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 This paper presents novel Energy Management Strategies (EMSs), and the control of a 
Grid-Connected Hybrid Renewable Energy System (GCHRES). The GCHRES describes a 
Photovoltaic Generator (PVG) and a Battery-Based Storage System. Both are tied to the 
Common Coupling Point (CCP) through a reversible three-phase inverter. The CCP 
combines the Utility Grid (UG) and an AC house load supplied primarily by the PVG. The 
UG supports the PVG in case of deficit. The battery is designed for peak shaving application 
to avoid the UG subscription power exceeding. Due to the weakness of the battery-bank, 
all EMSs aim to ensure continuity of supply while preserving the battery-bank from over-
charges and high depth of discharges. This being said, the reducing of its lifespan would 
be avoided. Furthermore, These EMSs aim also to reduce the monthly UG customer energy 
bill. They differ depending on the type of metering with the UG. The energy balance within 
the system is ensured by controlling the battery and the PVG powers, as well as the power 
exchange with the between the inverter and the UG. The performances of the GCHRES, 
under different metering cases, and under several operation modes, were verified in 
MATLAB/Simulink based on real solar irradiation and temperature profiles data 
corresponding to the region of Marrakech, Morocco. Results in terms of demand meeting, 
DC-Bus voltage regulation, global system stability and power references tracking are 
presented in this paper. 
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1. Introduction   

Nowadays, the energy demand is permanently increasing, 
causing an energy crisis due to the depletion of fossil energy 
sources such as coal, oil and natural gas. Therefore, the price of 
electricity from centralized generation keeps increasing as well. 
In addition, the environmental deterioration of the planet due to 
Greenhouse Gases emission, as well as the technological 
development of energy control, have made the integration of 
renewable energy sources more attractive for professionals as 
well as for individuals. These clean and abundantly available 
renewable power sources such as solar and wind powers, which 
fall under the scope of Decentralized-Generation, are currently 
more profitable and widely exploited, and can be used either in 
Grid-connected or autonomous modes. The application of PV 
systems has become more common in developed and growing 
countries, and their performances are better in high solar 
irradiation areas, and can provide enough power if properly 
operated. Due to the intermittency of climatic conditions, the 

output power of the Photovoltaic Generators (PVGs) is affected. 
This latter have enormous energy potential, even if their 
efficiency is relatively low (25% to 30%). Under these variable 
conditions, the power delivered changes according to the voltage 
imposed on their terminals. In order to take advantage of the fully 
PVGs potential, the Maximum Power Point (MPP) of the 
Voltage-Power curve must be reached for any solar irradiation 
and temperature value. Maximum Power Point Tracking (MPPT) 
algorithms have been developed to achieve this purpose. Several 
works have been carried out for MPPT algorithms development, 
among which stand out [1]-[4], and which differ according to a 
compromise between complexity and desired performances. An 
MPPT using Adaptive Fuzzy Logic control for Grid-connected 
Photovoltaic systems is presented in [5]. These MPPT algorithms 
are divided into two families: on the one hand those based on 
power derivation method such as Incremental Conductance 
(INC). On the other hand those based on voltage/current feedback 
such as the Perturb and Observe (P&O) [6]. A comparison of the 
dynamic and the speed of different MPPT algorithms is presented 
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in [7]. The most commonly used MPPT algorithm is P&O due to 
its simple implementation and good performances [8], [9]. 
 

One of the major advantages of PVGs is their smooth 
integration via existing power converters. Unfortunately, their 
output power is highly dependent on weather and climatic 
conditions. Therefore, perfect services to UG and loads, requiring 
constant power profiles, cannot be guaranteed. Consequently, 
PVG alone will not lead to satisfying results. Hence, it is either 
Grid-connected or associated with a storage system 
(Hybridation), or even with both simultaneously, to ensure 
supplying continuity. The storage device can be a battery-bank, 
fuel-cell/electrolyzer system, flywheel, super-capacitor, 
compressed air… and the way the energy is stored depends on the 
application.  

 
As said before, solar systems can be either autonomous, or 

connected to the Utility Grid (UG) which represents the purpose 
of this paper. Grid-connected solar systems can operate either for 
total, or surplus sale in case of self-consumption. In both cases, a 
certain power will be destined to injection into the UG. Total sale 
system is beneficial for individuals in countries where the selling 
price of solar energy is higher than UG supply energy price. Other 
countries grant self-consumption bonuses, thus it is more 
beneficial to maximize the consumption of the produced solar 
energy, and to sell the surplus to the UG after that. Technically, 
the difference between these two systems lies on the metering 
solution. Figure 1 shows two metering solutions that can be 
adopted for total sale and for surplus sale. In case of total sale as 
shown in Figure 1(a), a no-consumption meter can be added 
between the DC/AC converter and the Common Couplin Point 
(CCP), to avoid charging the battery with the low price energy of 
the UG, before reselling it to the latter with higher injection price. 
Regarding self-consumption case, UG provides power when PVG 
generation is either zero or unable to satisfy the load demand. 
However, monthly energy bill of UG subscriber increases with the 
increase of its subscription power. As a result, peak shaving would 
be an advantageous application of the storage system for the UG 
subscriber. In fact, the kWh in many countries is more expensive 
in peak hours where energy demand is high. Peak shaving will 
reduce the power requested from the UG in this time period, 
leading to a reducing of the subscription power and the energy bill 
as well. It will be also beneficial in the perspective of eliminating 
penalties due to subscription power exceeding. Peak shaving 
would be beneficial also for the UG and for environment. At the 
UG level, the decrease in power demand reduces the risks of grid 
congestion, reducing as well the necessity of calling the backup 
centralized stations. For example, in Morocco, the kWh produced 
is still very polluting, given that 61% of electricity is produced 
from coal centralized stations [10]. Thus, at the environmental 
level, less demand from these stations means less Greenhouse-
Gases emissions. An operating power and discharge time based 
comparison of different storage devices is presented in [11], and 
batteries are most suited for peak shaving applications. However, 
this storage system requires accurate regulation of 
charge/discharge currents within manufacturer specified range in 
order to increase its lifetime. Adding constraints of State Of 
Charge (SOC), which must be kept in a recommended range, to 
avoid creating harmful irreversible reactions in the battery 
electrodes, and hence decreasing its lifespan. Sizing properly the 

battery-bank is essential, in the aim of getting operational for peak 
shaving, as soon as the UG power requested reaches its maximum 
allowed power known as the subscription power. Peak shaving via 
batteries in France had been studied in [12], and inspired the 
battery-bank sizing method presented in this paper.  Figure 2 
shows some metering cases that can occur for Grid-connected 
solar system in self-consumption mode and which are adopted in 
Morocco, and will constitute the basis of the development of the 
proposed Energy Management Strategies (EMSs) in this paper. 
Whatever the meter is, if solar production is either zero or 
insufficient to meet load demand, the metering index increases to 
give the electrical energy consumed in kWh to the distributor, 
since the deficit is provided by the UG. When the output power of 
the PVG exceeds the one requested, the metering index works 
according to the metering type: 
• Digital Metering (DM) Figure 2(a): by injecting into the UG, 

the consumption metering index start increasing as if the 
individual has consumed the injected energy (concerns 
around 1 million Moroccan UG subscribers) [13]. 

• Irreversible Electromechanical Metering (IEM) Figure 2(b):  
by injecting into the UG, the metering index does not change 
because the rotation of the disc in the opposite direction is 
prohibited. Energy is injected and consumed in the 
neighborhood for free. 

• Reversible Electromechanical Metering (REM) Figure 2(c): 
during injection, the meter index will   subtract the injected 
energy because the rotation of the disc in the opposite 
direction is allowed. 

It is clear that the last metering system is the most favorable 
for the UG subscriber.  

In this paper, battery integration with the aim to realize peak 
shaving, throughout the different metering cases presented in 
Figure 2, will be studied, by managing the power flows within the 
Grid Connected Hybrid Renewable Energy System (GCHRES). 
This paper deals with a Grid-connected solar system 
corresponding to a self-consumption operation, and as part of fair 
net-metering; 1kWh given for one 1kWh delivered [13], without 
taking into account solar energy selling and UG energy buying 
prices. Hence, three EMSs are proposed, depending on the 
metering type and on the grid injection limitation modes. Their 
main objective is to permanently satisfy the house loads demand. 
The battery charge and discharge will be carried out while 
respecting its technical constraints, related to its SOC and its 
maximum charging/discharging powers. It is noticed that the 
system studied do not contain dump load. The first EMS (EMS 1) 
targets a system equipped with either reversible or irreversible 
electromechanical meter, when injection into the UG is allowed 
without limitation. Therefore, the PVG is operating globally 
under the control of the MPPT algorithm. The second EMS (EMS 
2) targets a system with same metering types, but in grid injection 
limitation case. The output power of the PVG is limited in certain 
cases by the mean of a limitation power point tracking algorithm, 
called LPPT and presented in [14]. Different LPPT control 
schemes are presented in [15]. The two EMS presented above are 
combined in one flowchart. The third EMS (EMS 3) is destined 
to digital metering where the subscriber will suffer financial 
losses in the event of an injection into the UG. Injection should be 
avoided at all cost. The output power of the PVG is limited in 

http://www.astesj.com/


M. Othmani et al. / Advances in Science, Technology and Engineering Systems Journal Vol. 7, No. 2, 32-52 (2022) 

www.astesj.com     34 

certain cases by the mean of the LPPT control. The three EMSs 
are presented in detail in a following section. Performances of the 
proposed GCHRES under the supervision of the different EMSs 
are simulated in MATLAB/SIMULINK using real weather data 
corresponding to the region of Marrakech in Morocco. 
 

This paper is structured as follow: section II presents a 
description of the proposed GCHRES and the control of its 
different components. Section III presents the battery-bank sizing 
method and the proposed EMSs with their different operating 
modes. Section IV presents and discusses the results obtained by 
simulation on MATLAB/SIMULINK. Finally, section V 
summarizes the results obtained in a conclusion. 
 

