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Abstract

The increase demand for electricity and the non-renewable nature of fossil energy makes the move towards renewable
energies required. However, the common problem of renewable sources, which is the intermittence, is overcome by the
hybridization of complementary sources. Thus, whenever the load demand is not fully covered by the primary source, the
second one will absolutely support it.

Furthermore, the production, the interaction with the grid and the storage system must be managed by the grid-connected
hybrid renewable energy system, which is the main objective of this paper. Indeed, we propose a new system of a grid-connected
PV-battery, which can manage its energy flows via an optimal management algorithm. The DC bus source connection topology
in our proposed hybrid architecture tackles the synchronization issues between sources when the load is powered. We consider
in this work that choosing a battery discharge and charge limiting power provides an extension of the battery life. On the other
hand, we simulated the dynamic behavior of the architecture’s various components according to their mathematical modeling.
Following this, an energy management algorithm was proposed, and simulated using MATLAB/SIMULINK to serve the load.
The results have shown that the load was served in all cases, taking into account the electrical behavior of the inhabitants as
well as the weather changes on a typical day. Indeed, the load was served either by instant solar production between sunrise
and sunset, or the recovery from sunset to 10pm, which could be a stored or injected energy without exceeding the 1000W
per hour.

(© 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Peer-review under responsibility of the scientific committee of the Tmrees, EURACA, 2019.
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1. Introduction

In last few years, the energy consumption has been raised in Africa, but energy source systems still under
developed to meet the demand. In fact, energy consumption in Africa was about 752 million tons of oil, and 20%
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Nomenclature

PV Photovoltaic

COP Conference of the parties
TOU Time of use

AC Alternative current

DC Direct current

SOC State of charge

NWP Numerical weather predictions

of it was dedicated just to North Africa [1]. Although, this location is characterized by a significant renewable
energy potential [2]. This explains the policy of Morocco, as a country in North Africa, to accomplish 52% of
renewable energy in the total energy mix by 2030 [3]. Indeed, the target could be achieved by large scale renewable
plant as concentrated farms, but the development of hybrid energy system as small scale plant could be also a
track. Therefore, renewable energy is a good alternative to achieve the green objectives set by Morocco [4], but
the intermittency and uncertain nature still be a challenge. The first issue is tackled by hybridization, which is
considered as a system exploiting two or more complimentary sources, especially renewable ones [5]. Otherwise,
the behavior’s prediction of renewable energy could be simulated by mathematical model using the meteorological
parameters, which is developed in our study. For other models with non-access to Numerical Weather Predictions
(NWP), authors in [6] proposed an offline model to forecast the short term PV power. Alternatively, and for potential
availability constraints, the system can be satisfied with a single primary source with a backup storage. Following
this, several researchers have begun to be interested in the study of feasibility, techno-economic optimality, or even
the energy management of hybrid sources, which spawned several reviews in this sense [7].

With a hybrid bus configuration, authors in [8] propose a method to find which hybridization of the photovoltaic
(PV)-Wind-Battery system is cost effective. In [9], they showed the coupled PV-wind as the optimal solution for
Morocco. Authors in [10], by taking into account the Time Of Use (TOU), using two switching methods for a
hybrid grid-connected PV-battery system and they succeed to reduce electricity bill consumption to 50%. Likewise,
in [11] they developed a parallel resource switch control of PV-Wind-Battery hybrid system which deals with
autonomous systems. Otherwise, in [12] authors sized a hybrid system as a backup source during blackouts; its
energy management objectives were to minimize the cost of total energy consumed from the grid and prolong the
battery lifetime. For the same purpose, the authors in [13] performed a predictive model control of a grid connected
PV system with hybrid storage.

We notice that all the structures proposed in works cited previously have dealt with the problem of sizing
components and the cost minimizing of electricity purchased from grid. However, the design of the system does
not take into account the technical constraints, such as the threshold of continuous bus voltage, especially for
grid-connected systems. On the other hand, the problem of synchronization still present especially in hybrid bus
configurations, even if the reliability of the system is remarkable. In addition, the management of renewable surplus
production and critical cases due to insufficient energy were neglected.

