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Abstract: The paper addresses the ongoing and continuous interest in photovoltaic energy systems
(PESs). In this context, the study focuses on an isolated photovoltaic system with hybrid battery-
supercapacitor storage (HBSS). The integration of supercapacitors (SCs) in this system is particularly
important because of their high specific power density. In photovoltaic (PV) systems, multi-storage
systems use two or more energy storage technologies to enhance system performance and flexibility.
When batteries and supercapacitors are combined in a PV system, their benefits are maximized and
offer a more reliable, efficient, cost-effective energy storage option. In addition, effective multi-storage
power management in a PV system needs a solid grasp of the energy storage technologies, load power
demand profiles, and the whole system architecture. This work establishes a battery-supercapacitor
storage system (HBSS) by combining batteries and supercapacitors. The primary objective is to devise
a novel management algorithm that effectively controls the different power sources. The algorithm
is designed to manage the charge and discharge cycles of the hybrid battery-supercapacitor energy
storage system (HBSS), thereby guaranteeing that the state of charge (SOC) for both batteries and
supercapacitors is maintained within the specified range. The proposed management algorithm is
designed to be simple, efficient, and light on computational resources. It efficiently handles the energy
flow within the HBSS, optimizing the usage of both batteries and supercapacitors based on real-time
conditions and energy demands. The proposed method ensures their longevity and maximizes their
performance by maintaining the SOC of these energy storage components within the specified limits.
Simulation results obtained from applying the management strategy are found to be satisfactory.
These results show that the proposed algorithm maintains the SOC of batteries and supercapacitors
within the desired range, leading to improved energy management and enhanced system efficiency.

Keywords: batteries; hybrid energy storage; photovoltaic; power management control; supercapacitor

1. Introduction

In remote areas, the adoption of renewable energy systems is rising [1,2]. In order to
keep the source energy and the charge demand in an optimal power balance, the energy
storage system is essential [3,4]. In photovoltaic (PV) systems, energy storage is used to
store excess solar energy produced during the day so that it can be used at a later time
when the sun is not shining or when electricity demand is high. Several types of storage
technologies are used in photovoltaic (PV) systems, including batteries, supercapacitors,
Flywheels, pumped hydroelectric storage, thermal energy storage and fuel cells. Batteries
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are the most used storage for PV systems, as they are relatively inexpensive and can be easily
installed in residential and commercial settings [5,6]. Supercapacitors, or ultracapacitors,
store electrical energy as an electrostatic charge. They have a high-power density, meaning
they can charge and discharge quickly, making them well-suited for applications that
require high power output. While supercapacitors have some advantages over batteries,
such as faster charging times and longer lifetimes under certain conditions; they also have
some limitations that may make them less practical for some PV system applications [7].
The drawbacks are low energy density, high cost, limited lifespan, voltage limitations, and
leakage current [8,9].

The system requirements and the resources at hand will determine the best combina-
tion. It will be determined by various criteria, including the system’s precise requirements,
the available budget, and the tradeoffs between the advantages and downsides of each
technology. The combination of batteries and supercapacitors has various advantages.
Batteries can store significant quantities of energy for extended periods, but supercapaci-
tors may discharge fast and give high-power bursts for brief periods. This combination
has the potential to assist with balancing the load on the PV system, particularly during
high-energy-demand periods. When a PV system produces extra energy, the batteries may
be charged, and when power demand is high, the stored energy in the batteries can be
released. However, batteries have a limited discharge rate and are susceptible to voltage
loss during high-power demands. Supercapacitors, however, discharge fast, giving extra
power to meet high power demands, and they can also maintain a constant voltage output
during periods of high-power demand. Combining batteries and supercapacitors has the
added benefit of extending the life span of both power sources. Supercapacitors can absorb
high power bursts, lowering battery burden and reducing battery cycling. It prevents
battery damage, increasing their life span. Supercapacitors are more costly than batteries,
but they can reduce the capacity required for the battery system. However, there are some
potential disadvantages, such as higher costs, complex control systems, maintenance issues,
safety concerns, and limited scalability.