 
Figure 1: Metering solution for Grid-Connected solar systems (a) total sale (b) 

surplus sale 

2. System Modelling and Control 

The proposed system constituting the GCHRES is illustrated 
in Figure 3. Its architecture based on two buses (DC and AC 
buses), includes a PVG, considered as the main power source 
intended to meet the variable demand of a house located in 
Marrakech, Morocco. The UG is the main backup source in the 
event of a PVG power deficit. A battery-bank is used for peak 
shaving application. The PVG and the battery, via their respective 
power converters, are connected to the DC-Bus. As the DC-Bus 
voltage is higher than the PVG voltage variation range, the 
interfacing between these two elements is realized via a DC-DC 
Boost converter. This solution makes it possible to reduce the 
number of solar panels constituting the PVG and thus to reduce 
the initial investment cost. The battery-bank voltage can be kept 
lower than the DC-Bus Voltage, by realizing the charge and 
discharge operations through a bidirectional DC/DC Buck-Boost 
converter (BBDC). The converter operates in Buck mode during 
the charge, and in Boost mode during the discharge, thus making 
it possible to limit the number of batteries constituting the battery-
bank. The DC-Bus output is connected to the CCP combining the 
UG and the AC-house via an IGBT based three-phase reversible 

inverter called Alternative Side Converter (ASC) in this paper. A 
state based supervisory controls the power flows within the 
GCHRES. 
It is important to notice that in this paper, expressions including 
powers related to the battery, UG, PVG and the Load are 
presented in a way that respects the powers convention sign in 
MATLAB/SIMULINK. It means that all powers related to the 
battery charging process are positives and all the ones related to 
its discharging are negatives. Concerning the UG, all powers 
related to injection are positives and all the ones related to its 
consumption are negatives. Unidirectional load and PVG powers 
are always positives. The detailed description of each part of it, as 
well as the proposed EMSs will be explained in futures sections

 
Figure 2: Metering cases for Grid-Connected solar systems in Morocco (a) DM 

(b) IEM (c) REM 

 
Figure 3: Architecture of the proposed GCHRES 
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2.1. Photovoltaic Generator Mathematical Modelling 

  A photovoltaic array is the association of several photovoltaic 
cells. Many mathematical models of photovoltaic cell have been 
developed to represent their highly nonlinear behavior, caused by 
semiconductor junctions constituting the basis of their 
construction. The single diode representation presented in Figure 
4 is adopted in this paper, considered as the most commonly used 
model [16]. The PV cell output current 𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 [A] is given by (1). 
 
where: 𝐼𝐼𝑝𝑝ℎ Photo-Current depend on solar radiation and cell 
temperature [A]; 𝐼𝐼𝑑𝑑  Diode Current  [A] ; 𝐼𝐼𝑠𝑠ℎ  Shunt Resistance 
current [A]. 
 
The photo-current  𝐼𝐼𝑝𝑝ℎ [A]  is given by (2).  
 
Where: 𝐼𝐼𝑠𝑠𝑠𝑠  Short-Circuit current of the cell under STC [A]; 𝐾𝐾𝑇𝑇 
Temperature coefficient of the short-circuit current [A /K];  𝑇𝑇𝑐𝑐 
Temperature of the cell [K]; 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 Reference Temperature of the 
cell [K]; 𝐺𝐺  Solar Irradiation [W/m²]; 𝐺𝐺𝑟𝑟𝑟𝑟𝑟𝑟  Reference Solar 
Irradiation [W/m²]. 
The current 𝐼𝐼𝑑𝑑  [A]  passing through the diode is given by (3), 
where 𝐼𝐼𝑠𝑠 [A] represents the Diode Reverse Saturation Current 
given by (4), and 𝐼𝐼𝑟𝑟𝑟𝑟[A] given by (5) represents the Diode Reverse 
Saturation Current under STC. 

 
 

𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐼𝐼𝑝𝑝ℎ − 𝐼𝐼𝑑𝑑 −  𝐼𝐼𝑠𝑠ℎ                               (1) 
 
 

𝐼𝐼𝑝𝑝ℎ = [𝐼𝐼𝑠𝑠𝑠𝑠+ 𝐾𝐾𝑇𝑇(𝑇𝑇𝑐𝑐 − 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)]𝐺𝐺/𝐺𝐺𝑟𝑟𝑟𝑟𝑟𝑟       (2) 
 
 

 𝐼𝐼𝑑𝑑 = 𝐼𝐼𝑠𝑠 [𝑒𝑒(𝑞𝑞(𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐+𝑅𝑅𝑠𝑠𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)/𝐾𝐾𝑇𝑇𝑐𝑐𝐴𝐴) - 1]               (3) 
 

𝐼𝐼𝑠𝑠  =  𝐼𝐼𝑟𝑟𝑟𝑟 (𝑇𝑇𝑐𝑐/𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟)3  𝑒𝑒
𝑞𝑞𝐸𝐸𝑔𝑔( 1

𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟
 − 1𝑇𝑇𝑐𝑐

)

𝐾𝐾.𝐴𝐴                     (4) 
 
 

𝐼𝐼𝑟𝑟𝑟𝑟 = 
𝐼𝐼𝑠𝑠𝑠𝑠

𝑒𝑒
𝑞𝑞.𝑉𝑉𝑜𝑜𝑜𝑜

𝐾𝐾.𝑁𝑁𝑠𝑠.𝐴𝐴.𝑇𝑇𝑐𝑐 −1 
             (5) 

 
where:  𝐼𝐼𝑠𝑠  Diode Reverse Saturation Current [A]; q Electron 
Charge (1.602 x 10−19C);  𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  Cell Voltage [V]; 𝑅𝑅𝑠𝑠 Cell Serie 
Resistance [Ω]; 𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  Cell Output Current [A];  K Boltzmann 
Constant (1.38 x 10−23J/K); A Cell ideality factor dependent on 
PV technology; 𝐸𝐸𝑔𝑔 Gap energy of the semiconductor used in the 
cell (1.1eV for Silicon) [eV]; 𝑉𝑉𝑜𝑜𝑜𝑜 Cell Open Circuit Voltage [V];  
Ns Number of cells connected in series. 
In this model, 𝑅𝑅𝑠𝑠  models Joule effect Losses, while 
𝑅𝑅𝑠𝑠ℎ represents the losses due to the imperfect nature of materials 
used for solar cells making.  
 

 
Figure 4: Single diode representation of a PV cell 

Several PV cells are connected to obtain a PV array. Connecting 
them in parallel results in a higher output current, while output 
voltage increases if they are connected in series. The same thing 
occurs when passing from PV array to PV fields constituting a 
PVG. Therefore, depending on the application and the load to be 
supplied, the PVG should consist of  𝑁𝑁𝑠𝑠  array in series 
constituting strings and 𝑁𝑁𝑝𝑝 strings connected in parallel. In this 
study, it is considered an 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 = 8. 1kWp PVG peak power. The 
solar array used in the simulation is a 1SOLTECH-1STH-215P 
from the SIMPOWERSYSTEMS library present in SIMSCAPE 
in MATLAB/SIMULINK, with a peak power of 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎,𝑚𝑚𝑚𝑚𝑚𝑚 = 
213.1Wp in Standard Test Conditions (STC). It corresponds to a 
single diode model presented above, whose input parameters are 
the solar irradiation and the cell temperature. The number of 
arrays N necessary in order to reach an overall power of about 
8. 1𝑘𝑘𝑘𝑘𝑝𝑝 is equal to 38 according to (6). By choosing 𝑁𝑁𝑠𝑠 and 𝑁𝑁𝑝𝑝 
equal to 19 and 2 respectively, the operation range of the PVG 
voltage will be comprises between 𝑉𝑉𝑠𝑠𝑠𝑠=0V and 𝑉𝑉𝑜𝑜𝑜𝑜=689V, and a 
DC/DC Boost converter is needed to allow the connection 
between the PVG output and the DC-bus of 1000V. The 8. 1kWp 
PVG Voltage-Current and Voltage-Power curves, in STC, are 
presented in Figure 5(a) and Figure 5(b) respectively, depicting 
the PVG main characteristics.  

 

𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑃𝑃𝑃𝑃𝑃𝑃
𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

= 8100
215

= 37.34                     (6) 

 
Figure 5: PVG characteristics curves in STC (a) Current-Power (b) Voltage-

Power 
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Equations (7) and (8) show the DC/DC Boost converter 
input/output voltages and input/output currents relations 
respectively.  
where: 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑉𝑉𝐷𝐷𝐷𝐷  DC-bus voltage [V]; 𝑉𝑉𝑖𝑖𝑖𝑖 = 𝑉𝑉𝑝𝑝𝑝𝑝  PVG output 
Voltage [V]; 𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜  Boost converter output current [A]; 𝐼𝐼𝑖𝑖𝑖𝑖 = 𝐼𝐼𝑝𝑝𝑝𝑝 
PVG output current [A]; D Duty Cycle of the converter. 

By neglecting losses, the relation between the input and output 
powers of the converter is given by (9). Equations (10) and (11) 
show the maximum and nominal powers of the DC/DC Boost 
converter respectively [12]. According to (7), the duty cycle 
increase causes the PVG voltage decrease, and its decrease results 
on the PVG voltage increase. 
 

 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 =   𝑉𝑉𝑖𝑖𝑖𝑖/(1 − 𝐷𝐷)                             (7) 
 

 𝐼𝐼𝑖𝑖𝑖𝑖 =   𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜/(1 − 𝐷𝐷)                              (8) 
 

 𝑃𝑃𝑖𝑖𝑖𝑖 = 𝑃𝑃𝑝𝑝𝑝𝑝 =  𝑉𝑉𝑝𝑝𝑝𝑝 . 𝐼𝐼𝑝𝑝𝑝𝑝 = 𝑉𝑉𝐷𝐷𝐷𝐷 . 𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜               (9) 
 

 𝑃𝑃𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑃𝑃𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚                                (10) 
 

 𝑃𝑃𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑛𝑛𝑛𝑛𝑛𝑛 = 0.9𝑃𝑃𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚                                 (11) 
 

2.2. Photovoltaic Generator Control 

Depending on the EMS in operation and on the application, the 
PVG will have to be controlled by two different algorithms. If the 
fully potential of the PVG is requested, then it will be controlled 
by the mean of the MPPT, otherwise, if its output power must be 
limited, the LPPT will take over. In both cases, reaching the 
operating point is often achieved by introducing a DC-DC Boost 
Converter, which constitutes a voltage adaptation stage between 
the PVG output and the DC-Bus. In both cases, the control 
algorithm generates at its output the duty cycle of the converter, to 
reach the desired voltage on the PVG voltage-power curve. PWM 
generates the IGBT switching signals according to this duty cycle. 
The decision of limiting the power is given by the supervisory 
system according to the EMS in operation. It is possible to 
integrate the PVG control via the ASC, but it is not possible in this 
case as the PVG voltage, varying between 𝑉𝑉𝑠𝑠𝑠𝑠=0V and 𝑉𝑉𝑜𝑜𝑜𝑜=689V, 
is lower than the 1000V’s DC-Bus. The overall PVG architecture 
control is shown in Figure 6. The characteristics of the DC/DC 
Boost converter used in the simulation are summarized in Table 1. 

