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Energy management based on a fuzzy controller of a photovoltaic/fuel cell/Li-ion
battery/supercapacitor for unpredictable, fluctuating, high-dynamic three-phase AC load

Introduction. Nowadays, environmental pollution becomes an urgent issue that undoubtedly influences the health of humans and other
creatures living in the world. The growth of hydrogen energy increased 97.3 % and was forecast to remain the world’s largest source of
green energy. It can be seen that hydrogen is one of the essential elements in the energy structure as well as has great potential to be
widely used in the 21st century. Purpose. This paper aims to propose an energy management strategy based a fuzzy logic control, which
includes a hybrid renewable energy sources system dedicated to the power supply of a three-phase AC variable load (unpredictable high
dynamic). Photovoltaic (PV), fuel cell (FC), Li-ion battery, and supercapacitor (SC) are the four sources that make up the renewable
hybrid power system; all these sources are coupled in the DC-link bus. Unlike usual the SC was connected to the DC-link bus directly in
this research work in order to ensure the dominant advantage which is a speedy response during load fast change and loads transient.
Novelty. The power sources (PV/FC/Battery/SC) are coordinated based on their dynamics in order to keep the DC voltage around its
reference. Among the main goals achieved by the fuzzy control strategy in this work are to reduce hydrogen consumption and increase
battery lifetime. Methods. This is done by controlling the FC current and by state of charge (SOC) of the battery and SC. To verify the
fuzzy control strategy, the simulation was carried out with the same system and compared with the management flowchart strategy. The
results obtained confirmed that the hydrogen consumption decreased to 26.5 g and the SOC for the battery was around 62.2-65 and this
proves the desired goal. References 47, tables 7, figures 19.

Key words: energy management strategy, fuzzy logic control, hybrid renewable energy source.

Bemyn. B Oanuii uac 3a0pyoHeHHs. HABKOMUUHBLOO CepedosUd CMAc aKkmyaibHOI0 NPoOnemoro, sika, 6e3nepeyto, GNIUBAe HaA 300p08 s
JHOOUHU MA THWUX ICMOM, 5K JICUYmb Y CeImi. 3pocmantss 600Hes0i enepeemuku 30ibunnocs Ha 97,3 %, i npoeHosysanocs, wjo 6oHa
3amUMUMbCA HAoibluM Y c8imi 0dicepenom 3eneHoi enepeii. Buowo, wo 600enb € 0OHUM i3 HAUBAXCTUBIUIUX eNleMEHIMI8 Y CIMpPYKmypi
eHepeemuKy, a MaKodic MAac GeIUKUll nomeHyian oA wupokozo eukopucmanna y 21 cmonimmi. Mema. Y yiii cmammi npononyemucs
cmpamezist YAPAGIIHHS eHEeP2OCHONCUBAHHSM, 3ACHOBAHA HA HEYIMKOMY JIOSIHHOMY YAPAGTIHHI, SIKA GKTIFOUAE SIOPUOHY CUCHEM) GIOHOGTIOBAHUX
Ooicepen emepeii, NPUHAyery Ol HCUBTIEHHS MPUPAZHOL0 3MIHHO20 HABAHMANCEHHS 3MIHHO20 CPYMY (Henepeobauysana 6UCOKa OUHAMIKG).
Domoenexmpuuni (PV), nanusni enemenmu (FC), nimii-ionni 6amapei’ ma cynepkonoencamopu (SC) — ye womupu Odicepena, 3 sAKUX
CKIA0AEmuvCsl 6iOHOBMIO8AHA 2IOpUOHA eHepeocUcmeMa, 6Ci yi Oxcepena nioKmoyeHi 00 wiuHu nocmitinozo cmpymy. Ha 6iominy 6i0 3guuaiinux
3acmocysamy,ye yitl docrionuybkitl pooomi SC 0y8 niokurouenuti 00 WuHY NOCMITHO20 CpyMy De3nocepeorbo, Wob 3ade3neyumu OOMIHyYY
nepesazy, wjo NOA2Ac 8 WBUOKOMY peazysanHi npu WEUOKIll 3MiHI HABAHMAXCeHHs ma nepexionux pedicumax Hasanmaxicenns. Hoeusna.
Jhicepena acusnenns (PV/FC/oamapei/SC) koopounyromucsi Ha 0CHOGI iXHbOI QUHAMIKY, WoO NIOMPUMYEAmuU HANPY2y ROCMIUHO20 CIPYMY
bina ceoeo emanonnozo sHavenHs. Ceped OCHOBHUX Yinell, OOCAZHYMUX CIPAMERICI0 HEYimKo20 YNPAaeninHa ) Yill poOomi, - 3HUNCEHH:
CNOJCUBAHHSL BOOHIO A 30LTIbUIEHHS MEPMIHY CTyacOu bamapei. Memoou. Lle pobumuvcs uwisixom kepyéartsa cmpymom FC ma cmanom 3apsady
(SOC) bamapei ma SC. [Qna nepegipxu cmpamezii newimko2o ynpaenintsa 0y10 npoeeoeHo MOOeIO8aHHA 3 MIEI0 CAMOI0 CUCEMOIO md
nopieHAHHA 31 cmpameeicto O10K-cxemu kepyeants. Ompumani pe3ynomamu NIOMeepOUnY, Wo CHONCUBAHHS BOOHIO 3HUBUIOCA 00 26,5 2, a
SOC ons 6amapei cmanosuio 6nusbko 62,2-65, wo do600ums docsenenns baxcanoi memu. biomn. 47, Tabn. 7, puc. 19.