Power management of multi-storage in a PV system is critical to ensuring that the vari-
ous energy storage technologies perform successfully and efficiently together. Additionally,
continuous monitoring of the SOC ensures that the storage systems operate within their
optimal range, by ensuring optimized utilization and maximum system efficiency [10–12].
Power management of photovoltaic (PV) systems with multi-storage technologies has been
the subject of several research papers [13–15]. The power management of PV systems with
multi-storage technologies involves controlling the power flow between different storages
while ensuring that the load is supplied [16–19]. The goal is to optimize the use of each
storage technology and maximize the overall system efficiency.

SCs are compared to other storage devices [20–22], and the advantages of hybrid
PV-battery SCs systems are researched [23,24]. Furthermore, some studies [25–27] propose
hybrid energy storage systems (HESS) as a feasible approach, as photovoltaic-battery
supercapacitors or fuel cells. Most research with these hybrid systems focuses on load
control and demand sharing. Ref. [28] combines batteries and supercapacitors to optimize
electric vehicle operation across a wide range of ambient temperatures. This hybrid system
likely utilizes the inherent strengths of both technologies—batteries for higher energy
storage capacity and supercapacitors for quick energy delivery and management of power
spikes. To optimize the performance of these hybrid systems, advanced control strategies
like model predictive control are employed [29].

Electric vehicles’ energy management systems are critical components, as they deter-
mine how energy is sourced, stored, and utilized to optimize efficiency and performance.
Battery/supercapacitor systems combine the high energy density of batteries with the fast
charging and discharging capabilities of supercapacitors, making them suitable for address-
ing the varying power demands of electric vehicles [30]. In [31], the authors present an
economic strategy for grid-connected wind power systems using a battery–supercapacitor
system. It provides insights into the technical aspects of the economic dispatch approach
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and may present simulation or experimental results to showcase the effectiveness of their
strategy in achieving economic efficiency and grid stability. In [32], the authors explore
the performance and analysis of photovoltaic (PV) systems when integrated with energy
storage systems. Storage systems play a vital role in enhancing the effectiveness and
reliability of PV systems by addressing the intermittency of solar energy generation and
varying energy demands.

By increasing the effectiveness and viability of photovoltaic energy systems, reducing
dependency on non-renewable energy sources, and promoting technological improvements
in energy storage and management, this study contributes to sustainability. It presents an
innovative power management technique that combines battery and supercapacitor storage
technologies to increase the effectiveness and sustainability of photovoltaic (PV) systems.
First, by improving the power management strategy for these systems, the research may
help to improve the overall effectiveness of converting solar energy into usable electricity.
A stable and reliable energy supply also depends on effectively controlling the energy
storage and discharge cycles. An optimal strategy can minimize waste and associated
environmental impacts by maximizing the useful life of the storage components and
limiting the need for frequent replacements. Peak demand shifting is a crucial power
management component in PV energy systems.

Also, employing effective power management techniques enables PV systems to run
independently or with little dependence on the grid. It can improve access to electricity
and reduce the environmental effects of grid development. It can be especially helpful
in isolated or off-grid areas. Finally, a storage device using a mix of batteries and super-
capacitors suggests technological advancement. The creation and improvement of such
systems may result in improvements to energy storage that are more effective, durable, and
environmentally friendly. Publication of research papers like this one allows researchers
and practitioners to access valuable knowledge on sustainable energy solutions.

We introduce in this study a PMC that permits the control of the charge and discharge
process of storage. The application is demonstrated in Bejaia, an area with a significant
potential for solar irradiation, using four different day patterns. The validity and usefulness
of the suggested power management approach are shown in this study through simulation
results. Several experimental tests were carried out on a real-time simulator (RT-LAB) to
assess the suggested control algorithms.