 
Figure 6: Overall PVG control architecture 

By using a P&O control algorithm, the optimal point 
(𝑉𝑉𝑀𝑀𝑀𝑀𝑀𝑀, 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀) is reached for any value of temperature and solar 
radiation. The P&O algorithm corresponds to the right part of 
Figure 9 and its operation on the voltage-power curve is depicted 
in Figure 7. In case of power limitation, the PVG reference power 
is calculated by the supervisory system according to the EMS in 
operation. This power is achieved using the LPPT algorithm. As 
with the MPPT, the LPPT makes it possible to reach the limited 
power point (LPP) on the voltage-power curve, by imposing the 
corresponding voltage on the PVG terminals. Seen the bell shape 
of this curve, this power corresponds to two voltages. It is 
preferable to impose the greatest voltage (located on the right side 
of the MPP) to decrease the PVG output current, in order to 
decrease the Joule effect losses according to (9). The LPPT step 
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 is reduced when entering the convergence zone (12), 
in order to reduce the amplitude of the oscillations around the 
power reference 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃, and thus to increase tracking precision of 
this reference. The LPPT algorithm corresponds to the left part of 
Figure 9 and its operation on the voltage-power curve is depicted 
in Figure 8. 
 

𝑃𝑃𝑃𝑃𝑃𝑃 − 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 <  𝜀𝜀                                 (12)   

Table 1: DC/DC Boost converter characteristics 

𝑳𝑳𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃 0.0001H 

𝑷𝑷𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝒏𝒏𝒏𝒏𝒏𝒏  7.29kW 

𝑷𝑷𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝒎𝒎𝒎𝒎𝒎𝒎  8.10kW 

               

 
Figure 7: P&O algorithm principle 

 
Figure 8: LPPT algorithm principle 

2.3. Battery System Mathematical Modelling 

      Batteries are no longer simple components with reduced 
number of developed models, so it is not easy to model the 
electrochemical interactions of a battery by simple circuits. In the 
literature, many models are available [17]-[20], to meet fine and  
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Figure 9: Overall PVG control algorithm 

rapid simulation needs. New dynamic models of Lead-Acid 
batteries are presented in [21], and take into account the dynamic 
character of the elements of the equivalent circuit, namely the 
resistance and the capacity of the main branch. In our case, a 
simple model is sufficient, responding properly to charge and 
discharge battery requests. In this study’s simulation a Lead-Acid 
battery is used. It is included in the SIMPOWERSYSTEM 
Toolbox of MATLAB/SIMULINK. The battery is modeled as a 
variable voltage source connected in series with an internal 
resistance, so the voltage across the battery is given by (13).  The 
internal resistance 𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖 of the battery is assumed to be constant 
during charge and discharge and does not change with the 
magnitude of the current. Contrary to this, the open circuit voltage 
𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏  is different during charging and dischaching processes. It 
depends on the battery current  𝑖𝑖𝑏𝑏𝑏𝑏𝑏𝑏 , on the capacity extracted and 
on the Hysteresis phenomenon of the battery. Therefore, 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏 is 
given during discharging and charging processes by (14) and (15) 
respectively, and the instantaneous value of the SOC is given by 
(16), according to [22]. 
 

𝑈𝑈𝑏𝑏𝑏𝑏𝑏𝑏 =  𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏 − 𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑏𝑏𝑏𝑏𝑏𝑏                              (13) 
 

𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏−𝑑𝑑é𝑐𝑐ℎ =  𝐸𝐸0 − 𝐾𝐾. 𝑄𝑄
𝑄𝑄−𝑖𝑖𝑡𝑡

. 𝑖𝑖∗ −  𝐾𝐾. 𝑄𝑄
𝑄𝑄−𝑖𝑖𝑡𝑡

. 𝑖𝑖𝑡𝑡 + 𝐹𝐹ℎ𝑦𝑦𝑦𝑦𝑦𝑦−𝑑𝑑é𝑐𝑐ℎ(𝑖𝑖𝑏𝑏𝑏𝑏𝑏𝑏)    (14) 
 

𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏−𝑐𝑐ℎ𝑎𝑎𝑎𝑎 =  𝐸𝐸0 − 𝐾𝐾. 𝑄𝑄
|𝑖𝑖𝑡𝑡|+0,1.𝑄𝑄

. 𝑖𝑖∗ −  𝐾𝐾. 𝑄𝑄
𝑄𝑄−𝑖𝑖𝑡𝑡

. 𝑖𝑖𝑡𝑡 + 𝐹𝐹ℎ𝑦𝑦𝑦𝑦𝑦𝑦−𝑐𝑐ℎ𝑎𝑎𝑎𝑎(𝑖𝑖𝑏𝑏𝑏𝑏𝑏𝑏)  (15) 

 
SOC(%) = 100. (1−∫𝑖𝑖𝑏𝑏𝑏𝑏𝑏𝑏.𝑑𝑑𝑑𝑑

𝑄𝑄 )                           (16) 
 

where: 𝑈𝑈𝑏𝑏𝑏𝑏𝑏𝑏  Voltage at the battery terminals [V] ; 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏  battery 
Open-Circuit Voltage [V]; 𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖 battery Internal Resistance [Ω]; 
𝑖𝑖𝑏𝑏𝑏𝑏𝑏𝑏 battery Current [A]; 𝐸𝐸0 Constant Voltage [V]; K Polarization 
constant or polarization resistance; 𝑖𝑖∗ Dynamic Low Frequency 
current [A]; 𝑖𝑖𝑡𝑡  Capacity Extracted [A]; Q Maximum battery 
Capacity [C]; 𝐹𝐹ℎ𝑦𝑦𝑦𝑦𝑦𝑦−𝑐𝑐ℎ𝑎𝑎𝑎𝑎(𝑖𝑖𝑏𝑏𝑏𝑏𝑏𝑏)& 𝐹𝐹ℎ𝑦𝑦𝑦𝑦𝑦𝑦−𝑑𝑑é𝑐𝑐ℎ(𝑖𝑖𝑏𝑏𝑏𝑏𝑏𝑏) battery current 
Functions representing HYSTERESIS phenomenon of the battery 
during charge and discharge respectively. 
 
Equations (17) and (18) shows respectively the maximum and 
nominal powers of the DC/DC Boost converter [12]. 
 

𝑃𝑃𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵−𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚 = max (|𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚|,𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑚𝑚𝑚𝑚𝑚𝑚 )              (17) 

𝑃𝑃𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵−𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑛𝑛𝑛𝑛𝑛𝑛 =  0.9𝑃𝑃𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵−𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 
𝑚𝑚𝑚𝑚𝑚𝑚                          (18) 

 
where 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚  and   𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑚𝑚𝑚𝑚𝑚𝑚  are the battery maximum 
charging and discharging powers respectively (battery charging 
power is counted negatively in MATLAB/SIMULINK). Figure 
10 shows the equivalent circuit of the battery according to the 
model described below. The characteristics of the battery-bank 
overall system, used in simulation are presented in Table 2, where 
the complementary informations concerning the battery sizing are 
presented in section III. 

Table 2: Simulation overall battery-bank system characteristics 

BBDC Control technique PWM 
Battery Type Lead Acid 

𝑵𝑵𝒔𝒔 42 
𝑵𝑵𝒑𝒑 1 
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𝑽𝑽𝒃𝒃𝒃𝒃𝒃𝒃 504V 
𝑪𝑪𝒃𝒃𝒃𝒃𝒃𝒃 100Ah 

𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝒄𝒄𝒄𝒄𝒎𝒎𝒎𝒎𝒎𝒎 -4.9kW 
𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒎𝒎𝒎𝒎𝒎𝒎  4.6kW 
𝑳𝑳𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩 0.05H 
𝑷𝑷𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝒏𝒏𝒏𝒏𝒏𝒏  4.41kW 
𝑷𝑷𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝒎𝒎𝒎𝒎𝒎𝒎  4.9kW 
𝑲𝑲𝒑𝒑
𝒃𝒃𝒃𝒃𝒃𝒃 0.1 

𝑲𝑲𝒊𝒊
𝒃𝒃𝒃𝒃𝒃𝒃 10 

 

 
Figure 10: Battery equivalent circuit representation 

2.4. Battery Bank Control 

     The battery-bank is connected to the DC-Bus via a BBDC. The 
reference power 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 to be delivered or received by the battery-
bank is generated by the supervisory according to the EMS in 
operation. Then, this power is divided by the battery-bank voltage 
𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏 to obtain the current reference 𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏. A PI based current loop 
control is used to adjust the current of the battery-bank at its 
reference  𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 . A PWM generator generates the opposite 
switching signals 𝑆𝑆1 and 𝑆𝑆2 of the BBDC, according to the duty 
cycle D constituting the PI controller output. Figure 11 illustrates 
this control process. 

 
Figure 11: Overall Battery-Bank control architecture 

2.5. AC Side Equations 

     Fig. 12 indicates the alternative side of the GCHRES. Voltage 
and current equations are given by (19) and (20) respectively. 
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where: j = (a, b, c); 𝑖𝑖𝐹𝐹_𝑗𝑗 currents through the ASC output filter [A]; 
𝑖𝑖𝐿𝐿_𝑗𝑗 load currents [A]; 𝑖𝑖𝑈𝑈𝑈𝑈_𝑗𝑗 UG currents [A]; 𝑣𝑣𝐶𝐶𝐶𝐶𝐶𝐶_𝑗𝑗  CCP simple 
voltages [V]; 𝑣𝑣𝐴𝐴𝐴𝐴𝐴𝐴_𝑗𝑗 ASC output voltages [V];  𝑅𝑅𝐹𝐹 ,
𝐿𝐿𝐹𝐹 respectively ASC output Filter résistance [Ω] and inductance 
[H]. 
 
After passing through PARK transformation, the system (19) 
becomes (21). 
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where: 𝑣𝑣𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑣𝑣𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶    direct and quadrature CCP voltage 
components respectively [V]; 𝑣𝑣𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 ,𝑣𝑣𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 direct and quadrature 
ASC output voltage components respectively [V]; 𝑖𝑖𝑑𝑑 , 𝑖𝑖𝑞𝑞             
direct and quadrature filter current components respectively [A]; 
𝜔𝜔 UG Pulsation [rad/s]. 
 
