with a
central storage system that can be used for a public

TCde 3 R2
3

Central battery

establishment load. Gritoag
In the practical context, comparing a line resistance of Batiry 2=
0.01 Ohm, for a section of 10 mm?, the distance between
households is approximately 6 m for a copper resistivity
of 0.018 pum. For the simulation, we use a computer Fig. 2: Electrical model of micro-grid
branded ‘‘hp Intel(R) Core(TM) i7-4510U CPU @
2.00GHz 2.60 GHz and 16 GB RAM”. 4 diode) s
'\/V\r"‘""‘”' - Isy
Modeling of the DC-DC Boost Converter A , i
(Bidirectional) Vpv oy ;E;Ir-o | | TFee= IVdc
w pv|’
In most PV installations, DC/DC converters or -
choppers are used for protection purposes, to manage \ | DooptDe J
battery overcharge or deep discharge problems, to a1 1 ] (=
optimize PV module operation and to manage output \ Lb x T
voltage fluctuations (Sun et al., 2019). In the literature, ‘ Battery = ,E:", Qcc
there are three main types of choppers, depending on ! '|' . [Qcd
the role they play (Tan et al., 2013; Zaouche et al., | 1
2017), in particular:
—  The Boost chopper or booster: It raises the voltage level Fig. 3: DC-micro grid system circuit for stability analysis
—  Buck or step-down: It lowers the voltage level
—  The mixed buck-boost chopper Two controls are considered in the model. The control
signals are the duty cycles of the converters. Qpv controls
These converters are all made up of reactive elements the power output of the PV; Qcc controls the DC bus
(inductors, capacitors) which, in the ideal case, do not voltage with Qcd equal to 1-Qcc.
consume any energy. For the purpose of this study, the The battery model used in this study is the electrical
bidirectional boost converter used was developed in the equivalent circuit in Matlab Simulink R2016a and its

literature by El-Shahat and Sumaiya (2019) and its parameters are presented in Table (2) and the parameters of

electrical model is given by the following scheme (Fig. 3). the PV module used are presented in Table (3).
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Energy Management

Hybrid systems in general have some form of control.
Control is sometimes individually integrated into each
component of the system from the design stage (Li and
Ho, 2021). Another command is the monitoring of all
components. Some specific functions include starting and
stopping to control the diesel generators, adjusting their
operating points, battery charging and distributing power
for different loads.

The Proportional, Integral (PI) regulator which is the
corrector, is a system that allows to control and
improvement of slavery performance (Nejat, 2022).
Thanks to these high-performance qualities, it has been
chosen to regulate the voltage of the system which will be
maintained at around 52 V when the State of Charge
(SoC) is around 100%. This value can be down to 42V
which corresponds to 80% of the deep discharge of the
batteries. The PI used is described in the Fig. (4).

Table 2: Battery parameters

Parameters Values
Nominal voltage (V) 48
Rated capacity (Ah) 400
Initial state-of-charge (%) 100
Discharge

Maximum capacity (Ah) 416
Cut-off Voltage (V) 42
Fully charged voltage (V) 52.26
Nominal discharge current (A) 80

Table 3: Parameters of the module type UNISON 150.12M

Description Values
Power max (Pm) 150 W
Tolerance of power 0/+3%
Voltage with power max (Vmp) 178V
No-load voltage (Voc) 213V
Temperature coefficient—Pm —0.43%/°C
Intensity with power max (Imp) 8.43 A
Intensity in short circuit (Icc/Isc) 9.1A
NOCT/TUC ** 45+2°C
Effectiveness of the modules 16.58%
Dimension of the module 1340%675%35 mm

Gant  Integrator

Gain3 Integrator

O

Scope2

Scope3

Vdc_mes

Fig. 4: PI command simulated in Simulink
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In this system, the energy management is done in such
a way that, the producer is not deprived of his production,
management is therefore individual (Querini et al., 2020;
Nikmehr ef al., 2017). Management is done according to
time and power delivered. Thus, the energy produced by
one of the houses is intended to first satisfy its own load.

On the other hand, when there is an energy deficit in a
household, that is to say, the PV cannot satisfy the load
(Ppv < Pch), then it will extract energy from the grid: It
means, the energy coming from other households if not,
from central storage. The common load, which could be
solar pumping, receives the energy that is available on the
grid. The central battery can only be charged if there is
surplus production at the household level. In this energy
management, when there is a fault in one of the
households, this will not have an impact on other
households. The algorithm used is simple and is presented
in Fig. (5).