Knrouoei cnosa: cTpaTterisi eHeproMmeHeIKMeHTY, HeUiTKe JoriuyHe ynpasJiiHHs, ri0puiHe BiTHOB/IIOBaHe [sKepeJio eHepril.

Introduction. The expansion of conventional power
networks has led to the instability of the power network
due to its inability to meet various energy requirements,
especially in rural areas with difficult terrain and very low
population density, where the decentralized supply of
energy to remote areas has become necessary. The
Renewable energy systems like a solar, wind, and
hydrogen, to name a few, contribute effectively in global
energy balance, These sources are sustainable and have
zero emission compared to systems that rely on traditional
fuels such heavy oil, natural gas, and coal [1], The system
can reach optimal efficiency by combining these sources
with energy storage elements [2, 3]. Although these
resources are primarily weather-dependent, any
significant changes in the weather can drastically affect
power generation [4]. This hasn’t stopped governments
from increasing the percentage of renewable energy in
their energy mix, which is predicted to reach 23 % by
2035 [5]. A hybrid power system (HPS) can alleviate the
problem of energy demand, especially in distant places,
when a self-contained renewable resource is unable to
offer reliable and sufficient electricity. HPS is made up of
a variety of non-renewable and renewable energy sources,
as well as converters and energy storage system devices.
It also has a number of advantages, including great