In this work, the main goal is to study a new hybrid architecture solution for the PV-battery system connected to
the grid. The latter, using our energy management algorithm, is able to manage its energy sources, and estimate its
consumption from each source, in a time step of one hour. Our hybrid grid-connected PV-battery architecture was
developed respecting technical constraints and components health state. Also the system can work in both isolated
and connected mode. To do so, a modeling of the different sources and constraints of the system was developed
and simulated. The same constraints were taken into consideration when designing the flowchart of the energy
management procedure, as well as the algorithm implemented on MATLAB. Furthermore, the proposed system
overcomes other limitations such as AC sources synchronization issues, deterioration of the battery’s health status,
inadequate energy management during surpluses and energy shortages. This is proven by MATLAB simulation.

The paper structured as follow, the first section dedicated to the presentation of the hybrid architecture of the
PV-battery system; and devoted to the mathematical sub-components modeling. The second section describes the
proposed energy management system. The third section presents simulation and results. A discussion is drawn in
the fourth section. We conclude this work with summarizing results and we anticipate future researches.
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2. Hybrid system architecture and design

2.1. Our proposed architecture

The choice of renewable sources to hybridize still important, but the connection of these components also
remains a major element for a reliable system to avoid the technical problems that can affect the performance
of the system. The interaction between power elements, the current form and its transformation inside the system
classify it into various configurations. Indeed, configurations could be summarized into DC coupled, AC coupled and
hybrid coupled system. Otherwise, the choice depends on the system application, and some criteria reported in [14];
noticing that there is not one fit all configuration. The main objective of our study is to propose PV-hybrid battery
architecture able to connect or disconnect from the grid to manage its excess/lack of energy. The idea is to connect a
PV-battery hybrid installation in a house already connected to the grid and minimize the energy consumed from the
grid. This will contribute to reduce the environmental impact by using the renewable energy instead of conventional
sources; as well as reduce the house’s monthly bill. For this purpose, the proposed hybrid structure is presented in
Fig. 1. The figure shows our hybrid system on which our study is based. Indeed, the system includes a battery bank
and its bidirectional DC/DC converter, a photovoltaic installation and its unidirectional DC/DC converter to extract
its maximum power, the electrical grid and its AC/DC converter to avoid the synchronization problem, the DC/AC
converter to serve the load and finally e;(?) with i ={1,2,3,4}, which represent all the control switches in Fig. 1.
System will be able to manage its excess energy while feeding it into the grid or storing it in the battery storage
system for future use if necessary. However, it is necessary to respect a number of technical constraints related to
the proper functioning of the installation, indeed, the rectifier is a bidirectional system that cannot work in its two
modes simultaneously and for the battery health, it cannot be charged and discharged at the same time.

Bidirectional DC/DC converter

- o

Unidirectional DC/DC converter

S2(1)

o o-

S1(®)
Unidirectional DC/AC converter
o o

Bidirectional AC/DC converter

S3 (1)
3—0"0

o

Ss(0)

Fig. 1. The switching structure of the hybrid system.

In our case, we want to secure a solar power plant supplying a Moroccan house with a battery storage system.
According to the world perspectives, carried out by the World Bank, in 2020, the average consumption per person
will be around 1111 kWh/yr [15]. Forecasts have been made to estimate this consumption from 2015 to 2020
(Table 1) by the World Bank via estimates based on Jacob Cohen’s analysis [16].

Moreover, according to the High Commission for the Plan, the average size of a household is around four people.
Therefore, a household will be a consumer of electricity requesting a daily energy around 13 kWh. By taking into
account these specifications and other constraints related to the DC bus threshold, average battery capacity autonomy
of three days, the technical specifications of the hybrid system are shown in Table 2.