To see how effective, the energy dispatching is,
each household controls its connection to the grid using
a microcontroller switch (Fig. 6). For the management
strategy, the following conditions have been set for
each household:

— 1% household control: From 0-2.5s, no dispatching
unless the PV power is >506 W; after 2.5s, household
1 is permanently connected to the grid

— 2" household command: From 0-5 s, no dispatching
unless PV power >60 W; after 3.5 s, household 2 is
permanently connected to the grid.

These commands are applied up to the times shown
here to validate the control algorithm using a control
switch. After this time, the behavior of the grid in
synchronization is observed.

To evaluate the effectiveness of the control strategy,
the following conditions were examined according to the
algorithm (Fig. 5):

e  A: Ppv > Pioad: The household load is powered by its
PV and its PV recharges its battery with this surplus
if the switch is on, it exchanges with the grid

e B: Ppv < Piad: The household load is powered both
by its PV, its battery and by the power it draws from
the grid if the switch is on

e  C: Ppv <0: The household load is powered only by its
battery when the household is not interconnected

e D: Ppv <0: The household load is powered by its
battery and by the power drawn from the grid when
there is interconnection

The Table (4) gives the parameters of households. The
diagram simulated in Matlab Simulink R2016a for the
system comprising battery, boost converter and PV is
shown in Fig. (7).
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Table 4: Parameters of households

Parameters Values Parameters Values
Field 1 Ppy 600 Wp Field 2 Ppy 600 Wp
I 182 A T 182 A
Ve 426V Vo 426V
Vinax 356V Vimax 356V
Linax 16.86 A Imax 16.86 A
Boost of Household 1 Boost of Household 2
Rﬁmepv 0.05 Ohms Rﬁmepv 0.05 Ohms
Littrepy le-1H Liitrepy le-1H
fs 10 kHz fs 10 kHz
Cpv 100e-6 F Cpv 100e-6 F
o 0.2 o 0.2
Rline 0.01 Ohm Rline 0.01 Ohm
Lline le-3H Lline 1H
Battery 1 Battery 2
R jiitrebar 0.05 Ohm R fitrebar 0.05 Ohm
L fittrebat 3e-3H L fittrebat 3e-3H
Cac 3000e-6 F Cuc 100e-6 F
Vbatl 48V Vbar2 48V
Capacity 400 Ah Capacity 400 Ah

Piosd=Ppu+ Poat

l

Load supplied by PV and the
battery (discharge)

Household
interconnected

[ e

Prosd =PptPoactPyic

Load supplied by PV, the
battery and Power
extracted from grid

Household
t Piosa=P)
o Pov<0 interconnected o™ o
{ Yes Load suppli
pplied
_ only by battery.
PV > Pioyg Piosd = Poat + Pyrig (Discharging)
y
Yes Load supplied by the
battery et power extracted
from grid
Household No
interconnected ? l
PPV=Pisgs+ Post
1 Yes ‘
Load supplied by PV and
POV=PiosgtPrsttPysi the atteryis charging

Load supplied by PV and the
battery is charging and transfert
to the grid

Fig. 5: Management algorithm
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Echelon of charge at| t=3s

(T )——>H>60

PV —»—o

S s
Switch | | <22
" O ! out

in Ideal Switch

Echelon of discharge at t=3.5s

Fig. 6: The interconnect source control process

=
Display 1
» ‘ PPT PBO C:a:;ml (Pvt 4_: l
eoss  anl RLbranch _n
D1 E e ,
Eo— i e L P
= = T : 28 e
Piconmend ) ] J_. Control load common
ee || [
\~ 1 G — | s Lo
p— = A M-o—g—ae -
o P a1 i H
1

Load common®* =
R=150hms

& 1

Battery 1 .‘

Central battery

Household 2

Household 3

Command Pt
battery central

Fig. 7: Scheme of the microgrid with PI command in Matlab Simulink R2016a

Table 5: Parameters of the transistor used

Theoretical Evaluation

Parameters Values hi - h holds (diff load

Internal resistance Ron le-3 (Ohms) Ipt 18 part, two different households (different loads
. - and irradiation) are presented.