2.6. VOC Control of Alternative Side Converter 

    Controlling the ASC aims to reach two main objectives. The 
first is to ensure a unity power factor on the AC-side. It means 
zero reactive power exchange between the ASC and the CCP. The 
second is to regulate the DC-Bus voltage at its reference value. 
Keeping its voltage constant is very important since all the power 
converters are connected to it. The reactive power and DC-Bus 
voltage references are fixed to 𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 0VAR and 
𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 =1000V respectively. DC-side current equations are given 
by (22), (23) and (24). 

𝑖𝑖𝐻𝐻𝐻𝐻 =  𝑖𝑖𝑝𝑝𝑝𝑝 + 𝑖𝑖𝑏𝑏𝑏𝑏𝑏𝑏                                  (22) 

𝑖𝑖𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 =  𝑖𝑖𝐻𝐻𝐻𝐻 − 𝑖𝑖𝑐𝑐                                      (23) 

𝑖𝑖𝑐𝑐 =   𝐶𝐶𝐷𝐷𝐷𝐷
𝑑𝑑𝑉𝑉𝐷𝐷𝐷𝐷
𝑑𝑑𝑑𝑑

  = 𝑖𝑖𝐻𝐻𝐻𝐻 −  𝑖𝑖𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴                       (24)   

where: 𝑖𝑖𝑐𝑐  DC-Bus Current [A];   𝑖𝑖𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  ASC Input Current [A]; 
 𝑖𝑖𝐻𝐻𝐻𝐻 Renewable Hybrid System current [A] ; 𝑖𝑖𝑝𝑝𝑝𝑝  PVG Output 
Current [A] ;  𝑖𝑖𝑏𝑏𝑏𝑏𝑏𝑏 Battery charging/discharging current 
[A]; 𝑉𝑉𝐷𝐷𝐷𝐷  DC-Bus voltage [V]. 
  
Power equations are given by (25) and (26). 
  

𝑃𝑃𝐷𝐷𝐷𝐷 =  𝑉𝑉𝐷𝐷𝐷𝐷. 𝑖𝑖𝑐𝑐 = 𝑃𝑃𝐻𝐻𝐻𝐻 − 𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴                         (25) 
 

𝑃𝑃𝐻𝐻𝐻𝐻 =  𝑃𝑃𝑝𝑝𝑝𝑝 + 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏                                   (26)
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Figure 12: AC-side of the GCHRES 

 
Figure 13: Overall ASC control architecture 

where:  𝑃𝑃𝐷𝐷𝐷𝐷  DC-Bus power [W];   𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 ASC input power 
[W]; 𝑃𝑃𝐻𝐻𝐻𝐻 renewable hybrid system power [W] ; 𝑖𝑖𝑝𝑝𝑝𝑝  PVG output 
power [W]; 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏 Battery charging/discharging power [W]. 

From (25), the DC-Bus voltage can be regulated by controlling 
the ASC input power 𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴. By neglecting the ASC losses, we 
can assume that:  
 

 𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 =  𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴                                (27) 
 
VOC consists on aligning the d-axis of the (d,q) rotational 
coordinate system with the direct component 𝑣𝑣𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 of the CCP 
voltage, thus the CCP voltages will be: 

𝑣𝑣𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =  𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶                                   (28) 
𝑣𝑣𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 0                                         (29) 

 
The CCP active power is given by (30) and will be simplified to 
(31) according to (28) and (29). 

 
𝑃𝑃𝐶𝐶𝐶𝐶𝐶𝐶 = 3

2
(𝑣𝑣𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶. 𝑖𝑖𝑑𝑑 + 𝑣𝑣𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 . 𝑖𝑖𝑞𝑞)                 (30) 

𝑃𝑃𝐶𝐶𝐶𝐶𝐶𝐶 = 3
2
𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶 . 𝑖𝑖𝑑𝑑                                  (31) 

 
And by neglecting the filter resistance, the CCP active power will 
be: 

𝑃𝑃𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 3
2
𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶 . 𝑖𝑖𝑑𝑑                (32) 

 
According to (32), the ASC input power can be controlled by only 
controlling the d-axis current  𝑖𝑖𝑑𝑑, since after aligning 𝑣𝑣𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 with 
the d-axis, this latter became constant. Consequently, the DC-Bus 
power will be controlled too according to (25). The CCP reactive 
power is expressed by (33) and will also be simplified to (34) 
according to (28) and (29). 
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𝑄𝑄𝐶𝐶𝐶𝐶𝐶𝐶 =
3
2
�𝑣𝑣𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶. 𝑖𝑖𝑑𝑑 − 𝑣𝑣𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 . 𝑖𝑖𝑞𝑞�                  (33) 

𝑄𝑄𝐶𝐶𝐶𝐶𝐶𝐶 = −3
2
𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶. 𝑖𝑖𝑞𝑞                                           (34) 

 
Therefore, the reactive power exchange between the ASC and the 
CCP can be controlled by only controlling the q-axis current 𝑖𝑖𝑞𝑞. 
According to (28) and (29) the equations system (21) becomes 
(35), and after passing through Laplace transformation, the 
system equation obtained in (36) will be used for the ASC control 
process. 
 
�
𝑣𝑣𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝑣𝑣𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴�  = �𝑅𝑅𝐹𝐹 0

0 𝑅𝑅𝐹𝐹
� �
𝑖𝑖𝑑𝑑
𝑖𝑖𝑞𝑞
� +�𝐿𝐿𝐹𝐹 0

0 𝐿𝐿𝐹𝐹
� 𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑖𝑖𝑑𝑑
𝑖𝑖𝑞𝑞
� +� 0 −𝜔𝜔𝐿𝐿𝐹𝐹

𝜔𝜔𝐿𝐿𝐹𝐹 0 � �
𝑖𝑖𝑑𝑑
𝑖𝑖𝑞𝑞
�  
 

+ �𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶0 �                  (35) 
 
 

�
𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

�  = �𝑅𝑅𝐹𝐹 + 𝐿𝐿𝐹𝐹𝑠𝑠 0
0 𝑅𝑅𝐹𝐹 + 𝐿𝐿𝐹𝐹𝑠𝑠

� �
𝐼𝐼𝑑𝑑
𝐼𝐼𝑞𝑞
� + � 0 −𝜔𝜔𝐿𝐿𝐹𝐹

𝜔𝜔𝐿𝐿𝐹𝐹 0 � �
𝐼𝐼𝑑𝑑
𝐼𝐼𝑞𝑞
�  

 
                                                      + �𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶0 �                                      (36) 

 
According to (36), both voltages  𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 and 𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 act on the two 
currents 𝐼𝐼𝑑𝑑  and 𝐼𝐼𝑞𝑞 . In this case the decoupled control technique 
will be used. By setting a new variable as shown in (37) and (38):  

 
𝐸𝐸𝑑𝑑 = −𝜔𝜔𝐿𝐿𝐹𝐹𝐼𝐼𝑞𝑞 +  𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶                             (37) 

𝐸𝐸𝑞𝑞 = 𝜔𝜔𝐿𝐿𝐹𝐹𝐼𝐼𝑑𝑑                                         (38) 
 
We obtain: 
 

�
𝑉𝑉𝑖𝑖𝑖𝑖
𝑉𝑉𝑖𝑖𝑖𝑖
�  = �𝑅𝑅𝐹𝐹 + 𝐿𝐿𝐹𝐹𝑠𝑠 0

0 𝑅𝑅𝐹𝐹 + 𝐿𝐿𝐹𝐹𝑠𝑠
� �
𝐼𝐼𝑑𝑑
𝐼𝐼𝑞𝑞
�  + �

𝐸𝐸𝑑𝑑
𝐸𝐸𝑞𝑞
�      (39) 

 
And by setting a new command variable as shown in (40) and 
(41):  
 

𝑈𝑈𝑑𝑑 = 𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 − 𝐸𝐸𝑑𝑑                                 (40)  
𝑈𝑈𝑞𝑞 = 𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 − 𝐸𝐸𝑞𝑞                                 (41) 

 
The currents correctors outputs are obtained as shown in (42) and 
(43), realizing the decoupled (d,q) axes currents control, as shown 
in Figure 13, which depict the overall ASC Control scheme. 

𝑈𝑈𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑃𝑃𝑃𝑃𝑑𝑑 �𝐼𝐼𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟 − 𝐼𝐼𝑑𝑑� = (𝐾𝐾𝑝𝑝𝐼𝐼𝐼𝐼 + 𝐾𝐾𝑖𝑖
𝐼𝐼𝐼𝐼

𝑠𝑠
)(𝐼𝐼𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟 − 𝐼𝐼𝑑𝑑)      (42) 

𝑈𝑈𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑃𝑃𝑃𝑃𝑞𝑞 �𝐼𝐼𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟 − 𝐼𝐼𝑞𝑞� = (𝐾𝐾𝑝𝑝
𝐼𝐼𝐼𝐼 +

𝐾𝐾𝑖𝑖
𝐼𝐼𝐼𝐼

𝑠𝑠
)(𝐼𝐼𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟 − 𝐼𝐼𝑞𝑞)      (43) 

 
A PLL block is used to synchronize the ASC with the UG. Their 
connection requires to continuously determine the phase angle, on 
which the control of active and reactive powers mainly depend. 
PLL is an effective method for determining this angle 
 
The principle is to use a PI corrector to regulate the q-axis CCP 
voltage component 𝑣𝑣𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 to a reference value equal to zero. The 
output of the PI block is the angular speed of the (d,q) rotational 
frame reference, and the angle θ is obtained by integrating this 

speed as shown in Figure 14. SVPWM control of the ASC is used 
to reduce current ripples and also the switching frequency of the 
converter. Equations (44) and (45) shows the maximum and 
nominal powers of the ASC respectively [12]. Parameters of the 
AC-side used in simulation are shown in Table 3. 