2. Brief State of Art

To address solar energy limits, particularly in remote areas, hybrid systems with
different storage sources or multi-storage might be used [33], but power management
controls (PMC) are necessary to control the various powers. The strategies vary according
to the type of energy system. Furthermore, it works to coordinate the numerous sources,
allowing the power or energy created to be controlled. Many articles have looked into these
control strategies. Despite the fact that the technologies used in each vary, the majority of
applications focus on isolated systems for electrification [34,35], microgrids [36,37], and
multi-storage in traction and electric cars [38,39]. Various algorithms in the literature can
address this problem [38–55]. Some EMs approaches make use of analogical statements
in decision algorithms [40] or linear controllers such as in [39]. Others use smarter [41]
and more predictive techniques [36,37,42,43]. Olatomiwa, L. et al. [44] comprehensively
analyzed energy management strategies based on fuzzy logic systems. The authors of
paper [45] reviewed many techniques for using extra energy in renewable systems, which
are generally unused. They provide many strategies for improving functioning without
incurring additional costs. In another study [46], the EMS is used to derive the optimal
control signals. The application was created for stand-alone DC microgrids. This strategy
provides for ideal values, a realistic simulation duration, and increased battery life, while
lowering overall installation costs by removing dump loads. Meng et al. [47] summarize
the many approaches utilized for microgrids (MG) and conclude that these controls are a
multi-objective topic that deals not only with electrical issues but also with economic and
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environmental factors. Another study [48] reveals that energy management optimization is
used with sizing algorithms to reduce system costs. In [49], the authors propose a hybrid
renewable energy system based on grid-integrated storage technology. Fuzzy controllers
(FLC) were used in the optimization and design technique. The FLC was also utilized
in [50] to control the total power supply of the flow system while keeping the charging
battery in an operable state. In [51–53], it presented a PMC for electric vehicles (EV) that
does not employ power optimization but accounts for and manages extra power using a
multi-objective approach. The approach was then extended to a pumping system with
many sources [54].

In this regard, this research aims to increase the performance of a standalone photo-
voltaic system with multi-storage (batteries/supercapacitors). The strategy considers the
SOC and charging/discharging current of the batteries and SCs for SOC balancing-based
power sharing through power converters. The batteries and SCs and photovoltaic systems
are linked to DC bus via DC-DC converters, which enable improving the dynamic effi-
ciencies of the system through the regulation of batteries and SCs charging/discharging
as a function of the EMS provided when the system is exposed to variable perturbations.
The contribution of this paper consists of providing simple implementations of power
flow management regarding optimal energy flow between PV system, batteries and SCs
system, and load. Balancing between minimal energy flows through the connecting line
with minimal requirements of batteries and SCs capacity is kept. The real-time simula-
tion/experimentation that uses MATLAB/Simulink and RT-LAB is realized to confirm the
effectiveness of the designed EMS and control strategy by comparing the findings with
those of other authors. The rest of this article is organized as follows: The proposed PV
hybrid storage systems are defined in Section 3. Section 4 presents parameters identification
and modelling of the different subcomponents. Section 5 is devoted to the proposed power
management control. The studied system is simulated under MATLAB/Simulink to verify
the suggested control and energy management technique. The findings are presented in
Section 6. On a real-time simulator (RT-LAB), a number of experimental tests were carried
out to assess the suggested control algorithms. Section 7 describes the step description,
and the results are compared to the simulation results to demonstrate the usefulness of
the proposed system. Finally, Section 8 provides the conclusion summarizing this article’s
contributions.

3. Proposed PV Hybrid Storage System

PV panels, a DC/DC converter, and a (battery/supercapacitor) storage system are all
components of the system under study (Figure 1). Long-term energy storage is possible
with battery technology. Supercapacitors can quickly absorb current variation, lowering
the risk to the batteries. The voltage of the solar panels can be raised by connecting a boost
converter to them. Due to the connection of supercapacitors and batteries to the DC bus, all
powers can supply the load simultaneously.
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Figure 1. Proposed PV based hybrid storage scheme.

4. Parameters Identification and Modelling
4.1. Photovoltaic Pannel Modeling

A multitude of models are used to compute PV panel electrical curves. Their level of
accuracy and complexity varies. We applied the one-diode model in our research [40,54].
Although simple, it is useful for characterizing the electrical properties of a solar generator
(Figure 2).
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The electrical current can be written as [40,54]:

Ipv = Iph − Id − Ish (1)

Ipv = Iph − I0

[
exp

(
Vpv + Rs·Ipv

A·Vth

)
− 1
]
−

Vpv + Rs·Ipv

Rsh
(2)

Iph, Id, Ish are, respectively, the photocurrent, diode current, and shunt current, Rsh is
the shunt resistance, and Rs is the serial resistance.

Various tests are performed to identify the different PV panel characteristics (Figure 3)
under three distinct solar irradiation and ambient temperature levels: low, medium, and
high as pointed out in Table 1.
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Table 1. PV identification tests.