To manage the energy of this hybrid system, a good knowledge of the energy status of each component of the
system is required. To do this, the following sub-section focuses on the mathematical modeling of hybrid system
components.
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Table 1. Electrical consumption forecast from 2015 to 2020 [15].

Year Consumption (kWh/person) Variation (%)
2015 948 5.15
2016 980 3.46
2017 1013 3.34
2018 1046 3.24
2019 1076 3.13
2020 1111 3.04

Table 2. Hybrid system design.

DC bus voltage (V) Solar power plant (W) Battery capacity (Ah)
400 V 20 panels of 300 Wp 600 Ah

2.2. Mathematical component modeling

2.2.1. PV array

The solar panel could be modeled using a single or double diode circuit. The most common circuit model is the
single diode one, which was considered in many studies [17,18]. For our case, the PV panel is modeled using the
single diode equivalent diagram. Following this, the solar output current is expressed as Eq. (1) while considering
that the characteristic resistances are neglected [19,20], i.e. the circuit in Fig. 2. is ideal.

R
s +
MW O
Iph D X Rsh
O—
Fig. 2. The equivalent circuit of the PV.
G Lien + ki (T — T, v
ipv(GT) = 2 Uy + k(T — Ty — —2n T T 2T o (L ooy )y (1)
Gn ex (Vocn‘FkL'(T*Tn)) -1 nNSkBT/q
P\ " aNksT7g

where G (W/m?) and T (°C) are considered as the ambient irradiation and temperature, G, and T, are the irradiation
and temperature at standard conditions (1000 W/m?, 25 °C). Noting that, g (1.6021646 x 107! C) the electron
charge, kg (1.3806503 x 10723J/°K) the Boltzmann constant, n is the diode ideality factor, generally tacken
between [1, 2], Iy, (A) is the cell’s short circuit current at standard test condition, k; (A/°C) is the coefficient of
short circuit current, otherwise V,,., (V) the open circuit voltage and &, (V/°C) is the open circuit voltage variation
coefficient and finally N; is the series connected cells on the panel, respectively. Eq. (1) give us the output current
for a single PV panel, if we want to visualize the behavior of a PV plant, we must take into regard the numbers
Ny, N, of panels connected in series and in parallel, respectively, which is presented by Eq. (2). We propose in
our PV panel mathematical model to express the output current of a cell as a function of the voltage v,,,. Thus, the
power extracted from the panels is the product of the output current and the voltage at its terminals Eq. (3).

G Lien + ki (T —T,))N
iy (G T) = 2Ny [y + k(T — Ty — — e TR T ZTDNy o ( vev )
G, Yoentho (T =T))Nss | _ | nNsNgkpT/q
CXP\ "~ N, NyykpT/q

Ppy (T, G) = ipo(G, T)vpo(G, T) 3)
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To obtain the maximum, we will derive the function of the power in term of panel voltage; therefore the new
characteristic function of the output power is expressed as below:

G (Iscn + ki (T - Tn))N Vpv
Py, (T, G, Upu) = {G_Np [Lsen + ki (T —T,)] — P |exp TNNaksT | T 11}
n o (o) 1 L\
q

X Vp(G, T) 4

This modeling will allow us to have for each combination (T, G) a maximum power to be physically extracted
via several MPPT maximum power extraction methods [21,22]. For a combination (T, G), we assume the following
constants:

G
A (Ta G) = G_ [Iscn + ki (T - Tn)] Np (5)
Licn + ki (T —T,)) N
B(T,G) = —dsen hi )Ny ©)
eXp ((Vortl‘i’kv(l)];*Tn))Nsx) _ 1
nN;kpT Ny
b= )

Therefore, the power will be expressed as follow, taking into account the Eqgs. (5)—(7) which are assumed to be
constant for each pair (T, G).

vpy
va (T’ G, vpv) =(A(T,G)—B(T,G)e™ )vpv ®)
On the other hand, the derivative of the power function with respect to the voltage is given by Eq. (9).

vpy
v (B(T,G)vpe
dPPU(T’G’UPU):A(TsG)_B(T’G)eUPT_( ( )Upel)

9
Uy
The voltage corresponding to the maximum power is the one that cancels Eq. (9), its expression is as follow.

A(T,G)exp (1)) B 1)

B(T,G) (19)

Vinpp = Vs <Lambertw <O,

vpy

where the Lambert W function is the reverse function of the expression vp,e ¥ present in Eq. (10), more details
are described in [23]. So the maximum power is found while replacing each term of v,, in Eq. (8), by the v,
expression described by Eq. (10).