 
𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑚𝑚𝑚𝑚𝑚𝑚 +  𝑃𝑃𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚                         (44) 

 
𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴𝑛𝑛𝑛𝑛𝑛𝑛 = 0.9𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚                                  (45) 

 
3. Battery Bank Sizing & Energy Management Strategies 

3.1. Battery Bank Sizing 

      Monthly real average solar irradiation and temperature data of 
the region of Marrakech collected from [23] on hourly basis have 
been required and used for sizing the battery-bank. These data are 
shown in Appendix A. The average demand profile estimation for 
each month, on hourly basis, have been also required. As 
mentioned above, the battery operates for peak shaving 
application. Thus, it is sized according to the following criterias: 
maximum discharging power, maximum charging power, daily 
energy to be supplied and daily energy to be absorbed. The 
maximum power that the battery must be able to absorb/deliver 
are calculated via equations (46) and (47) respectively.  The minus 
sign in these equations are introduced to respect the battery 
charging and discharging powers signs convention adopted by 
MATLAB/SIMULINK, where ‘t’ varies on hourly basis while ‘j’ 
varies on monthly basis. A more proper sizing would be realized 
by reducing the basis of the variation of ‘t’ and ‘j’, for exemple 
taking a 10min basis for ‘t’ and daily basis for ‘j’ (j=1 to 365). 
According to Table B.1 in Appendix B, the battery maximum 
charging power 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚  is around -4.9kW, which corresponds to 
the most favorable situation throughout the year in terms of 
difference between PVG generation and load demand. The battery 
maximum discharging power 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑚𝑚𝑚𝑚𝑚𝑚 is equal to 4.6kW, which 
corresponds to the worst situation throughout the year according 
to the same criteria. The maximum daily energy that the battery 
must be able to absorb and supply are given by (48) and (49) 
respectively. Sigma (σ) is a coefficient introduced to take into 
account only moments of the day where the battery must absorbs 
energy, in the maximum daily energy calculation. Unlike σ, 
lambda (𝜆𝜆) allows to take into account only the moments of the 
day where the battery-bank must supply energy, in the minimum 
daily energy calculation. These coefficients are determined by 
(50) and (51). 
𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚  =  − max

𝑗𝑗=1…12
( max
𝑡𝑡=0…24

(𝑃𝑃𝑃𝑃𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀(𝑡𝑡) − 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(t) + 𝑃𝑃𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚))  < 0    (46) 

 
𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑚𝑚𝑚𝑚𝑚𝑚 = − min

𝑗𝑗=1…12
( min
𝑡𝑡=0…24

(𝑃𝑃𝑃𝑃𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀(𝑡𝑡) − 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(t) + 𝑃𝑃𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚)) > 0  (47) 

 
𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚 = −∑ 𝜎𝜎(𝑃𝑃𝑃𝑃𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀(𝑡𝑡) − 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(t) +  𝑃𝑃𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚  ) < 024

𝑡𝑡=1                   (48) 
 

𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑚𝑚𝑚𝑚𝑚𝑚 = −∑ 𝜆𝜆(𝑃𝑃𝑃𝑃𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀(𝑡𝑡) − 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(t)  +  𝑃𝑃𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚  )24
𝑡𝑡=1 > 0           (49) 
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σ = 1 When  PPVMPPT(t) − Pload(t) + PUGmax > 0 and σ = 0  otherwise (50) 

λ = 1  When  PPVMPPT(t) − Pload(t) + PUGmax < 0 and λ = 0  otherwise (51)   

Table 3: Simulation AC-side characteristics 

ASC Control technique SVPWM 
𝑹𝑹𝑭𝑭 0.3Ω 
𝑳𝑳𝑭𝑭 0.0054H 
𝑷𝑷𝑨𝑨𝑨𝑨𝑨𝑨𝒏𝒏𝒏𝒏𝒏𝒏 11.43kW 
𝑷𝑷𝑨𝑨𝑨𝑨𝑨𝑨𝒎𝒎𝒎𝒎𝒎𝒎 12.7kW 
𝑲𝑲𝒑𝒑
𝑽𝑽𝑽𝑽𝑽𝑽 1.096 

𝑲𝑲𝒊𝒊
𝒗𝒗𝒗𝒗𝒗𝒗 25.35 
𝑲𝑲𝒑𝒑
𝒊𝒊𝒊𝒊 11.7 

𝑲𝑲𝒊𝒊
𝒊𝒊𝒊𝒊 4687.1 

𝑲𝑲𝒑𝒑
𝒊𝒊𝒊𝒊 11.7 

𝑲𝑲𝒊𝒊
𝒊𝒊𝒊𝒊 4687.5 

 
Table B.2 in Appendix B, gives the maximum daily energy that 
the battery must be able to absorb and supply, corresponding to 
an absorbing energy of -29.983kWh for the yearly most favorable 
case, and providing energy of 29.649kWh for the yearly worst 
case. Finally, the Battery bank capacity is given by equation (52). 
To take advantage of the battery-bank performances without 
reducing its lifespan, the adopted values of  𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚  and 𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚  
are 20% and 80% respectively, which correspond to the most 
often recommended values found in the literature of Lead-Acid 
batteries. Considering a maximum depth of discharge of 𝐷𝐷𝐷𝐷𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚 
= 𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 = 60%, and an operating voltage of 504V, 
the battery-bank capacity is given by (53). 
 

𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏 =
max
𝑗𝑗=1…12

(𝐴𝐴 ,𝐵𝐵)

𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏 (𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚)                         (52) 

 
where:       

A= ∑ 𝜎𝜎(𝑃𝑃𝑃𝑃𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀(𝑡𝑡) − 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(t) + 𝑃𝑃𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚 )24
𝑡𝑡=1  

 
and            

B=∑ 𝜆𝜆(𝑃𝑃𝑃𝑃𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀(𝑡𝑡) − 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(t) + 𝑃𝑃𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚 )24
𝑡𝑡=1  

 
𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏 = 29983𝑘𝑘𝑘𝑘ℎ

504𝑉𝑉.0.6
= 100𝐴𝐴ℎ                        (53) 

 
Hence, 100Ah, 12V battery rating is considered and therefore 42 
Batteries are required to connect in series to constitute the battery-
bank. 

 
Figure 14: PLL control diagram 

 

3.2. Energy Management Strategies 

      The different operating modes of the GCHRES and its power 
flow management are governed by a supervisory controller 
through EMSs. Three EMSs are proposed in this paper and differ 
depending on the type of metering with the UG. As mentioned at 
the introduction, EMS1 is destined for systems with either 
reversible or irreversible electromechanical metering in the no 
grid limitation case. EMS2 is destined for the same metering types 
as EMS 1 but targets the grid limitation case. EMS 3 is destined 
for digital metering. The main common purpose of all these EMSs 
is to ensure continuity and reliability of supply to the AC-house, 
taking into account the battery technical constraints. Hence, they 
all aim to keep the SOC between a minimum and maximum 
values 𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚  respectively. The proper use of the 
battery avoid reducing its lifespan, avoiding as well the need of 
replacement of this device. All EMSs aim to charge the battery as 
soon as possible through the available source; PVG or UG, or both 
at the same time, to get always operational when requested for 
peak shaving. The PVG operates by default in MPPT mode, when 
power limitation is not required. Figure 15 depict the supervisory 
controller scheme. On the one hand, inputs are related firstly to 
the type of metering determined by METERTYPE, followed by 
the UG constraints in term of subscription power PUGmax , and 
maximum injectable power 𝑃𝑃𝑈𝑈𝑈𝑈

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 in case of injection limitation 
(Gridlim=1). On the other hand battery constraints concern the 
SOC and the maximum charging/discharging powers 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚 and 
𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑚𝑚𝑚𝑚𝑚𝑚 respectively.  Power measurement Inputs are the load 
demand power 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 , and the net power  𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛  equal to the 
difference between PVG and load demand 𝑃𝑃𝑝𝑝𝑝𝑝 − 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙. Outputs 
in terms of battery power reference 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 , and PVG power 
reference 𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝   in case of power limitation (LimPV=1), are 
generated by the supervisory controller according to the above 
mentioned Inputs. As mentioned before, EMS 1 and EMS 2 are 
combined in one flowchart presented in Figure 16, while Figure 
17 is representing EMS 3. 
 

 
Figure 15: GCHRES supervisory controller scheme 
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Figure 16: Combined EMS 1 & EMS 2 flowchart 

Figure 17: EMS 3 flowchart 
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4. Simulation Results & Discussion 

      The GCHRES performances under supervision of each EMS, 
are tested by simulation on MATLAB/SIMULINK, during a 
whole day of January. Simulation time are 24 Seconds within the 
logic of assigning a second to each hour. In order to test the system 
in all EMSs operating modes, the demand profile 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 for this 
month has been modified. However, the solar irradiation and 
temperature profiles have not been changed. The UG subscription 
power is fixed at 𝑃𝑃𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚 = -5kW, and the maximum injectable  
power, in grid injection limitation case is 𝑃𝑃𝑈𝑈𝑈𝑈

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =1kW. Let’s 
remember that the maximum charging power of the battery is 
𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚 =-4.9kW, and its maximum discharging power is 
𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑚𝑚𝑚𝑚𝑚𝑚 =4.6kW. The minimum and maximum battery state of 
charge SOC fixed at the battery sizing section are respectively 
𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 = 20% and 𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 = 80%.  LimPV is the supervisory 
output that indicates the PVG control algorithm. If LimPV = 1 
then the PVG is controlled by LPPT, otherwise, if LimPV = 0 then 
the PVG is controlled by MPPT. Note that peak hours run from 
18h to 23h in January in Morocco. The adopted sampling time is 
𝑇𝑇𝑠𝑠 = 10−5s. Each simulation is divided into three time slots, and 
each time slot is divided into time intervals corresponding to the 
same operating mode (Opmodes): 
 
- 1st time slot “From t=0s to t=10s”: Solar production is equal to 
zero 𝑃𝑃𝑝𝑝𝑝𝑝=0, then begins to increase at t=8s, but insufficiently. This 
phase corresponds to insufficient PVG production (𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛<0). All 
EMSs are presenting the same results during this time slot, since 
their flowcharts are similar when 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 <0. In order to avoid 
presenting the same results for many times, only one simulation  
will be carried out during this time slot, for all EMSs. 
 
 - 2nd time slot “From t=10s to t=18s”: Solar production is quite 
high (𝑃𝑃𝑝𝑝𝑝𝑝 > 0). Sometimes it exceeds demand (𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛>0), and that 
is where the EMSs differ. In effect for the reversible/irreversible 
electromechanical metering case, if the power is injectable into 
the UG without limitation, the PVG operates globally in MPPT 
mode according to EMS 1. For the same metering cases discussed 
above, if the injectable power into the UG must be limited, PVG 
operates in LPPT mode in certain cases according to EMS 2. For 
digital metering case, according to EMS 3, the PVG operates also 
in LPPT mode in certain situations, to avoid injecting energy into 
UG. Situations where the PVG control switches toward LPPT are 
determined by the battery and the UG constraints. A specified 
demand profile has been dedicated for each EMS for testing their 
performances in their different operating modes. 
 
 - 3rd time slot “From t=18s to t=24s”:  The system returns to an 
operating mode similar to the one on the first time slot, and in 
which all EMSs have a similar behavior according to their 
flowcharts. The system presents insufficient production from the 
PVG (𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛<0). Consequently, a single simulation will be adopted 
for all EMSs. 
 
The demand profiles used for simulating these EMSs at the 
different time slots are presented in Figure 18. 
 