Tests Es (W/m2) Ta (◦C)

Test 1 750.00 28.00

Test2 410.00 27.50

Test 3 158.00 21.00
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Figure 3. Experimental test bench.

The established experimental bench is highlighted in Figure 4. It is composed by an
80 Wp panel (Table 2), a voltmeter, and an amperemeter with a variable load. The ambient
temperature and solar irradiance are measured by using measurement devices.

Table 2. Parameters of the photovoltaic panel 80 Wp.

Parameters Values

photovoltaic power Ppv 80 Wp
maximum current at PPM Impp 4.65 A
maximum voltage at PPM Vmpp 17.5 V

short circuit current Isc 4.95 A
open circuit voltage Voc 21.9 V

temperature coefficient of short-current αsc 3 mA/◦C
voltage temperature coefficient of short-current βoc −150 mV/◦C

In the lab, sun radiation and temperature were measured using measurement acquisi-
tion equipment (Figure 5). To test the effectiveness of the proposed energy management
strategy, extensive numerical simulations were made under Matlab/Simulink environment.
Runge–Kutta of fourth order is used as a solver with a step of 1 × 10−5. Table 3 below
summarizes the used simulation details.

Table 3. Parameters simulation details.

Parameters Value

D 96 days

Ts 1 × 10−4

Solver RK-ode4

Solver type Fixed
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4.2. Battery Modeling

The following model (Figure 6) has been employed in our work using various voltage
and charge state equations [51–53].{

VBatt = E0 − RBatt·IBatt − k·
∫ ( IBatt

Q

)
·dt

SOC = 1 − IBatt·t
CBatt

(3)

In this study, a 12 V–100 Ah battery is used as a storage device as shown in Figure 7a.
Identification is performed to determine the battery impedance (ZBatt). Figure 7b shows
the different curves obtained while proceeding to identify the battery. It shows that there
exists a phase shift of 3 degrees between voltage and current (voltage is lagging).
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The phase shift of these two signals gives the impedance ZBatt. And then internal
resistance RBatt, and the capacitive reactance XBatt.

The absolute value of the battery’s impedance is:

ZBatt = RBatt + jXbatt (4)


ZBatt =

Ubatt
IBatt

RBatt = ZBatt·cosρ
XBatt = ZBatt·sinρ
CBatt =

1
(XBatt·2·π·f)

(5)

with: ƒ the frequency, (Hz).
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The different calculated results are: RBatt = 0.795 Ω, XBatt = 0.07 Ω and CBatt = 44.96 mF.
All of these identified variables were included in simulation models to establish

realistic mathematical models that were as near to the experiment as possible.

4.3. Supercapacacitors Model

Different models for simulating a supercapacitor (SC) have been put forth in the
literature [56,57]. The corresponding electric circuit with two RC branches (Figure 8) is the
model utilized in our research.
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There are two branches to it. The supercapacitor’s immediate behavior during quick
charge and discharge cycles within seconds is defined by the R1C1 branch. The sluggish
branch is the second branch R2C2. The model is described by the equations below:

Usc = Nsc−s·Vsc = Nsc−s·(V1 + R1·Isc)

= Nsc−s·
(

V1 + R1· isc
Nsc−p

) (6)

The secondary capacity C2’s secondary voltage V2 is determined by:

V2 = 1
C2

∫
i2(t)·dt

= 1
C2

∫ 1
R2
(v1 − v2)·dt

(7)

Q2 is the instantaneous charge of C2, we have:

Q2 =
∫

i2(t)·dt (8)

The current i1 in the main capacitor C1 is given as:

i1 = isc − i2 (9)

There are three main techniques to characterize a supercapacitor as listed in Table 4
shown below:
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Table 4. Different supercapacitor identification techniques [58].

Technique Description Advantages Drawbacks

Electrochemical impedance
spectroscopy

Supercapacitor impedance is
measured as a function of
frequency

Identifies several
supercapacitor electrical
properties such as capacitance,
resistance, and
frequency-dependent
behavior

Expensive equipment
required.

Cyclic voltammetry
Various voltages are used to
the supercapacitor and the
current is measured.

Provides information about
the supercapacitor’s
capacitance, charge/discharge
behavior, and electrochemical
stability.