What has been demonstrated is our method estimation of the available power available to be injected into the
DC bus. However, the efficiencies of the conversion equipment are taken into account in our study. As a result, the
final estimation of the available power is given by Eq. (11). Where, npc is the efficiency of the DC/DC converter
linked to the solar system.

va (G’ T) = va(Ga T, Umpp)nDC (11)

2.2.2. Storage system

The equivalent circuit of a battery could be considered as a simple electrical model of a battery cell, where the
electromotive force E is connected in series with the internal resistance r of the battery. Indeed, by applying the
Kirchhoff’s law, we find the following expression. E}, is the voltage of the source; Ry, is the internal resistance
and n,, is the cell number.

Upare = np X Ep F 1y X Rpare X Lpass (12)

The battery capacity is given by Eq. (13) [24]. With AT is the temperature of the accumulator, C;y the nominal
capacity for a nominal current of I;y. Moreover, the state of charge is expressed by Eq. (14), with ¢ is the discharge
time at a current of I,,,. On the other hand, the charge and discharge voltages are expressed by Eqgs. (15) and (16)
respectively [25].

1.67 x (1 4+ 0.005 x AT)
CBm‘t = CIO 0.9 (13)

140.67 x (L)

Ip
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Lyuss X 1
SoC = 1 — b ™

(14)

batt

Ia [ 6 0.27
Vetare =1y x (2+0.16 x SOC) +m, x (1 — 7+ SocT +o.002) x (10007 x AT) (15)

batt

V = 2+0.16 x SOC) — Lban 6 + 27 + 0.00 (1 —0.007 x AT)
isCharee = Np X .16 x np X .002 ) x . x AT
disCharg b b Cio \ 1 I3 SOC!5

batt

(16)

The most significant element of a battery’s energy state is its state of charge (SOC). The latter depends essentially
on the charge and discharge process of the battery. Indeed, the state of charge is the available energy compared to
the maximum total energy of the battery. So we have:

dEpa
dt
where, Ej,;, is the battery energy and Ry, the energy power. In our case, the variation of the energy in the system
is determined by the power available on the DC bus. Indeed, it is zero, positive or negative, which means that the
battery is not operational, in a state of charge or in discharge, respectively. Following this, the variation in battery
energy is estimated by Eq. (18). Using Eq. (15) and taking into account the two states of charge and discharge of
the battery, the variation in battery energy is expressed by the system (19).

= Ppans (17)

Ebatt (f) = Ebatr (t - 1) + AEbatr (18)
Ppusienpeype if Pous > 0
AE = Py 1
batt b lf Pbus <0 ( 9)
Nbpc/pCNdis

By considering that the At is equal to one hour, the variation of energy is the power available on the bus. The
energy stored in the battery is less than the energy presented in the bus, because of losses caused by battery charging
Ppus(1-ncy) and by DC/DC conversion due to its efficiency npc/pc. Otherwise, the battery should support the
discharging losses, and those caused by DC/DC converter while supporting the demand in the DC bus. i.e. Pp,; < 0.