Snubber res1st§nce Rs 1e5 (Ohms) The profiles of irradiance and temperature for

Snubber capacitance Cs Inf (F) households are presented.
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1000 [ Signal 1
500
0 1 | | | | | 1 |
0 1 2 3 4 5 6 7 8 9 10

Time (sec)

Fig. 8: Profile of irradiance 1

Signal 1_$7

Time (sec)

1000

500

Fig. 9: Profile of irradiance 2

L temperature

Time (sec)

Fig. 10: Profile of temperature

The literature proposes several formulas to predict the
theoretical power of modules as a function of weather
conditions. For (Jie ef al., 2007), this power is:
Prppy; = G+ S*n* (1 —0.0045 = (T — 25)) 3)

1 is the PV efficiency, 7T is the temperature measured
on the panel (°C), S is the area of the solar panels (m?) and
G is the irradiance measured on the PV (W/m?).

In a similar way, (Sahu et al., 2018) has proposed the
same formula, but with:

T=Tamb +1/Uxa*G*(1—n) 4
And:
U = Uc + Uv * Velv &)

Where U is the thermal loss factor (W/m**AT), Uc is the
thermal loss constant (W/m?T), Uv is the wind
proportional factor (W*s/m**AT) and Velv is the local
wind speed (m/s) and « is a fraction between the radiation

18

absorbed and the radiation reflected by the PV panel
according to Lillo (2016).

An equation to predict the DC PV power is proposed
(Mellit et al., 2020) in the literature. Considering a PV
system with a size of X kW, the DC output power of this
PV system at any given hour (h), can be expressed by the
equation below:

X(h)*G
1000

PV(h) = (6) (6)
where, PV(h) represents the DC output power of the PV
system in kW at hour %, G denotes the solar irradiance in
W/m? at hour 4 and 1000 is the solar constant in W/m?.

Since certain data are lacking that may prevent the
calculation of 7, a mathematical approach to predict PV
power as a function of irradiance and temperature
measured on the module is proposed.

Indeed, it is noted that the PV power depends on G
and 7.

Since formula (3) only takes into account the ¢ factor
depending on the temperature, we noted a difference of
around 8% compared with the results of simulations of the
model embedded in Matlab Simulink R2016a, which was
chosen as the model for this study. Unfortunately, this
equation incorporated into this software is not available
on the interface, so it remains like a black box. In order to
obtain results close to the simulation model, we added the
term ® which is a variable coefficient taking into account
the variation of G and T in order to adjust the efficiency
according to variations in irradiance with respect to the
reference value:

Pippy,, = G*Sxn*(1+ = (T —Tref) + @) 7

with ® = ((Gref — G)/Gref) * d * (T — Tref) (®)

Then, this can be rewritten as:
Penpy,, = G*S*n*(1+¢ *(T—TrEf)+(%)*¢*
(T —Tref)) ©)

where, Pupv, p 1s the theoretical power of the solar panels
(W) proposed, G the irradiance measured on the PV
(W/m?), Gref is the reference irradiance (1000 W/m?), S
the surface area of the solar panels (m?), 1 the PV
efficiency, T the temperature measured on the panel (°C),
Tref the reference temperature (25°C) and ¢ the
temperature coefficient (/°C) (for UNISUN 150.2
modules, ¢ =-0.0043/°C and n = 0.165).

The energy produced is deducted by using the
following formula (Lillo, 2016):
(10)

Ethpv = Pthpv,s -t
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where, Pupvs is the simulated power (W) and t is the
running time (/).
The PR performance ratio of the household is given by:

))

where, E is the daily energy (Wh), Grer= 1000 W/m? and
Ppv is the installed PV power.

E+Gref

PR = va*G(t)

Results and Discussion

To assess the objective of this study, simulations
were carried out using Matlab Simulink R2016a for
10s, as the time taken for the results to converge is very
long and requires a calculator as some studies limited
their time (Kumar et al., 2020). The variations in
meteorological conditions over this time interval were
then summarized. To assess the potential of the system
(PV + storage) to secure the supply of local loads, PV
power, Vdc voltage, power exchange and the state of
charge and discharge of the batteries are the main
parameters for assessing the system. Three
representative scenarios are presented below:

o Interconnection of 2 autonomous households
(having the same PV power but loads and
irradiance different)

o Interconnection of 3 autonomous households with
central storage (Households 1 and 2 are identical
but Household 3 is different from them about load
and irradiance)

o Interconnection of 3 autonomous households with
central storage (Households 1 and 3 are identical
in peak power but the peak power of Household 2
is double)

. Interconnection of 2 autonomous households
(having the same PV power but loads and
irradiance different)

In this scenario, household 1 and household 2 have the
same peak power of 600 Wp, but they have different loads
and different irradiance between 2 and 4 s.