 
 

 

 

 

 
Figure18: EMSs January demand profiles (a) EMS 1 whole day (b) EMS 2 

between 10sec and 18sec (c) EMS 3 between 10sec and 18sec 

4.1. Energy Management Strategy 1 (EMS1) 
1𝑠𝑠𝑠𝑠 Time slot “From t=0s to t=10s” 

The operating modes (OPmode) and the PVG limitation power 
decision (LimPV) are presented in Figure 19. Figure 20 presents 
the battery SOC evolution during this time slots. The net power 
(𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛) is presented in Figure 21, and the different system powers 
are all depicted in Figure 22. 
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Figure 23 shows the battery power (𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏)  with its reference 
𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 , and shows also the respect of the battery power 
constraints 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚  and 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑚𝑚𝑚𝑚𝑚𝑚 . UG power (𝑃𝑃𝑈𝑈𝑈𝑈), respecting 
its constraint 𝑃𝑃𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚, is illustrated in Figure 24. It will be assumed 
that the battery has an initial SOC of 75%, due to its operation 
during the previous 24 hours, and in the aim to make the 
simulation as realistic as possible. According to Figure 20, the 
battery was sufficiently charged throughout this time slot 
(𝑆𝑆𝑆𝑆𝑆𝑆𝑡𝑡=0𝑠𝑠  = 75% and 𝑆𝑆𝑆𝑆𝑆𝑆𝑡𝑡=10𝑠𝑠  = 54.65%). Thus, the SOC 
constraint was respected, and therefore the battery had been 
operational throughout this time slots. From Figure 21, 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 < 0 
throughout this time slot, and hence the system is on solar 
generation deficit. The PVG had worked under MPPT control 
throughout this simulation. 
 

 
Figure 19: Operating modes and PVG limitation decision between 0sec and 

10sec (EMS 1) 

 
Figure 20: Battery SOC evolution between 0sec and 10sec (EMS 1) 

 
Figure 21: Solar net power between 0sec and 10sec (EMS 1) 

 
Figure 22: PVG, battery, UG and load powers between 0sec and 10sec (EMS 1) 

 
Figure 23: Battery and battery reference powers between 0sec and 10sec (EMS1) 

 
Figure 24: UG power between 0sec and 10sec (EMS 1) 

Opmode = 10  from t=0s to t=1s: demand is excessively high 
( 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 10kW) and slightly exceeds the power given by 
associating the UG with the battery at their maximum operating 
powers (𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑚𝑚𝑚𝑚𝑚𝑚 + |𝑃𝑃𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚|  = 4.6kW +  |−5kW|  = 9.6kW 
< |𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛|). The battery performs its peak shaving function while 
respecting its constraint by not exceeding its maximum discharge 
power (𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑚𝑚𝑚𝑚𝑚𝑚) . The aim of this EMS is to 
continuously meet demand, while respecting the technical 
constraints related to the battery. Therefore, the UG is forced to 
slightly exceed its maximum power with a value of -0.4kW 
(𝑃𝑃𝑈𝑈𝑈𝑈 =  𝑃𝑃𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚 − 0.4𝑘𝑘𝑘𝑘 = −5𝑘𝑘𝑘𝑘 − 0.4𝑘𝑘𝑘𝑘 = −5.4𝑘𝑘𝑘𝑘) , in 
order to preserve internal circuits of the battery. This will rarely 
occur since in reality, late at night, demand is quite low. But as 
said previously, the purpose of modifying the demand profile is to 
test the performances of the GCHRES during the different EMS 
operation. This little overflow, which occurs rarely, will be 
acceptable since in return, the battery, considered as a highly 
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vulnerable device, will be protected, and thus its lifespan will be 
extended. The SOC decreases rapidly as the battery discharges 
with its maximum power. 
 
Opmode = 9  from t=1s to t=2s & from t=6s to t=10s: On this 
time intervals, PVG/UG/battery combination is able to satisfy 
demand ( 𝑃𝑃𝑝𝑝𝑝𝑝 = 0  before t=8s thus 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 < 0 ). Before t=8s, 
demand exceeds the UG maximum Power 𝑃𝑃𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚  and the latter 
constitutes the primary power source(𝑃𝑃𝑈𝑈𝑈𝑈  = 𝑃𝑃𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚), while the 
battery performs its peak shaving function. Its SOC decreases in 
function of the requested power from the battery (𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =
𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 + 𝑃𝑃𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚 > 0  ), which is lower than its maximum value 
𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑚𝑚𝑚𝑚𝑚𝑚 . Around t=8s, sun begins to rise, and solar energy 
becomes the primary energy source destined to meet demand, but 
remains insufficient (𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛<0), since solar irradiation is too low at 
the first Hours following sunrise. The UG brings the deficit while 
not exceeding its maximum power (𝑃𝑃𝑈𝑈𝑈𝑈  = 𝑃𝑃𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚) , then the 
battery is discharged in function of PVG+UG deficit (𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =
|𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛| + 𝑃𝑃𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚 > 0) , performing its peak shaving application. 
During this phases, the power requested by the battery is lower 
than previous phase (between t=0s and t=1s), which explains the 
SOC low decrease. A brief exceeding of the maximum power of 
the UG is noticed from t=8s to t=8.3s due to the MPPT control 
transient, which requires a little time for tracking the MPP, given 
that 𝑃𝑃𝑝𝑝𝑝𝑝 = 0 before t=8s, hence the UG compensate this transient. 
It should be noticed that the transient lasts about 0.3, which is 
totally negligible in the real life operation of the system 
throughout the 24 hours of the day. Since it starts generating 
power, PVG operates in MPPT mode. 
               
Opmode = 12  from t=2s to t=4.3s: Demand is quite low, and 
UG can satisfy it alone without reaching its maximum power 
𝑃𝑃𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚 . As mentioned previously, all EMSs aim to charge the 
battery as soon as possible with the available source to get 
operational once peak shaving is requested. Therefore, the UG 
satisfies the demand, and the battery is charged by the difference 
between the maximum UG power and the demand (𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =
𝑃𝑃𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 < 0). The battery charging power does not exceed 
its maximal value 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚. In this time period, the UG power is 
always equal to its maximum (𝑃𝑃𝑈𝑈𝑈𝑈 = 𝑃𝑃𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚) . SOC increases 
according to the value of (𝑃𝑃𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙). At t=4.3s, the SOC 
reached its maximum (𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚), and the charging operation got 
stopped (𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 0). 
            
Opmode = 11  from t=4.3s to t=6s: Demand does not exceed 
the UG maximum power (𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 < |𝑃𝑃𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚|) . Since the battery 
SOC reaches its maximum 𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚, the charging process is no 
longer authorized (𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 0). As a result, the UG is strained 
only to meet demand (𝑃𝑃𝑈𝑈𝑈𝑈 = −𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙). The SOC remains stable at 
the value of 80%, and the battery power is equal to zero 
 (𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 0). 
 

2𝑛𝑛𝑛𝑛 Time slot “From t=10s to t=18s” 

     The operating modes (OPmode) and the PVG limitation power 
decision (LimPV) are presented in Figure 25. Since the injection 
into UG is not limited, the LPPT control is never activated 
(LimPV=0). Therefore, the PVG operates continuously in MPPT 

mode. Figure 26 presents the battery SOC evolution. The net 
power (𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛) is presented in Figure 27, and the different system 
powers are depicted together in Figure 28. Figure 29 shows the 
battery power (𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏) with its reference (𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏), and shows also 
the respect of the battery power constraints 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚  and 
𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑚𝑚𝑚𝑚𝑚𝑚 . In the beginning of this time slots, the battery 
𝑆𝑆𝑆𝑆𝑆𝑆𝑡𝑡=10𝑠𝑠 = 54.65%. From Figure 27, 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 > 0 between t=10s and 
t=15s, and 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 <0 between t=15s and t=18s. Therefore, the 
system begins with a surplus of solar generation and then gets into 
deficit situation. 
 

 
Figure 25: Operating modes and PVG limitation decision between 10sec and 

18sec (EMS 1) 

 
Figure 26: Battery SOC evolution between 10sec and 18sec (EMS 1) 

 
Figure 27: Solar net power between 10sec and 18sec (EMS 1) 

Figure 28: PVG, battery, UG and load powers between 10sec and 18sec (EMS 1) 
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Figure 29: Battery and battery reference powers between 10sec and 18sec (EMS 

1) 
 
Opmode = 8  from t=10s to t=10.6s: PVG power increases with 
solar irradiation increase. It is sufficient to satisfy the load demand 
but still less than battery maximum charging power (0 <
𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 <�𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚�). This surplus is used to charge the battery, since 
its SOC is lower than its maximum value (𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚). And in order 
to ensure rapid charging of the battery (due to the SOC value 
inferior to 60%), aiming to obtain sufficient SOC for the next peak 
shaving request, the UG provides the necessary power, added to 
the surplus (𝑃𝑃𝑈𝑈𝑈𝑈 = 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 < 0) , in order to charge the 
battery with its maximum power (𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚). Therefore, 
it is noticed that the SOC increases rapidly during this period. 
 
Opmode = 7  from t=10.6s to t=12s & From t=13s to t=14.3s: 
PVG is largely sufficient to satisfy the demand, but the surplus is 
still less than the battery maximum charging power (0 < 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 <
�𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚�). This surplus is used to charge the battery, since its 
SOC is lower than its maximum value (𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚). The latter being 
quite high (SOC> 60%), the UG power is not requested (𝑃𝑃𝑈𝑈𝑈𝑈 =
0), and the battery is charged only by the solar generation surplus 
(𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = −𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛)  , which does not exceed the maximum 
charging power of the battery. Thus, its SOC increases, and its 
evolution depends on the value of −𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛. Since SOC reaches its 
maximum, the battery charging is no longer authorized (𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =
0 at t = 14.3s). 
 
Opmode = 6  from t=12s to t=13s: PVG is largely sufficient to 
satisfy the demand and the surplus is greater than the battery 
maximum charging power (𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 > �𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚� ). This is used to 
charge the battery with its maximum charging power (𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =
𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚), since its SOC is lower than its maximum limit 𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚. 
The remaining power is injected into the UG (𝑃𝑃𝑈𝑈𝑈𝑈 = 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 +
𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚 > 0). 
 
Opmode = 3  from t=14.3s to t=15s: PVG is largely sufficient 
to satisfy the demand (𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛>0). As the battery had reached its 
maximum 𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 , charging operation is no longer authorized 
(𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 0). The battery SOC remains stable at its maximum. 
The total solar generation surplus is injected into the UG (𝑃𝑃𝑈𝑈𝑈𝑈 =
𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛). 
              