High degree of interpretation
and practical skills are
required

Charge–Discharge Cycling

The capacitor is charged to a
set voltage, then it is
discharged through a load
while measuring t voltage and
current.

Fast and relatively easy way
to determine the capacitance
and resistance of
supercapacitors

The accuracy of the results can
be influenced by the quality of
measurement equipments, the
accuracy of the voltage and
current measurements

These three methods are just a few of some others that can be used to describe super-
capacitors. The exact properties of the supercapacitor being tested and the data needed for
the application determine the technique to use. Charge–discharge cycling was employed
in this study to evaluate the supercapacitor (Figure 9). During charge and for a current of
10 A, we obtain the following response (Figure 9a). The resistance R1 is the cause of the
drop in the load voltage at the initial moment. C1 is determined directly from the constant
current load characteristic of the cell (Figure 9b).

C1 =
I

(∆V/∆t)
=

10
(20 − 2/300 − 10)

= 161F

Table 5 displays the various supercapacitors’ researched parameters.
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Table 5. Supercapacitor parameters.

Parameters Values

Rated capacitance 165 F

Maximum ESRDC initial 60 m Ω

Test current for capacitance and ESRDC 100 A

Rated voltage 48 V

Stored energy 53 Wh

Absolute maximum voltage 51 V

Absolute maximum current 1900 A

Maximum series voltage 750 V

Capacitance of individual cells 3000 F

Storage energy, individual cell 3.0 Wh

Number of cells 18

The different identified parameters are shown in Table 6.

Table 6. Obtained identified parameters.

Parameters Values

R1 1.8 Ω

R2 0.5 Ω

C1 161 F

C2 102 F
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5. Proposed Power Management Control

The buck–boost converters regulate the power flow to ensure the system runs smoothly
and effectively. These are the load power requirements:

PLoadcalc = Ppv + (PBatt + PSC) (10)

where ∆P is the power demand variation.

∆P = PLoad − Ppv (11)

The system operates as follows: Depending on the state of the power availability
requirement between the PV and load, the two storage batteries and SCs can normally
operate in either charge or discharge mode. Prolonged power unbalance in the PV-storage
system can result in storage deep discharge or overcharging. The PV with batteries/SCs
system has three working modes: fully charged mode, normal-charging/discharging of
batteries and SCs (normal mode), and transient mode (transient mode).

1-Fully charged mode (FCM):

In this scenario, only two modes appear:M1 and M2.

M1: We disconnected the batteries because they are fully charged.
∆P = 0

Pload = Ppv
SOCBatt ≥ SOCBatt_max

(12)

M2: We disconnected the supercapacitors because they are fully charged.
∆P = 0

Pload = Ppv
SOCSC ≥ SOCSC_max

(13)

2-Normal mode:

In this scenario, there are two cases. The first one is the charge mode three modes
where appear—M4, M5, and M6—where extra power is sent to charge the batteries and
SCs. The second case is a discharge mode with only two modes—M3 and M11—where the
batteries and supercapacitors are disconnected to protect them as the load is powered by
PV power.

a-Charge mode (CM): In this case, we have three modes: M4, M5, and M6.

M4: The generated photovoltaic power supply the load. Excess power is sent to charge the
batteries. 

∆P > 0
Pload > Ppv

SOCBatt < SOCBattmin

PBatt = ∆P = Pload − Ppv

(14)

M5: The generated photovoltaic electricity will be used to supply the load. Excess power is
used to charge the SCs. 

∆P > 0
Pload > Ppv

SOCSC < SOCSC_min
PSC = ∆P = Pload − Ppv

(15)
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M6: PV supplies the load, and any excess power is sent to charge the batteries and superca-
pacitors. 

∆P > 0
Pload = Ppv

SOCBatt < SOCBatt_min
SOCSC < SOCSC_min

PBatt = ∆P/2 = (P load − Ppv
)
/2

PSC = ∆P/2 = (P load − Ppv
)
/2

(16)

b-Discharge mode (DM):

M3: When the batteries and supercapacitors are not fully charged, the algorithm acts to
prevent the batteries and SCs deep discharging, so disconnecting them is the priority.