flexibility and power management capabilities [6]. In [7]
authors explained that hydrogen is the energy source of
the future; he noted that the cost of hydrogen (CH) will
decrease as its use grows and production and storage
methods improve; he also discussed the necessity of
producing hydrogen using electrical energy generated
from renewable energy sources. Hydrogen energy has the
biggest benefit over other sources of energy in that it can
be stored and delivered. Solar energy, wind turbines, and
hydroelectric power plants can all provide excess
electricity that can be stored as hydrogen energy for later
use. Energy can be continuously produced and stored in
this manner. As a result, numerous researches have been
conducted [8]. The polymer electrolyte membrane fuel
cell (PEMFC) systems, according to [9], are one of the
efficient energy conversion devices utilized for the direct
conversion of hydrogen energy received from diverse
RES into electrical energy. In [10] authors shows the
impacts of lithium-ion batteries for renewable energy
(wind and solar) storage for grid applications are assessed
through a life cycle assessment covering the batteries
supply phase, their end-of-life, and use. Results show that
the new lithium-ion battery cathode chemistry has 41.7 %
more particulate matter and 52.2 % more acidification.
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Because of the growing demand for efficient, high-power
energy storage, the development of supercapacitors (SCs)
has gotten a lot of attention in recent years. Authors in
[11] investigated how to improve the energy density of
SCs for renewable energy generation applications. This
potential was assessed by calculating the performance
(energy and power) of a series of SCs that use advanced
materials that electrochemists have been studying for the
past 10-15 years. In [12] were considered that the SC is
one of the greatest energy storage elements for hybrid
electric power systems. Many studies have looked into
HPS, which combine fuel cells (FCs) with batteries and
SCs, In [13, 14] authors improved the energy
management in hybrid FC/battery/SC for electric vehicle
applications (FC as the primary source, and battery with
the SCs as backup source). Authors provide a
combination of artificial neural network and primary
biliary cirrhosis in this article to control and manage the
energy of this multisource system, the stability of the
hybrid system while providing an acceptable solution for
transferring energy between sources. In order to get
greater dynamic performance, the system still need
several advanced control approaches. Photovoltaic (PV)
wind battery is another type of hybrid renewable energy
systems used in energy systems to assess the charging and
discharging capabilities of the system, for the energy
management of this hybrid energy sources. In [15]
displays an intelligent fractional order PID controller.
Through a DC-link voltage, PV-wind-battery is connected
to a smart grid. To extract the maximum power point
(MPP) from the wind and PV, the converters are
controlled by an intelligent fractional order PID method,
despite the fact that this research gives predictions using
the proposed technique while taking local uncertainty into
account, the impact of climate conditions on the generated
energy still standing. Authors in [16] present an optimized
energy management strategy (EMS) for PV/FC/battery
DC microgrid based on salp swarm algorithm (SSA), the
proposed SSA-based EMS is evaluated and compared to
the existing particle swarm optimization (PSO)-based
EMS. The SSA provides a more stable working
environment for the power system (FC and battery) than
the PSO, because the planned EMS is dependent on a
central controller, any failure of this controller could have
significant implications for the power system, this can be
avoided for decentralized control systems. Because of the
advantages of using a SC during a load change that is
transitory, surprising and quick. In [17] authors included
the SC to the renewable hybrid power system (REHPS),
which includes PV, PEMFC, battery, and SC. To achieve
the maximum value of state of charge (SOC) and the
lowest value of hydrogen consumption, the suggested
energy management system employs a hybrid method that
includes fuzzy logic, frequency decoupling, and state
machine control strategies. The adaptive fractional fuzzy
sliding mode control (AFFSMC) technique is provided
for power management in a PV/FC/SC/battery hybrid
system in grid-connected microgrid applications [18]. In
operating settings, the AFFSMC outperforms the
traditional PI controller, according to research. For the
proposed system, a REHPS, a PV array serves as the
major power source in this arrangement during day light

when it is available and a FC (PEMFC) as a secondary
power source during the night or in the shading time,
battery and SC as storage eclements and to provide
transient load demand.

The goal of the paper is to try to improve some of
the weaknesses and results of previous research, and that
is by connecting the SC directly to DC voltage bus in
order to ensure a speedy response during load fast change
and load transient, also, in this work, hydrogen
consumption and battery SOC were taken into account
and optimized (for cost and lifetime cycle) in addition to
combining all DC/DC converters into a single unit. This
study describes energy management strategies for a fuzzy
logic control approach for a REHPS (PV/FC/Battery/SC),
The system’s performance is simulated using the
MATLAB/Simulink software, the results were compared
to the control approach for management flowcharts, the
system was also tested on a three-phase AC variable load,
demonstrating its efficiency.