Opmode = 11  from t=15s to t=18s: The system return in the 
operating mode 11. Demand exceeds PVG production (𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛<0). 
The deficit being less than the UG maximum power (|𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛| <
|𝑃𝑃𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚|), only the latter is requested to supports the PVG to meet 

demand (𝑃𝑃𝑈𝑈𝑈𝑈 = 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 < 0) . However, the battery which had 
reached its maximum state of charge 𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 at t=15s, remains at 
rest (𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 0)  and its SOC stable at its maximum 
recommended. 
 

3𝑟𝑟𝑟𝑟 Time slot “From t=18s to t=24s” 

     The operating modes (OPmode) and the PVG limitation power 
decision (LimPV) are presented in Figure 30. Figure 31 present 
the battery SOC Evolution during this time slots. The net power 
𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 is presented in Figure 32, and the different system power are 
depicted together in Figure 33. Figure 34 shows the battery power 
𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏 with its reference 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏, and shows also the respect of the 
battery power constraints 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑚𝑚𝑚𝑚𝑚𝑚. UG power 𝑃𝑃𝑈𝑈𝑈𝑈, 
respecting its constraint 𝑃𝑃𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚, is illustrated in Figure 35. In the 
beginning of this time slots, the battery SOC is maximum 
recommended ( 𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚) . At the evening, the PVG stops 
producing electricity and all demand will have to be met by the 
UG grid first, backed up by the battery performing the peak 
shaving. In effect, the UG contributes with its maximum power 
(𝑃𝑃𝑈𝑈𝑈𝑈 = 𝑃𝑃𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚 ), since the demand exceeds it (𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 > |𝑃𝑃𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚|). 
The battery provides the deficit (peak shaving), which is less than 
its maximum discharging power 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑚𝑚𝑚𝑚𝑚𝑚 , according to the 
difference between the maximum UG power and the demand 
(𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑃𝑃𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙). This lead to reduce the call of the UG 
during this time slot corresponding to peak hour interval in 
Morocco, reducing therefore the risks of grid congestion. The 
SOC is consequently in permanent decrease, reaching at the end 
of the day a value of 53%. 
 

 
Figure 30: Operating modes and PVG limitation decision between 18sec and 

24sec (EMS 1) 

Figure 31: Battery SOC evolution decision between 18sec and 24sec (EMS 1) 
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Figure 32: Solar net power between 18sec and 24sec (EMS 1) 

 
Figure 33: PVG, battery, UG and load powers between 18sec and 24sec (EMS1) 

 
Figure 34: Battery and battery reference powers between 18sec and 24sec 

(EMS1) 

 
Figure 35: UG powers between 18sec and 24sec (EMS 1) 

 
4.2. Energy Management Strategy 2 (EMS2) 

2𝑛𝑛𝑛𝑛 Time slot “From t=10s to t=18s” 

     As mentioned before, 1st and 3rd time slots is simulated only 
once and it represent the performances of the GCHRES 
supervised by each one of the three EMSs. Therefore, only the 
2𝑛𝑛𝑛𝑛 time slot is simulated for EMS 2, and starts with the same 
conditions as those of the EMS 1. The operating modes (OPmode) 
and the PVG limitation power decision (LimPV) are presented in 
Figure 36. Figure 37 presents the battery SOC Evolution during 
this time slots. The net power (𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛) is presented in Figure 38, and 
the different system powers are depicted together in Figure 39. 

Figure 40 shows the battery power (𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏),  with its reference 
𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏, , and shows also the respect of the battery power 
constraints 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑚𝑚𝑚𝑚𝑚𝑚. The UG power, respecting its 
constraint 𝑃𝑃𝑈𝑈𝑈𝑈

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, is illustrated in Figure 41. In this figure, it is 
shown that in case of injection into the UG, the power never 
exceeded 1kW, achieving consequently the purpose of keeping 
the UG voltage, bellow the maximum admissible voltage.  Figure 
42 shows the PVG output power (𝑃𝑃𝑝𝑝𝑝𝑝), and its reference 𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 
(when operating in LPPT). The PVG operating voltages (𝑉𝑉𝑝𝑝𝑝𝑝) are 
presented in Figure 43. From Figure 38, it is clear that 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 > 0 
from t=10s to t=16s, and 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 < 0 from t=16s to t=18s. Therefore, 
the system begins with a surplus of solar generation and then gets 
into deficit situation. 
 

Figure 36: Operating modes and PVG limitation decision between 10sec and 
18sec (EMS 2) 

 
Figure 37: Battery SOC evolution between 10sec and 18sec (EMS 2) 

 
Figure 38: Solar net power between 10sec and 18sec (EMS 2) 

 
Figure 39: PVG, battery, UG and load powers between 10sec and 18sec (EMS 2) 
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Figure 40: Battery and battery reference powers between 10sec and 18sec 

(EMS2) 

 
Figure 41: UG power between 10sec and 18sec (EMS 2) 

Figure 42: PVG and PVG reference powers between 10sec and 18sec (EMS 2) 

 
Figure 43: PVG operating voltage between 10sec and 18sec (EMS 2) 

 
Opmode = 8  from t=10s to t=10.6s: PVG power increases with 
solar irradiation increase. It is sufficient to satisfy the load demand 
but still less than battery maximum charging power (0 <
𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 <�𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚�). Hence, the PVG operates in MPPT mode. This 
surplus is used to charge the battery, since its SOC is lower than 
its maximum value (𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚) . And in order to ensure rapid 
charging of the battery (due to the SOC value inferior to 60%) 
aiming to obtain sufficient SOC for the next peak shaving request, 
the UG provides the necessary power, added to the surplus 
(𝑃𝑃𝑈𝑈𝑈𝑈 = 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 < 0) , in order to charge the battery with 

its maximum power (𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚). Therefore, it is noticed 
that the SOC increases rapidly during this period. 
 
Opmode = 7  from t=10.6s to t=11s & from t=11.5s to t=12.2s 
& from t=13s to t=13.2s:  PVG is largely sufficient to satisfy the 
demand, but the surplus is still less than the battery maximum 
charging power (0 < 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 < �𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚�) . Hence, the PVG 
operates under MPPT control. This surplus is used to charge the 
battery, since its SOC is lower than its maximum value (𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚). 
The latter being quite high (SOC > 60%), the UG power is not 
requested (𝑃𝑃𝑈𝑈𝑈𝑈 = 0), and the battery is charged only by the solar 
generation surplus (𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = −𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛) , which does not exceed the 
maximum charging power of the battery. Thus, the SOC increases 
and its evolution depends on the value of −𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 . Since SOC 
reaches its maximum recommended, the battery charging is no 
longer authorized (𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 0 at t = 13.2s). 
 
Opmode = 4  from t=11s to t=11.5s: PVG is largely sufficient 
to satisfy demand, and the surplus 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 = 6kW is higher than the 
battery maximum charging power added to the UG maximum 
power injectable ( �𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚� + 𝑃𝑃𝑈𝑈𝑈𝑈

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = |−4.9kW| +  1 kW  = 
5.9kW ). Therefore, The LimPV supervisory output takes the 
value 1 in order to switch to the LPPT control of the PVG, whose 
output power 𝑃𝑃𝑝𝑝𝑝𝑝 follows the reference 𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝. The PVG power is 
limited to the value 𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 +  �𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚� + 𝑃𝑃𝑈𝑈𝑈𝑈

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =
0.6 kW+4.9kW+1 kW=6.5kW, and is reached by imposing the 
highest of the two voltages making it possible to reach this 
operating point, located in the right side of the MPP voltage on 
the (𝑣𝑣𝑝𝑝𝑝𝑝, 𝑃𝑃𝑝𝑝𝑝𝑝) Curve. The SOC being less than its maximum value 
𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚, the battery is charged via its maximum charging power 
(𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚) and a power of 1kW is injected into the UG 
(𝑃𝑃𝑈𝑈𝑈𝑈 = 𝑃𝑃𝑈𝑈𝑈𝑈

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖). 
            
Opmode = 5  from t=12.2 to t=13 s: PVG is largely sufficient 
to satisfy demand. Surplus (𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 =5.71kW) is higher than battery 
maximum charging power but remain lower than the latter added 
to the UG maximum injectable power (𝑃𝑃𝑈𝑈𝑈𝑈

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + �𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚�  =
 1kW + |−4.9kW| = 5.9kW). Therefore, the PVG operates under 
the control of the MPPT algorithm. The battery, whose SOC has 
not yet reached its maximum 𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 , charges via its maximum 
power  (𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚 ), and the remaining power (𝑃𝑃𝑈𝑈𝑈𝑈 =
𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 − �𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚�=5.71kW-4.9 kW=0.81kW) is injected into the 
UG. 
 
Opmode = 1  from t=13.2s to t=15s: PVG is highly sufficient 
to satisfy demand (𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 > 0) . Battery charging is no longer 
authorized (𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 0) since its SOC had reached its maximum 
value 𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚  at t=13.2s. As the injection into the grid is limited, 
The LimPV output took the value 1 to switch toward LPPT 
control. The PVG output power is limited to the value of 𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =
𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 +𝑃𝑃𝑈𝑈𝑈𝑈

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 5kW+1kW=6kW, generated by the 
supervisory system, and a 1kW power was injected into the UG 
(𝑃𝑃𝑈𝑈𝑈𝑈 =  𝑃𝑃𝑈𝑈𝑈𝑈

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) . SOC value is stable at its maximum value 
𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚. As for time interval starting from t=11s and finishing at 
t=11.5s, the voltage imposed by the LPPT algorithm is the one 
higher than the MPP voltage. 
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Opmode = 2  from t=15s to t=16s: PVG is highly sufficient to 
satisfy demand (𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 > 0). As the battery charging is no longer 
allowed (𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 0), the surplus is totally injected into the UG 
(𝑃𝑃𝑈𝑈𝑈𝑈 = 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛), since the maximum injectable power 𝑃𝑃𝑈𝑈𝑈𝑈

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  is 
higher than the solar generation surplus (𝑃𝑃𝑈𝑈𝑈𝑈

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 > 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛). The 
PVG is to be controlled by MPPT. 
              
Opmode = 11  from t=16s to t=18s: Demand exceeds PVG 
production (𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 <0) and therefore the PVG is controlled by 
MPPT. The deficit being less than the UG maximum power 
(|𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛| < |𝑃𝑃𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚|), only the latter is requested to supports the 
PVG to meet demand (𝑃𝑃𝑈𝑈𝑈𝑈 = 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 < 0). However, the battery 
which had reached its maximum state of charge 𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 at t=15s, 
remains in rest (𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 0) and its SOC stable at its maximum. 