The results in Figs. (11-12) show that Household 1,
with a load of 500 W (Fig. 11c), does not draw its energy
from its PVs or from the grid, but from its battery, which
supplies S00W (Fig. 11b) from 0-0.5 s, because Ppv <506
W condition A of the energy management strategy is met:
This is autonomous operation. Between 0.5 and 2 s, Ppv
>506 W, the first household is connected to the second
household. It is observed that its load is powered by its
PVs and draws energy from household 2 to recharge its
batteries (Figs. 11 and 12d) condition B of the energy
management strategy is met. The latter is disconnected
from the grid between 2 and 2.5 s because household 2 is
disconnected according to its command (if Ppv <60W, no
dispatching), so it becomes autonomous and in this
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interval, Ppv <506 W: condition C of the energy
management strategy is verified. This drop in PV power is
due to the gradual increase in temperature from 25-45°C
(Fig. 7), which reduces the PV voltage (Ngoma et al., 2022;
Juma et al., 2021; Ait Cheikh et al., 2007). After this
period, the interconnection becomes permanent according
to the household 1 control. From t = 8 s, Ppv <0 and
household 1 is supplied by its battery and some of the
energy is drawn from the grid: Condition D of the energy
management strategy is satisfied.
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Fig. 11: Characteristics Power of household 1: a: PV power, b:
Battery power, c: Load power (W) d: power 1
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Battery power, c: Load power (W); d: Power 2
exchanged
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The power curve of the PVs is the opposite of the
power curve of the battery. This clearly shows that the
battery receives its energy from the PVs. In fact, the
battery recharges when its power decreases and
discharges when its power increases.

Using the formula in the proposed Eq. (9), the predicted
theoretical PV power Pupy, p between t = 6.5-7.5 s, where
the average irradiance is 542 W/m? and the average PV
temperature is 58°C (see the curves in Figs. 9-10) from
data collected on 11 February 2022 for 7 h of sunshine
(Ngoma et al., 2022), is Pupv, p = 255.3 W, while the
simulated value is 251.4 W. This is a difference of
about 1.5% between the prediction formula and the
simulation. If formula (3) is used, its power is 274.1W
i.e. 8% of the difference.

Considering the formula (6) (Mellit ez al., 2020) which
uses only the temperature of standard test conditions
(25°C), under the irradiance of 542 W/m? and the
temperature of the PVs at 25°C, the result is 325.2 W but
with the proposed formula, it gave 321.9 W i.e., the
difference about 1%. In the case of household 1, att =3
s, the predicted power Py, p is 542.9 W, compared with
the simulated power (533.5 W) (Fig. 11a), a difference of
around 1.73% is noted. On the other hand, using Pripv, j the
result is 540.54 W, i.e. 1.3%.

For household 2 under shading between 2-4 s
compared with household 1 (Fig. 9), the predicted power
Pupy, p 1s 1784 W and simulated 174 W, i.e. 2.1% of
difference; with Py, j the result is 189.1 W, i.e., 8%
difference. The predicted PV power results are close to
those obtained from simulations. The maximum difference
is about 2% with the proposed formula (9), whereas that of
(Jie et al., 2007), gave Pupv,;around 8%.

In this study, the robustness of the system by varying
the load in the same household was not investigated, but
only point loads in households were taken into account.
On the other hand, an analysis of the system can be made
to see the robustness of the system in load variation in the
case of the Interconnection of 2 autonomous households
(having the same PV power but different loads and
irradiance) at the level of Figs. (11-12) in the interval of
6.5-7.5 s where the two households have the same weather
conditions. Note that the greater the load, the greater the
energy demand.

In fact, in this interval, a load of household 1 (500 W)
is supplied by its PV, which produces 251 W and its
battery which supplies around 216 W and draws an
average of 45 W from household 2 (Fig. 11) meaning
around 9% of efficiency thank to the interconnection. The
result is close to that of Sayed ef al. (2024).