System description. REHPS investigated in this
research is designed to provide power to a specific load,
four sources make up the REHPS: a PV generator as a
renewable energy source that serves as the primary source
during daytime hours. The FC intervenes as a
supplementary source at night or during shade period. When
the load power is high, batteries serve as an energy storage
element for the FC, ultracapacitors can be used as a transient
power compensator or when changing loads quickly. To
controlling the power of each source and maintaining a
constant voltage level as much as feasible DC-DC
converters regulate all energy sources and storage systems.
Boost converter for PV and PEMFC power sources, as well
as a bidirectional converter (buck and boost) to manage the
charging and discharging of batteries, a three-phase DC-AC
converter is used to provide the load with a three-phase
regulated current source in this study. In order to expose the
system’s responsiveness under various scenarios, we
assumed the load is a random variable load (Fig. 1).
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Fig. 1. Structure of the studied REHPS

Batteries

The suggested energy management system uses the
rule based fuzzy logics strategy. In Fig. 2 the hierarchical
management and control system is illustrated as a block
diagram with its inputs and outputs. The management
method presented in this study is based on the following
key criteria: lowest hydrogen use while maintaining
maximum SOC, extended life cycle, and high overall
system efficiency.
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Fig. 2. Block diagram of the energy management system

Modeling and sizing of electrical system parameters.

1. PV source. A solar generator is made up of a
group of basic PV cells that are linked in series and/or
parallel to generate the necessary electrical characteristic,
where their common model is depicted in Fig. 3.

VA,

Fig 3. Single diode PV cell model

The photocurrent is /,,, and the diode current is /.
Ry, is connected to the non-ideal feature of the p-n
junction and the presence of flaws along the cell’s borders
that favor a short-circuit path around the junction. Rg
indicates the totality of the resistances confronted with the
electrons’ trajectory [19, 20].

The PV panel used in simulation in this work is
referenced by: ASMS-180M from Aavid Solar Company
(exists in MATLAB. According to our rated power (10 kW),
we have used M,-M, = 6-10= 60 — PV panels to achieve this
power value (Table 1).

Table 1
Simulation parameters of the used PV field
Pypp — MPP power value, kW (180x6x10) 10.8
Vypp — MPP voltage value, V (36x10) 360
Iy;pp — MPP current value, A (5x6) 30
Iscs — short circuit current value, A (5.5%x6) 33
Vocs — open circuit voltage value, V (45x12) 540

2. PEMFC generation system. PEMFC is a popular
renewable energy source that has been recommended as
preferred because to its benefits such as high efficiency (up
to 45 %), high energy density (up to 2 W/em®), silent
operation, low-temperature operation, quick start-up, and
system resilience [21, 22]. It was frequently used for this
purpose used in a number of applications for this reason,
including vehicle propulsion, small-dispersed generation,
and portable applications [23]. However, it has some
disadvantages, including an inconsistent output voltage, a
poor reaction to load fluctuations, and a high price [24].
Through electrochemical reactions of oxygen and
hydrogen, PEMFC generates electricity-using hydrogen as
a fuel, and because the PEMFC’s only by-product is water,
no emissions are produced. The FC’s equivalent circuit is
shown in Fig. 4 [25]. The parameters of the PEMFC used

in simulation in this work are detailed in Table 2 (exists in
MATLAB). DC/DC boost converter is attached to the
PEMFC’s output, the converter receives the reference FC
current and uses it to adjust the amount of output power it
sends to the system, the /-V curve for the FC employed in
the proposed system is shown in Fig. 5 [26].
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Fig. 4. FC equivalent circuit
Table 2
Parameters of the PEMFC data sheet
FC nominal parameters Stack Power Nominal 10287.5
FC nominal parameters Stack Power Maximal 12544
Nominal utilization hydrogen 98.98
Nominal utilization oxident 42.88
Nominal consumption fuel 113.2
Nominal consumption air 269.5
Temperature system, T 318
” V,V  Stack voltage vs current “ P, kW  Stack power vs current
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Fig. 5. The suggested system’s /-J curve for the FC

3. Li-ion battery. Li-ion batteries were utilized for this
research work, because, when compared to other battery
types, they have shown to offer a high energy density and
efficiency (such as lead-acid, NiCd or NiMH) [27], When
considering lithium batteries, the SOC %, remaining usable
life, and deterioration are the most significant characteristics
to consider as well as various other factors such as detection
of battery parameters, charge control, as well as battery
protection and alarm [28, 29]. The updated model of the
battery as a function of open cell ohmic resistance, cell
circuit, cell inductance, capacitance, long/short time
resistance, and the load current is represented by the
equivalent battery circuit in Fig. 6.