 

4.3. Energy Management Strategy 3 (EMS3) 
2𝑛𝑛𝑛𝑛 Time slot “From t=10s to t=18s” 

      The simulation starts with the same conditions as those of the 
EMS 1 and EMS 2 (𝑆𝑆𝑆𝑆𝑆𝑆𝑡𝑡=10𝑠𝑠 = 54.65%). The operating modes 
(OPmode) and the PVG limitation power decision (LimPV) are 
presented in Figure 44. Figure 45 presents the battery SOC 
Evolution during this time slots. The net power (𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛) is 
presented in Figure 46, and the different system powers are 
depicted together in Figure 47. Figure 48 shows the battery power  
(𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏),  with its reference 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏, and shows also the respect of 
the battery power constraints 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚  and 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑚𝑚𝑚𝑚𝑚𝑚 . The UG 
power, respecting its constraint 𝑃𝑃𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚, is illustrated in Figure 49. 
It proves also that zero power was injected into the UG, avoiding 
thereby the occurring of an absurd increase of the subscriber 
energy bill. Figure 50 shows the PVG output power (𝑃𝑃𝑝𝑝𝑝𝑝), and its 
reference 𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  (when operating in LPPT mode). The PVG 
operating voltages (𝑉𝑉𝑝𝑝𝑝𝑝) are presented in Figure 51. From Figure 
46, it is clear that 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 > 0 from t=10s to t=14.3s, and 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 < 0 
from t=14.3s to t=18s. Therefore, the system begin with a surplus 
of solar generation and then gets into deficit situation. 

 
Figure 44: Operating modes and PVG limitation decision between 10sec and 

18sec (EMS 3) 

Figure 45: Battery SOC evolution between 10sec and 18sec (EMS 3) 

Figure 46: Solar net power between 10sec and 18sec (EMS 3) 

Figure 47: PVG, battery, UG and load powers between 10sec and 18sec (EMS 3) 

Figure 48: Battery and battery reference powers between 10sec and 18sec (EMS3) 

 
Figure 49: UG power between 10sec and 18sec (EMS 3) 

   
Figure 50: PVG and PVG reference powers between 10sec and 18sec (EMS 3) 
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Figure 51: PVG operating voltage between 10sec and 18sec (EMS 3) 

Opmode = 4  from t=10s to t=10.6 s: PVG generation increases 
with solar irradiation increase. It is sufficient to satisfy the load 
demand but still less than battery maximum charging power 
(0 < 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 <�𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚�). Hence, the PVG operates under MPPT 
control. This surplus is used to charge the battery, since its SOC 
is lower than its maximum value 𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚. And in order to ensure 
rapid charging of the battery (due to the SOC value inferior to 
60%) aiming to obtain sufficient SOC for the next peak shaving 
request, the UG provides the necessary power, added to the 
surplus (𝑃𝑃𝑈𝑈𝑈𝑈 = 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 < 0)  , in order to charge the 
battery with its maximum power (𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚). Therefore, 
it is noticed that the SOC increases rapidly during this period. 
           
Opmode = 3  from t=10.6 to t=12 s & from t=13 to t=13.3 s:  
PVG is highly sufficient to satisfy the demand, but the surplus is 
still less than the battery maximum charging power (0 <
𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 <�𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚�). Hence, the PVG operates under MPPT control. 
This surplus is used to charge the battery, since its SOC is still 
lower than it maximum value 𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚. The latter being quite high 
(SOC> 60%), the UG power is not requested (𝑃𝑃𝑈𝑈𝑈𝑈 = 0), and the 
battery is charged only with solar generation surplus (𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =
−𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛) , which does not exceed the maximum charging power of 
the battery. Thus, we notice that the SOC increases, and its 
evolution depends on the value of −𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛. Since SOC reached its 
maximum limit 𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 , the battery charging is no longer 
authorized (𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 0 at t = 13.3s). 
 
Opmode = 2  from t=12s to t=13s: PVG is largely sufficient to 
satisfy the demand, and the surplus is greater than the maximum 
charging power of the battery(𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 >�𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚�). The SOC being 
less than it maximum value 𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚, the battery starts charging 
with its maximum charging power (𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =  𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚) . Since 
injection into UG is not authorized (𝑃𝑃𝑈𝑈𝑈𝑈 = 0), The LimPV output 
takes the value 1 in order to switch to LPPT control. The PVG 
output power is limited to the value of 𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 +
 �𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐ℎ𝑚𝑚𝑚𝑚𝑚𝑚� = 0.5kW+ |−4.9𝑘𝑘𝑘𝑘| = 5.4kW, calculated by the 
supervisor. The SOC increases rapidly as the battery charges with 
its maximum charging power. The voltage imposed by the LPPT 
algorithm is the one higher than the MPP voltage. 
 
Opmode = 1  from t=13.3s to t=14.3s: PVG is satisfying the 
demand (𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 > 0) and the battery SOC has reached its maximum 
value 𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 , thus the battery can no longer be charged 
(𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 0) . As the injection into the UG is not authorized 
(𝑃𝑃𝑈𝑈𝑈𝑈 = 0), the PVG is controlled by LPPT. The LimPV output 
takes the value 1 to switch toward the LPPT control. The PVG 

reference power set by the supervisor is equal to 𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =
𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 4kW. The battery remains at rest and its SOC equal to its 
maximum recommended (𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚) , and the voltage imposed by 
the LPPT algorithm is the one higher than the MPP voltage. 
                   
Opmode = 7  from t=14.3s to t=18s: Demand exceeds PVG 
production (𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛<0), therefore the PVG is controlled by MPPT 
control. The deficit being less than the UG maximum power 
(|𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛| < |𝑃𝑃𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚|), only the latter is requested to supports the 
PVG to meet demand (𝑃𝑃𝑈𝑈𝑈𝑈 = 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛). The battery whose SOC is 
equal to its maximum 𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚,  remains at rest (𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 0). 

4.4. Overall System Results 

     Figure 52 shows that the overall system real power is equal to 
zero, which proves the performances of the GCHRES in terms of 
stability and power quality. Line to line voltages of the load is 
altered if the system contains real power [24]. From Figure 53, it 
is seen that the DC- bus voltage is inside standard limits [25], and 
Figure 54 shows the zero reactive power exchange between the 
ASC and the CCP. It should be noticed that the transients present 
in some figures as the ones corresponding to the UG power and 
the overall system net power, are due to the loads switching via 
circuit breakers in MATLAB/SIMULINK, and last no longer than 
tenth of second, which is negligible in the case of the real 
operation of the system throughout the 24 hours of the day. 
 

Figure 52: Overall system real power (simulation for EMS 1) 

Figure 53: DC-Bus voltage vs reference (simulation for EMS 1) 
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Figure 54: Reactive power exchange between ASC and CCP (simulation for 
EMS1) 

5. Conclusion 

     This paper presents three novels energy management strategies 
controlling the power flows within a GCHRES. The proposed 
EMSs differ according to the UG metering types. They have for 
common purpose to continuously meet the variable demand of the 
load for the whole 24 Hours of the day. They aim also to avoid 
the battery lifespan reducing, and to reduce the monthly energy 
bill of the UG subscriber through battery peak shaving 
application. The dynamic behaviours of the proposed GCHRES, 
under the supervision of these several EMSs, are tested under real 
weather data and variable load demand profiles. The effectiveness 
of the developed system in terms of demand meeting, DC-Bus 
voltage regulation, overall system stability, power quality, and 
element constraints respecting, is confirmed by simulation in 
MATLAB/SIMULINK. 
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Appendix A 

      Figure A.1(a) shows real average solar irradiation and Figure 
A.1(b) the average temperature datas of the region of Marrakech, 
collected on hourly basis. Table A.1 shows the site localization 
and the data base informations. 
 

Table A.1: Real solar irradiation and temperature data 

Data base PVGIS-SARAH 
Region Marrakech / Morocco 

Latitude / Longitude 31,627 / - 7,988 
Month January 

Horizon calculated 
Irradiation Fixed orientation /Tilt 

30°/Azimuth 0° 
 
Appendix B 

 
      Table B.1 shows the maximum value of charging/discharging 
power that the battery is supposed to receive/provide, for each 
month, calculated respectively by (1) and (2). 
 

max
𝑡𝑡=0…24

(𝑃𝑃𝑃𝑃𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀(𝑡𝑡) − 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(t)+𝑃𝑃𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚) (kW)   (1) 
 

min
𝑡𝑡=0…24

(𝑃𝑃𝑃𝑃𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀(𝑡𝑡) − 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(t) + 𝑃𝑃𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚 )    (kW)        (2) 

 

 

Figure A.1: Real Weather data (a) average solar irradiation (b) average 
temperature (January-Marrakech) 

 
And Table B.2 shows the maximum value of 
charging/discharging energy that the battery must be able to 

absorb/provide during a day, for each month, calculated 
respectively by (3) and (4). 
 

∑ 𝜎𝜎(𝑃𝑃𝑃𝑃𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀(𝑡𝑡) − 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(t)  + 𝑃𝑃𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚 )24
𝑡𝑡=1 ( 𝑘𝑘𝑘𝑘ℎ)            (3) 

 

∑ 𝜆𝜆(𝑃𝑃𝑃𝑃𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀(𝑡𝑡) − 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(t)  + 𝑃𝑃𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚 )24
𝑡𝑡=1  (𝑘𝑘𝑘𝑘ℎ)            (4) 

 
Table B.1: maximum charging and discharging power of the battery of each 

month 
Month Max Charging Power Max Discharging 

Power 
Jan 4.204 -4.600 
Feb 4.436 -4.564 
Mar 4.694 -4.432 
Apr 4.886 -4.348 
May 4.534 -4.234 
Jun 4.662 -4.132 
Jul 4.830 -4.006 
Aug 4.874 -4.000 
Sep 4.640 -4.162 
Oct 4.272 -4.342 
Nov 3.654 -4.450 
Dec 3.931 -4.558 

 
Table B.2: Maximum absorbing and providing energy of the battery of each 

month 
Month Max Absorbing 

Energy 
Max Providing 

Energy 
Jan 19.328 -29.649 
Feb 20.946 -27.747 
Mar 24.068 -22.700 
Apr 26.322 -18.922 
May 25.093 -16.231 
Jun 27.539 -15.463 
Jul 29.800 -14.860 
Aug 29.983 -16.291 
Sep 25.282 -18.835 
Oct 20.332 -21.244 
Nov 16.031 -26.319 
Dec 17.350 -28.481 
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