∆P = 0
Pload = Ppv

SOCBatt < SOCBatt_max
SOCSC < SOCSC_max

(17)

M11: The load could not be supplied by the PV, which can be very low, and we disconnected
the batteries and SCs because of their low levels of SOC.

∆P < 0
Ppv > 0

Pload = 0
SOCBatt ≤ SOCBatt_min
SOCSC ≤ SOCSC_min

(18)

3-Transient mode (TM): We have four modes: M7, M8, M9, M10, and M11.

M7: The batteries are charged; the load is supplied since SOCBatt > SOCBatt_min and the
photovoltaic power is zero. 

∆P < 0
Ppv = 0

Pload = PBatt
SOCBatt > SOCBatt_min

(19)

M8: As long as the batteries remain charged and the PV power is not null, they will fill up
the power gap and supply the load by compensation.

∆P < 0
Ppv > 0

Pload = Ppv+PBatt
SOCBatt > SOCBatt_min

(20)

M9: Since there is no PV power in this scenario, charged SCs will be used to feed the load.
∆P < 0
Ppv = 0

Pload = PSC
SOCSC > SOCSC_min

(21)
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M10: Since the SOCSC > SOCSC_min, SCs can provide energy, compensating the deficit of
photovoltaic power. 

∆P < 0
Ppv > 0

Pload = Ppv+PSC
SOCSC > SOCSC_min

(22)

When the batteries and supercapacitors are completely charged/discharged, the charg-
ing/discharging stops. The eleven possible modes are shown in Table 7. The flowchart
(Figure 10) shows how it works.

Table 7. The different possible modes.

Cases
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Figure 10. Photovoltaic system energy management flowchart.

6. Simulation Results

The studied system is simulated under MATLAB/Simulink to verify the suggested
control and energy management technique. The simulation’s findings have been presented
and analyzed. The measured profiles of solar irradiation and ambient temperature are
given in Figure 11a,b, respectively.

Sustainability 2023, 15, x FOR PEER REVIEW 15 of 30 
 

 

 

Figure 10. Photovoltaic system energy management flowchart. 

6. Simulation Results 

The studied system is simulated under MATLAB/Simulink to verify the suggested 

control and energy management technique. The simulation’s findings have been 

presented and analyzed. The measured profiles of solar irradiation and ambient 

temperature are given in Figure 11a,b,respectively. 

 
(a) 

M11

Power calculations

PPV, ΔP

Initial conditions

 SOCBatt_min, SOCSC_min,

SOCBatt_max , SOCSC_max   

ΔP>0 ΔP=0SOCBatt≥SOCBatt_min

SOCBatt<SOCBatt_min

SOCBatt≥SOCBatt_max

SOCSC<SOCSC_min

SOCSC≥SOCSC_max

PPV=0

PPV=0

SOCSC≥SOCSC_min

M9 M2M8 M7 M6 M5 M4 M3 M1M10

No

Yes
Yes

Yes

Yes
Yes

Yes

Yes
Yes

No

No

No

No

No

NoNo

No

No

Yes

DM DMTM CM FCM

Figure 11. Cont.



Sustainability 2023, 15, 14066 16 of 30Sustainability 2023, 15, x FOR PEER REVIEW 16 of 30 
 

 

 
(b) 

Figure 11. Measured profiles; (a) solar irradiance; (b) ambient temperature. 

DC bus voltage closely tracks its reference (Figure 12). It is regulated in the desired 

voltage and remains at its reference (VDCref=24 V), with low fluctuations (ΔV = 0.98% < 

1%). Finally, the voltage VDCref meets the load demands with great control efficiency. A 

well-performing VDCref permits proper operation in the studied system. This result 

indicates the effectiveness of DC bus voltage regulation that contributes to the optimal 

operation. 

 

Figure 12. DC bus voltage and its zoom. 

Figure 13 presents the simulated voltage profiles of the battery and supercapacitor 

over time. The batteries and SCs voltage vary in accordance with the power 

absorbed/injected into the DC bus. Monitoring these voltage profiles is crucial to ensure 

that the energy storage components are appropriately charged and discharged. Proper 

voltage control helps maximize the efficiency and lifespan of the energy storage system. 