With regard to the resilience of the system to changes
in operating conditions, the robustness of the system after
disconnection of the household from the grid between
t = 2-2.5 s for household 1 is noted because the Ppv <0
and resumes its interconnection without ambiguity.
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To assess the amount of energy produced by using
formula (10), a PV productive energy of 1760 Wh for t =
7 h of sunshine on the day of 11 February for the
household with 600 Wp is obtained (when the rate of G is
542 Wm? and T = 58°C); this corresponds to the
performance ratio of 62% according to formula (11). The
result is similar to that of Mellit ez al. (2020). This energy
produced can only supply the 1st household which has a
load of 500 W during 3.5 h. Based on a household with a
daily consumption of 1060 Wh, this household has an
energy surplus of 700 Wh per day, i.e. 255 kWh/year. On
the other hand, it can supply household 2 which has 50 W
over a period of 35.8 h. With this energy for 24 h,
household 2 gives a surplus of energy of around 592 Wh,
enabling household 1 to operate for a further 1 h. This is
verified by the power curves Figs. (11d and 12d) where
household 2 transfers energy to household 1. This surplus
was used to recharge electric vehicles in the work carried
out by Salles-Mardones et al. (2022). The theoretical
energy produced using the Py, » formula is 1787 Wh, i.e.,
1.5% more than that simulated. The theoretical power
prediction formula can be used to assess the energy
performance of a PV array in an MG at a given time of
day and the results of this approach are closer to the
simulation values than those of Jie ef al. (2007) and the
formula goes beyond that of Mellit et al. (2020), which
only stops at the reference temperature.

The new approach verified the literature affirmation
which stipulates that, when the temperature increases, the PV
power decreases Fig. (13); and when the irradiance increases,
the PV power increases too, Fig. (14) (Ngoma et al., 2022;
Juma et al., 2021; Ait Cheikh et al., 2007).

In Fig. (13), the temperature is fixed and the irradiance
is varied. Besides, Fig. (14) presented the fixed irradiance
and the temperature variation.

The Table (6) resumes the comparative study between
different methods.

With Ppv_s the simulation power, Ppv_j the power PV

with Jie's method, Ppv_M the power PV with Mellit's
method, and Ppv_p the Ppv power proposed.

Figures (15-16) show the characteristics of the PVs
in households 1 and 2. The voltage of the PVs in
household 2 drops until it reaches the negative values
shown in Fig. (16) at 2 and 8 s; however, this drop does
not occur in household 1. In fact, it is observed that the
sudden variation in irradiance on the PVs leads to a
sudden drop in voltage giving negative voltage values
(Fig. 16a) at 2 and 8 where irradiance falls from 1000-
350 W/m? and from 1000-542 W/m? respectively (Fig. 9),
in contrast to household 1 where the drop in irradiance
is not sudden (Fig. 8).

This drop occurs for 0.2 s and then returns to normal
voltage (Fig. 17). Between 2 and 3 s, the PV powers
decrease caused by the rise of the temperature of the panels.
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Table 6: Comparison models

Household1[6,5s- Household 2[2s-4s] : 350 Householdl1,2 :
7,5s] :542W/m? ; 58°C  Household 1[3s] :1000 W/m? ; 45°C  W/m? ; 45°C 542W/m? ; 25°C
Description Values  Différence Values  Différence Values Différence Values Différence
Ppv_s (W) 251,4 533,5 - 174 -
Ppv_j (W) 274,1 8% 540,5 1.3% 189.1 8%
PovM (W) - - - 325,2 1%.
Ppv p(W) 255,3 1.5% 5429  1.73% 178.4 2.1% 321.9
PV2 voltage (V)
Ppv_T constante at 25°C J— f f '
(@
800 100 [~ m|
Z 600 o ]
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Fig. 13: Variation of PV power with irradiance when
Temperature is constant
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Fig. 14: Variation of PV power with Temperature when
irradiance is constant
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Fig. 15: Characteristics of PV1; a: PV1 Voltage (V); b: PV1
Current (A); c: PV1 power (W)
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Fig. 17: PV voltage zoom at 2 s of PV2

In these curves, it is noted that PV power is linked to
variations in meteorological conditions with irradiance
variation predominating (Kewat ef al., 2018). This abrupt
variation in irradiance has a temporary effect on the load
of the household.