3. Our proposed energy management and switching system

Our control system must find the right state to assign to the decision vector defined as the group of switches
presented in Fig. 1, i.e. e(t) = [e|(?), ea(t), ea(t), es(t)]. At each instant, we want to compensate the power consumed
from the grid. Furthermore, the idea is to give the highest priority to the PV, then to the batteries to meet the load
demand. In lack of energy cases, the house executes its local management system, i.e. the load shedding, reduction
or translation of tolerant load demand; otherwise, the system takes energy from the grid, which will be the recovery
of the energy injected during the excess production. Indeed, over a selected period 7, the steady-state searched is
that defined with the following equation:

Pioad n eq (1) P,y (1) npc
Ninverter NRed
In order to work within standards, several constraints must be respected by our system. Indeed, the three sources
cannot inject energy at the same time, the injection into the grid cannot be made while consuming the energy from
it, and finally the battery must not supply energy within its recommended range nor be charged and discharged at
the same time. These constraints are modeled with the following equations.

€3 (1) Pres (t) +e1 (t) Ppy (1) npc + €2 (t) Pyar (1) Npcypc = (20)

e3(t) +es(t) <1 (21
er()text)+e(r) <2 (22)
Pmin = PBatt(l) =< Pmax (23)

Our management system begins by the estimation of the hybrid energy resource using the mathematical model
described in the previous section then move on to the study of the state of the switches according to the flowchart
below Fig. 4. The algorithm that describes the flowchart steps in details is presented by Fig. 3. According to this
management algorithm, the state mode system could be: state of balance, excess or lack of energy. Also, the battery



224 A. Chakir, M. Tabaa, F. Moutaouakkil et al. / Energy Reports 6 (2020) 218-231

Algorithm 1: Energy management algorithm
Result: control switching states
initialization
Collect (T.G), Pipua:
Initialize state of battery with its maximum state of charge and power SOC,,,.... Prottimar:
Pyria = 0. E; = [0000]
while While 1 do
Estimate P,,,,;
if P, == Py, then
Pyria = 0;
E; = [1000];
Hold previous battery state;
end
if P,..,, > P00 then
if SOC==50C,,,, then
E; = [1001];
P,,,,,/ = P’”I'I' P/,,,,,IZ
Hold previous battery state of charge and power;

clse
Estimate the battery lack power Py,
if Pyasin > Pupp — Pload then
Update SOC, Py
Ppia=0;
E; = [1100];
else
qui = Pm,.,. — Proaa — Fhan;
Update SOC, Py

E, = [1101];
end
end
end
if SOC==50C,,,,,, then
E; = [1010];

Pyia = 1)'"1'1' — Proads
Hold previous battery state of charge and power;
else
Estimate the battery available power Py,,,:
if Prartn > Proad — Pinypyp then
Update SOC, Py

Pq,v,,{ =
E; = [1100];
else
Pyria = Py — Proad -+ Poais;
SOC = SOC,,,;n:

Pratt = Poattmin:
E; = [1010];
end

Fig. 3. Proposed energy management and switching algorithm.

could be in charge, discharge or in rest mode. Moreover, the grid could be connected to inject the surplus of
production, or during the critical state just as a backup line. The hybrid system consists of four switches, which
correspond to binary control variables. In probability, this system accepts 24 possibilities; this is equivalent to 16
options. However, the majority of possibilities are eliminated by constraints or by non-valid conditions for example,
0000 and 1111 or even 0010 which represent the non-connection of any source, the presence of all sources and
the injection of all energy without serving the demand, respectively. Contrary to several solutions represented in
many works based on optimization method, our proposed energy algorithm takes into account the simplicity and
the low cost implementation of the algorithm developed to solve the energy management problem. Indeed, the
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[ Estimate Ppvmax (G,T), Pload(t), SOC(t) ]

]

Ppvmax(t)=Pload(t) YE:

|

e=[1000)]
Hold on battery state
Pgrid(t)=Pgrid(t-1)

NO
YES NO
! ! !

e i vES e=[1001] - !
Pdis=Pload -Ppvmax Hold on battery state Pdis=Ppvmax-Pload

Pbatt=(SOC(t)-SOCmin)Pbattmax pgrid()=Pgrid(t-1)+Ppvmax-Pload Phatt=(1-SOC(t))Phattmax/NcxNDC/DC