By presenting these simulation results and profiles, the study demonstrates the practical 

application of the proposed control and energy management technique. Analyzing these 

outcomes allows researchers to evaluate how well the suggested approach performs 

under varying environmental conditions and dynamic system behavior. It also provides 

insights into the system’s response to different inputs and perturbations, helping validate 

the efficacy of the strategy. 

Figure 11. Measured profiles; (a) solar irradiance; (b) ambient temperature.

DC bus voltage closely tracks its reference (Figure 12). It is regulated in the desired
voltage and remains at its reference (VDCref = 24 V), with low fluctuations (∆V = 0.98%
< 1%). Finally, the voltage VDCref meets the load demands with great control efficiency.
A well-performing VDCref permits proper operation in the studied system. This result
indicates the effectiveness of DC bus voltage regulation that contributes to the optimal
operation.
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Figure 12. DC bus voltage and its zoom.

Figure 13 presents the simulated voltage profiles of the battery and supercapacitor over
time. The batteries and SCs voltage vary in accordance with the power absorbed/injected
into the DC bus. Monitoring these voltage profiles is crucial to ensure that the energy
storage components are appropriately charged and discharged. Proper voltage control
helps maximize the efficiency and lifespan of the energy storage system. By presenting
these simulation results and profiles, the study demonstrates the practical application
of the proposed control and energy management technique. Analyzing these outcomes
allows researchers to evaluate how well the suggested approach performs under varying
environmental conditions and dynamic system behavior. It also provides insights into the
system’s response to different inputs and perturbations, helping validate the efficacy of
the strategy.
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Figure 13. Voltage battery and supercapacitor.

It is noticed in Figure 14 that the battery SOC is well controlled and is maintained
between 82.85%and 90% while supercapacitor SOC varies between 58.05% and 90%. The
batteries and SCs SOCs are kept within bounds, regardless of the variations in PV and load
power profiles.
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Figure 14. Battery and supercapacitors.

We have conducted a simulation comparing two scenarios: one with only battery
storage and another with a hybrid storage system by incorporating both batteries and SCs.
Based on our simulation results (specifically shown in Figure 15a,b), we have observed that
introducing supercapacitors in the storage system led to a reduction in stress on the batteries.
In the scenario with only battery storage, the SOC started at 75% and decreased over time.
However, when supercapacitors and a well-implemented control loop were introduced in
the system, the battery SOC remained relatively constant and reached a minimum value
of 82.85%. It suggests that adding supercapacitors helped regulate the battery SOC and
prevent it from dropping significantly. In the battery-only scenario, the battery voltage likely
fluctuated as the SOC decreased, which is typical behavior for batteries. The battery voltage
remained relatively stable with some fluctuations with the hybrid storage setup including
supercapacitors and a control loop. This stability indicates that the supercapacitors might
be assisting in maintaining a steady voltage level, contributing to more consistent system
performance.
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Figure 15. Battery SOC and voltage with and without introduction of supercapacitors. (a) Battery
SOC. (b) Voltage battery.

Figure 16 shown below points out the battery and supercapacitor currents.
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Figure 16. Battery and supercapacitor currents.

The different resulting modes are given in Figure 17. During each cycle, batteries and
SCs are discharged and then rapidly recharged at M4 and M6 modes (for batteries and at
M5 and M6 for SCs). The only cases of disconnection are during M3 where ∆P = 0 but the
load is powered entirely by photovoltaics, and during M11 where the load is disconnected.
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Figure 18 depicts the battery, supercapacitor, and PV powers all at once.
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Figure 18. The different powers.

Figure 19 depicts the power per day of all power sources for four distinct days. The PV
power varies with the profile of solar irradiation. Despite changes in load requirements, the
curve of maximum available PV power aligns with solar irradiance variation, validating
the suggested MPPT. To better depict discharges in relation to PV and load changes, battery
and SC powers are presented in negative. It should be noted that the negative sign of the
batteries’ and SCs’ powers indicates that they are recovering power, while the positive sign
indicates that they are supplying the load. They alter its charging course (sign).
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During the first day (Figure 19a), where solar irradiance is very low and does not
exceed 200 W/m2, the battery is highly stressed and is supported by the SC during sudden
changes in load (at t = 6, 7, 11, and 18 h). The most frequent modes are M7, M8, M9, and
M10, as ∆P is always negative. On the second day (Figure 19b), when maximum solar
irradiation is around 460 W/m2, the same observations were made, with slightly less stress
on the batteries, assisted by the SC, at times of abrupt load changes (t = 31 and 41 h). On
the third day (Figure 19c), solar irradiance reached 620 W/m2, and up to 740 W/m2 on the
fourth day. On these last two days, we note less stress on the batteries and the presence of
modes M4 and M5, corresponding to battery and SC charging.