The behavior of the batteries in households 1 and 2
during interconnection is represented in Figs. (18-19). It is
observed that the battery current in Fig. (19b) is the
opposite of its voltage in Figs. (18a and 19a) respectively
for each household. This demonstrates that when the
voltage increases, the battery recharges by storing a current.
These results are in agreement with (Harish ef al., 2019).
The SOC curve in Fig. (18d) discharges more rapidly than
in Fig. (19d) because the load on household 1 is 500 W.
From 1-2 s, battery 1 recharges. After 8 s, the batteries in
households 1 and 2 discharge more rapidly. It is shown that
the battery of Household 2 has a large discharge gradient
because it is now compensating for both loads. To reduce
this rapid discharge, household 2 could disconnect from
household 1 to work as a stand-alone system.
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The Vdc (Fig. 20) is maintained at the set voltage, the
maximum value of this being 52 V when the state of
charge is 100% and 42 V when the battery is at 80%, grace
to PI control. From 0-0.1 s, the voltage fluctuates because
the two sources are paralleled and their voltages are not
yet equal. These results are confirmed by Chaib et al.
(2016) who stipulate that when two generators are
associated in a system, the voltage of the DC bus takes
time before stabilizing; this affects the whole system. It
has been observed that voltage depends on changes in
weather conditions as confirmed (Li and Ho, 2021).

After studying 2 households, in the following
subsection, the interconnection of 3 households with
central storage is conducted, in order to validate the
reliability of the energy dispatching.

Voltage 1 (V)
T T T

Times (s)

18: State of the battery household 1; a: Voltage; b: current;
c: State of charge

Fig.

Voltage 2 (V)

SOC 2 (%)
100 frt T T T T =
o 000 - (O T A R s N
| I | | | | I | |
0 1 2 3 4 5 6 7 8 9 10
Time (s)

Fig. 19: State of the battery household 2; a: Voltage; b: current;
c: State of charge
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V)

Grid voltage

Fig. 20: Grid voltage

Interconnection of 3 Households with Central
Storage

In this case with central storage, households 1 and 2 are
identical in load (500 W) and meteorological conditions
and household 3 has a load (50 W), and the irradiance
different from them. Household 2 in the previous cases
becomes household 3 due to its different irradiance.

The grid voltage (Fig. 21) is not stable until t = 0.3 s
because of the household voltages, which are not equal as
they all fluctuate. After that time, the voltage becomes
stable and fluctuates for 0.1s at t=0.9 s when the common
load is connected and at t = 2 s and 2.29 s following
disconnection of households 3, 1 and 2 respectively from
the grid before reconnecting.

The Figs. (22-24a-c) do not change compared to the case
of the Interconnection of households 1 and 2 with different
loads and irradiance. It is observed only the change at the
energy transfer level Figs. (22 and 24d). Household 1 has the
same operation (PV generation and energy transfer or
demand) as Household 2 because they are identical.

Households 1 and 2 can only send power to the grid
when their PV power is greater than their load (506 W),
otherwise, they draw power from the grid between 0-3 s
for household 1 and between 0-2.5 s for household 2.
After that time, the interconnection of these households is
permanent. At t=2.29 s, the power of PV1 and PV2 falls
below the set power (506 W) for about 0.5 s as a result of
the increase in the temperature of the PVs from 25-45°C;
this cancels the power transfer in these households so that
they reconnect from 2.86 s as shown in Figs. (22-23), at
which time the power of PV1 and PV2 exceeds 506 W. In
Fig. (24d), energy cancels out at t = 2 s because PV3
power becomes less than 60 W and reconnects after 0.1 s.

When the connection is permanent, households 1 and
2 only send surplus PV power to the gridup tot =6.2 s
and discharge their batteries after this time, this is similar
to Sayed et al. (2024). However, household 3 only sends
power to the grid when the peak power is greater than 60 W,
i.e., greater than the load (50 W). The condition only
applies from 0-3.5 s and then the interconnection becomes
permanent. It has been noted that household 3 does not
extract power from the grid but rather transfers it to the
grid (Fig. 24d.) since its load (50 W) is lower than its PV
power produced (Fig. 24c.) demonstrating the energy
compensation. These results show the robustness of the
proposed model and are similar to the model of Sayed et al.
(2024); Hoffmann and Ansari (2019).
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Fig. 22: Characteristics Power of household 1; a: PV power;
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Fig. 24: Characteristics Power of household 3; a: PV power; b:
Battery power; c: Load power (W); d: Power 3
exchanged

When the connection becomes permanent for all
households, there is no longer any imbalance in the grid
despite variations in meteorological conditions, which
shows the reliability of this DC MG for interconnected
autonomous PV households. These results corroborate
those of Niti (2017); Eu-Tjin ef al. (2016), which confirm
the improvement in system reliability.