~No. SOC(t)=SOCmax
Yes
[——————

Pgrid>=Pload-Ppvmax

Pbatt>=Pdis No
No No
ld—] l Yes
No A NG L
) 2 discharging and . : . P .
discharging and ocass Purchasing process shifting and reduction of Charging and injecting Charging process
purchasing process ::[1100] e=[1001] loads  else grid process e=[1100]

e=[1100] Prid()=Pgrid(-1) Pgrid(t)=Pgrid(t-1)-Plack purchasing e=[1100] Pgrid(t)=Pgrid(t-1)

YES

SOC(t)=SOCmax

YES
v

Injecting process
e=[1001]
Pgrid(t)=Pgrid(t-1)+Ppvmax-Pload

Fig. 4. Proposed energy management and switching flowchart.

system does not require much memory, or mathematical equations that are difficult to solve which is the case for
other alternatives. Furthermore, the algorithm responds to a problem with the execution of real-time switching,
i.e. based on the demand of the residents. The load we are looking to satisfy is not constant throughout the day, a
consumption sensor makes its estimation and a random vector that varies between zero and the maximum power of
the considered study house ensures its dynamics on the simulation. The system also takes into account the losses
caused by the power electronics converters. As a result, the system calculates each time the power available on
the DC bus noted Py;s in the flowchart, which is none other than the power produced by the source corrected by
the conversion system efficiency coefficient that has been combined with it. The charging system is based on the
summation of the consumption of all the loads that are in operation at t instant of day. In case of lack, the global
management system initiates the local management system that depending on the type of load decides its criticality
to be powered during the ¢ instant mode or not. Indeed, the loads are divided into two categories, fixed and mobile
loads. Mobile loads are also divided into reducible, interruptible and non-interruptible loads.

So the local management system starts by limiting the load demand by eliminating interruptible loads and
programming them during excess energy hours, and reducing the reducible loads to 50% of their consumption.
After this correction if the requested load remains higher than the one produced, the electrical network takes over.
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4. Simulation and results

4.1. Uncertain variables: temperature, irradiation and power demand

The uncertain variables of our system are: Energy demand and weather conditions, namely: temperature and
irradiance. The determination of a site’s renewable potential can be done by interpolating reliable measurement
point data from nearby regions, which has been achieved by using neural networks in [26], in order to determine
the solar potential in Morocco.

Otherwise, the energy demand is estimated by studying the electrical behavior of the inhabitants. However, this
parameter does not influence the results of our algorithm. Indeed, our program is managed in real time and does not
require a prior processing. To simulate our program and validate it in all cases, an interval of random consumption
[0, 1500 W] was considered, see Fig. 6. This value (1500 W) was estimated as the dispersion of the total energy
consumed daily over an average consumption time of 9 h. For temperature and irradiations, we simulate our study
for a house in Marrakech, Morocco with an average daily irradiations of 5.4959 kWh/m? [27], the distribution of
this irradiations over one day, was carried out via TRNSYS, combined to METEONORM as a reliable database of
metrological conditions, which is presented by Fig. 5.

=
w ﬁ Gleo

S 600 &
S) €
< £
O 32 4500 ;
Pt 500 <
2 c
© 9
Q 50 400 g
g k=l
o 300 g
© E
28
200
26
E . <100
pyjun— R 1R AR R S T -
00:00 04:00 07:00 10:00 13:00 16:00 19:00 22:00
Time (h)
Fig. 5. Temperature and irradiation variation.
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Fig. 6. Electrical power demand variation.

4.2. PV panel and plant behavior

The power equation is a triple-parameter function, namely: irradiation, temperature and voltage. Thus for each
pair of metrological conditions (G,T), the panel responds by producing a power for each voltage applied to these
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terminals, explained in Fig. 7. The irradiation is the parameter that strongly affects the production of a panel.
Although the voltage decreases while increasing temperature, this slightly reduces the output power. Contrarily,
the irradiations directly affect the creation of current in the junctions. Also, the difference between the 300 Wp
mentioned by the constructor and the 314.6 Wp found by simulation is due to losses in the serial and parallel
resistances caused by real tests.