The reference load power and the sum of power developed by all the power sources
are shown in Figure 20, respectively.
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Sometimes the calculated power is more than the developed load power. The power
surplus has been computed (Figure 21). Despite adequate size and the use of PMC, it is
noted that a slight surplus of power is obtained, which can reach a maximum of 100 W on
the last day of strong sun irradiation. They demonstrate the suggested control and energy
management technique’s performance with regard to state of charge, current profiles,
operating modes, power output and consumption, and load needs alignment. These visual
representations provide insights into the system’s behavior under various settings and
indicate the research approach’s feasibility and practicality.

7. Real-Time Simulation

A series of experimental tests were performed on a real-time simulator (RT-LAB) to
evaluate the proposed control methods. The system settings remained unchanged from the
MATLAB/Simulink numerical simulation. The real-time simulation bench (Figure 22) con-
sists of a host PC, a real-time digital simulator (OP5700), an HIL controller, an OP8660 data
collection interface, and a digital oscilloscope. Maintaining system parameter consistency,
employing particular hardware components, and displaying the experimental bench using
a given diagram (Figure 22) were all part of the setup. These real-time experiments validate
the proposed control strategies in a practical environment, adding a layer of real-world
verification to the findings of the simulation-based study.
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Figure 23 shows the different obtained modes when the energy management strategy
is run using the RT-LAB real-time simulation platform. The scheduled modes from 1 to 11
are highlighted to demonstrate the efficacy of the suggested management.
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Battery and supercapacitor voltages and their corresponding zooms are highlighted in
Figure 24.
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The SOC of both the supercapacitor and the battery are shown in Figure 25. The zoom
in the same figure confirms that the SOC of the previously mentioned power sources is
kept within safe limits during all the simulation periods.
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Figure 25. Battery–supercapacitor SOC and their zoom.

Figures 24 and 25, along with their corresponding zooms, provide detailed insights
into the behavior of the battery and supercapacitor within the energy management system.
It highlights voltage profiles, SOC behavior, and their alignment with safe operating limits,
reinforcing the successful performance of the suggested energy management strategy in
maintaining optimal conditions for the energy storage components.

The battery and supercapacitor currents are represented in Figure 26. It is noticed that
the battery is used during low and medium power demands. However, during fast and
peak load demands, the supercapacitor is used because of its rapid transient dynamics.
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Figure 26. Battery-supercapacitor currents.

Figure 27 shows the reference DC bus voltage, its reference, and a zoom of the afore-
mentioned quantity. It can be seen clearly that VDC precisely follows its reference. Note
also that the voltage ripple band is small and tolerable.
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The power developed by each energy source is shown separately in Figure 28. As
shown in Figure 29, the load power equals the developed power.
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One can notice that the storage system produces a power that is equivalent to the
total demand with a little excess as illustrated in the different subfigures of Figure 30a–d
illustrated below:
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Figure 30. Zooms on calculated and developed load power in RT-LAB. (a) Day 1. (b) Day 2. (c) Day 3.
(d) Day 4.
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8. Conclusions

This paper proposes an energy management strategy for multi-storage (battery/SC)
applied in a PV system. The used control technique is based on current regulation of two
energy sources through the use of proportional integral (PI) regulators. The findings were
verified by simulation with MATLAB/Simulink, and they were also tested in real-time with
the RT-LAB simulation platform. This means that the control used is efficient and allows
the flow of energy appropriately, ensuring good and optimal system operation. The power
management techniques covered in this paper enable the system to operate as effectively
as possible with high PV system performance, regardless of the weather conditions. As
a further study, it is planned to apply intelligent control methods to extend the lifespan
of energy sources while ensuring their efficient and optimal utilization. The authors plan
to extend their work by exploring the application of the proposed system in real-world
applications such as water pumping in irrigation systems.
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