Figure (25) represents the state of charge of batteries
in households 1, 2, 3 and central. The batteries of all
households are discharging from 0-0.7 s because the PV
power is lower than the set power load and they are
recharged until t = 2.5 s. After t = 2.5 s, the batteries are
discharged but proportionally to the irradiance.

The battery in household 3 (SOC?) is fully charged
after t = 0.7 s because the load power (50 W) is less than
Ppv. With no PV power at t=8 s, battery 3 discharges
rapidly because it is not only supplying its load but also
compensating for the load of the other households, in this
case, the common load (Fig. 26c).

Since battery C is common, it does not charge
because the surplus of PV power is low, since it supplies
the common load (200 W), Fig. (26¢). This battery will
charge when the common load is disconnected and the
grid has a surplus.

After observation, it is recommended not to connect
the common load when the interconnection of the
households is not yet established, as this load delays the
synchronization of the system.
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The simulated power in this interval is 502W, whereas
the predicted power is Pupv, = 510.68 W, i.e., a difference
of around 2%. Formula (2) gives Pupv, j=548.27 W, i.e., a
difference of 8% to that simulated.

Figure (28) represents the state of charge of the
batteries of households 1, 2, 3, and central when household
2 has more peak power (1200 Wp) than the other two
(600 Wp). The first household's battery (Fig. 28a) is
discharging slowly due to its load (500 W). The battery in
household 2 is at 100% from 1.5 s-5.9 s because its power
PV2> Pcharge2, explaining the power transferred by this
household is greater (Fig. 28d) than in the previous case
where PV2 was 600 Wp (Fig. 25d).

Since battery C is common, it hardly charges at all
(Fig. 28d) because of the low surplus of PV power in the
grid (Fig. 29), since it supplies the common load (200 W).
Comparing the power sent in the grid when household 2
has 1200 Wp to the previous case, the difference is around
47%. It is mentioned that the rate of discharge is slower
than in the previous case when all households had the
same peak power (600 Wp), thanks to the surplus in
household 2. After t = 8 s, Ppv = 0 for all households,
which increases the rate of battery discharge. These
results are similar to those of Li and Ho (2021).
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Fig. 26: Grid characteristic; a: Grid voltage; b: Grid current; c:
Power of common load

Estimation of the Discharge Time

The discharging time for batteries of households 1 and
2 interconnected to the grid when the irradiance is at 542
W/m? between t = 6.2-7.5 s, the discharge rate is
0.00025%/s. This means 320,000 s (88.8 h) to reach 80%
equivalent to 42 V, which is the limit voltage of the grid.
When irradiance becomes zero at t = 8 s, PV = 0, the
battery will take 112,000 s to discharge, i.e., 31.1 h for a
power of 500 W.

Figure (27) represents the available power in the grid.
The power available is the surplus from households in
overproduction. This power increases as a function of
irradiance and is drawn by households in deficit and the
common load.

A study when the peak power of houschold 2 is
doubled (1200 Wp) as presented below is also conducted.

It is noted that household 2 supplies more energy to
the grid thanks to its high PV power, while the others have
600 Wp. The performance ratio of this household between
6.5 and 7.5 is still 62%. The result is similar to that of
(Mellit et al., 2020).
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Fig. 29: Power sent in the grid when household 2 has 1200 Wp
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Conclusion

This study has analyzed the operation of DC
interconnected  households under  meteorological
conditions. The interconnection of households improved
the performance of the household that is under production
by extracting power into the other household (grid) and
adding its efficiency at around 9%. The study showed that
weather conditions have an impact on energy production.
As the management system is individual, the
mathematical approach to power prediction has enabled
prosumers to program their control switches according to
the time of day or the power that their PV could produce
using meteorological data. The proposed MG solution
offers the advantage of individual management according
to the photovoltaic power produced. In this model, it was
shown that the operation of a household is not disrupted
by the disconnection or reconnection of another
household thanks to the voltage which is maintained at the
consigned value, but on the other hand, the system showed
that the common load is disrupted, although slightly when
households are disconnected or reconnected to the
network. It is therefore conceivable that, in future work, it
would be interesting to:

1. Filter the bus voltage to avoid disturbances to the
common load when the household disconnects or
reconnects from the grid.

2. Implement the proposed formula in the simulation
software

3. Count the energy exchanged between households by
placing a meter

4. Evaluate the losses as a function of the distance
between households in order to see how robust the
system is over long distances

5. Interconnect several households in order to detect
other factors that could influence the system

6. Carry out an experimental study
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