350 - ( | [xare | 7600
X368 | |v3192 —20°C

---30°C
40°C
——1000W/m?
- - ~800W/m?
---------- 600W/m?
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Voltage (V)

Fig. 7. PV panel behavior under different meteorological conditions.

4.3. Battery storage behavior

The behavior study of all battery’s types [28] is divided into electrical part [29] and battery aging prediction part
[30]. In the electrical part, we consider the study of the link between the different electrical parameters, namely:
current, capacity, voltage and the state of charge. Assuming no temperature variation, the battery capacity decreases
by increasing the discharge current. Indeed, the capacity mentioned by the constructor does not correspond to the
capacity of the battery during all operating conditions. The temperature, operating time and the required electric
current effects should not be neglected, which is held in account by Eq. (13). Also, the higher the charging current
is the shorter the recovery time of the storage energy will be. But, the charging current must not exceed a maximum
value to protect the battery’s from degradation. The presence of the state of charge in the equations, explains why
some researchers consider voltage as a variable decision of battery’s state. Indeed, by applying a battery charging
technique [31] the battery voltage starts to increase until it reaches the float voltage, otherwise during discharge,
the voltage decreases with time and demand current Fig. 8.

For a battery with a nominal voltage of 12 V, the recommended control system cut-off voltage is 11.8 V that
corresponds to SOC,,;, = 50%. However, during the final stages of charging cell voltage is usually regulated to a
float value, typically as a maximum 2.35 — 2.45 V [29], in our case it is around 13.8 V by battery unit.

4.4. Energy management and control simulation

Our algorithm is considered intuitively predictive, because we have assumed that the power demand variation
depends on time slots, and the battery power is the average consumption/hour of the charge. Also solar irradiations
can be assumed to vary significantly per hour. The power required by the load and the system behavior in response
to this demand are explained in Fig. 9. The priority is given to solar production, battery, and in case of excess or
lack of energy the grid intervenes, respectively. This is ensured by switches transition. We notice that when one
of the sources intervenes, its switch takes the unit state to collaborate on the DC bus. The differences between
the required power and the actual power consumed are due to the efficiencies of the conversion systems that were
taken into account during MATLAB modeling and simulation. Indeed, when the solar system is able to supply all
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Fig. 8. Charging and discharging curve of a battery storage.

the electricity to the load, the excess is fed into the grid unless the battery is not at its maximum state of charge.
However, if the power required by the load exceeds the power produced by the solar system, then the difference is
ensured by the battery. If the battery is at its minimum state of charge and the panels are still unable to ensure the
lack, the grid compensates the difference.
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Fig. 9. Result of the dynamics of the hybrid system connected to the network.

5. Discussion

Several studies have dealt with the case of energy management; the difference was noticed in the sources used,
the storage system taken into account and the connection or not to the grid. Among these works, we find those
mentioned in Table 3. Indeed, Wu et al. [10] the authors compared the intuitive solution with the optimal control.
The results showed that the optimal system could reduce the cost of electricity more than the predictive system.
This is a consequence, because they did not take into account the cost constraint or the price per time slot for
the intuitive approach. Furthermore, the system architecture does not take into regard the injection of PV energy
in case of excess. In addition, battery constraints force the battery to be either in charge or discharge mode, but
neither in rest mode. Others in [12] consider the battery lifetime for their proposed system. Indeed, the study deals
with countries where electricity producers distribute available energy according to a specific schedule, which results
in planned blackouts. Indeed, as a consequence of mixed integer non-linear programming problem solved via the
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Table 3. Comparative study of related work.

References Energy  Storage Bus Energy Optimization objectives Energy management
sources  system configuration management system approach
system strategy

Wu et al. [10] PV Battery AC bus Grid-connected Minimizing the Linear programing /
electricity cost intuitive control

Sabiri et al. [11] PV/Wind Battery DC bus Standalone Satisfying the demand  Flowcharts

Alramlawi et al. [12] PV Battery Hybrid bus Grid-connected Satisfying the demand/ Dynamic optimization
minimizing the total problem, Economic
cost of the grid Model Predictive
consumed energy/ Control (EMPC)

prolong battery lifetime

Guichi et al. [32] PV Battery Hybrid bus Grid-connected satisfy the battery, Flowchart
loads and grid energy
needs

Bartolucci et al. [13] PV Battery, FC DC bus Grid-Connected Minimizing total cost Mixed integer linear
of the system programming/ role

based control/ model

predictive control
Our proposed PV Battery DC bus Grid-connected Optimal energy manage Flowchart

/Algorithm

genetic algorithms, a predictive switching program with a prediction horizon equal to the network availability period
(ON-OFF) was obtained. However, the architecture forces the electrical current of the system to be unidirectional
except for the battery. This, as well as constraints on switch status, disadvantages the management of excess PV
and still considers the grid as a primary source. However, with hybrid energy storage, authors in [13] studied the
comparison between two different energy control management strategies. The first is a rule-based method, and
the second is a model predictive control. Their structure shows that the battery is connected directly to the DC
bus, which leads to a health deterioration. On the other hand, the choice of DC bus voltage does not respect the
inverter input voltage threshold, whether for injection or AC load supply. In addition, the intuitive system uses a
decision variable that is not relevant for control, such as the voltage for determining the state of charge of the
battery. We notice that the above work used a linear and dynamic programming; otherwise energy management
can be performed with a reduced state number algorithm, which is the case for the work discussed below. The
architecture developed by Sabiri et al. [11] carried out a PV-wind-battery hybrid system. The work used a parallel
resource solution to manage the use of energy, which may cause losses when the energy is available to be supplied
by both renewable sources. The storage control is not considered in this study according to significant states of
charge (SOC). With also a flowchart solution, the authors of Guichi et al. [32] sized the solar system to power
the load and charge the battery. This system follows the variations in grid demand. The limited power point mode
was applied to overcome the excess of power produced by the panels due to the oversizing of the installation.
Indeed, the authors must first take into account the maximum power that can be injected into the grid before sizing.
Otherwise, their management system disadvantages the battery’s health state by using 85% of its total capacity.
Therefore, for our case, we studied the energy shared between sources of a grid-connected PV-battery system to
meet the load. Indeed, following a mathematical modeling of the different components of our hybrid system, our
energy management control forces the grid to be considered as an emergency line. At each time slot, the flowchart
evaluates the energy coming from the PV plant, if it cannot support the load, the battery will take over. In critical
situation the energy sold to the grid will be recovered.

6. Conclusion and future trends

A renewable hybrid system can be optimized in several ways, including sizing, extracting maximum power, or
energy management. The latter is the most relevant in a renewable hybrid system and especially for those connected
to the grid, and this is the case that has been discussed in our work. In this paper, we analyzed the end-user electricity
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satisfaction by using a grid-connected system as a local micro grid. We proposed an energy management algorithm
to handle the energy consumed by each source, namely: the solar source, the grid and the battery storage. The
system configuration plays a very important role in the system; both at the sizing and management level. So to
meet the technical constraints, the DC bus topology was considered and new hybrid architecture was proposed.
The proposed energy management system comes to give priority to solar production, if not to the storage system,
then to the national electricity grid. Furthermore, the energy produced by the solar system is managed even during
excess. As results given by simulation are the same given by the constructor our mathematical modeling of the solar
system is proven reliable, with a few watts accuracy due to the resistances losses. The proposed energy management
algorithm is able to minimize the operational energy losses of a household. Indeed, a one-day simulation with a
one-hour simple step was performed, and the results showed that the system is fully compliant with the technical
constraints imposed during modeling and respect the priority orders mentioned above. Subsequently, the system
will take into account the real electrical behavior of the Moroccan consumer, via the simulation of its statistical
laws of behavior. On the other hand, our algorithm is perfectly adapted to a low-cost implementation that will also
be taken into regard for our future work.
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