Table 3 displays the battery parameters, to manage the
battery’s charging and discharging procedures, the battery’s
output is coupled to a buck/boost DC/DC converter.
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Table 3
Parameters of the Li-ion battery data sheet

Voltage nominal, V 48
Capacity rated, Ah 40
Initial SOC, % 65
Capacity maximum, Ah 40
Cut-off voltage, V 36
Voltage fully charged voltage, V 55.8714
Discharge current nominal, A 17.3913

4. Ultracapacitor. An ultracapacitor (UC), also
known as an electrochemical double layer capacitor, is a
type of capacitor that has a very high capacitance, is a
low-voltage energy storage device that functions similarly
to a battery but has a very high capacitance value. High
power density, low series resistance, high efficiency, huge
charge/discharge capacity, and reduced heating losses are
all features of UCs [30]. These fast-response deep-
discharge capacitors are suited for use across a broader
temperature range. The terminal voltage of a UC, on the
other hand, declines when the SOC diminishes, and the
rate of reduction is dependent on the load current [31].
The basic UC model is given in Fig. 7.
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Fig. 7. Basic UC model

Table 4 shows the specifications of the UC that was

Table 4
UC parameters
Capacitance rated, F 15.6
Equivalent DC series resistance, mQ 150
Voltage rated voltage, V 291.6
Number of series capacitors 108

Number of parallel capacitors 1
Voltage initial, V 270

The energy management system is a computerized
software that regulates the power response of each energy
source in relation to load demand via the converters that are
connected to it. The EMS has a significant impact on system
overall performance and efficiency, fuel economy, and
distributed generation service life, as well as managing the
SOC and avoiding deep discharging, and maintaining DC
voltage stability [32]. When discharging, the energy storage
element was employed as a source of energy in this study,
because the proposed system includes many electrical power
sources such as PV and FC, an energy management
approach was required to regulate, monitor, and enhance the
system’s operation in order to achieve the system’s
maximum performance [33, 34]. With REHPSs, a wide
range of EMSs and control techniques are employed, In this
research, the fuzzy logic control (FLC) was employed as a
control strategy for calculating and setting the reference
values of FC power, as well as the PI cascaded control for
calculating and setting the reference values of battery charge
and discharge currents.

Control of the active PV generator. The controller of
the PV generator must manage PV voltage in order to adopt
a maximum power point tracking (MPPT) approach in order
to harvest the maximum power from the PV system. The PV
generator’s reference voltage is established using a basic
perturbation and observation (P&O) based MPPT algorithm.
The control unit from the duty cycle (u) to the PV voltage
(Vpy) is shown in Fig. 8, two cascaded PI controllers
complete this process, restoring Vpy to its reference [35, 36].

Table 5
Simulation parameters
PV converter
Boost converter
Two cascade PI controllers
Voltage: (0,1131, 32)

Topology converter
Technic control

Parameters control (kp, ki)

employed. Current: (14,1421, 20000)
Ipy
—» MPPT
Vev Algorithm FI PI
—>
Tpv Vv ILpy
MESURMENT
|
M | I
BOOST <

Fig. 8. CU from the duty cycle (u) to the voltage PV

Battery charging/discharging current control. For
balancing power and regulating DC bus voltage, the
battery pack is critical, the charging/discharging battery
current is controlled in this study using a PI control

method. It is determined by the difference between the
DC voltage’s real and reference values [37-41]. The PI
control technique for the battery charge/discharge
operation is shown in Fig. 9.
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Fig. 9. Battery charge/discharge control approach based on PI

Fuzzy logic controller for PEMFC system. Instead
of the usual true or false Boolean logic, the FLC is a
control technique based on the level of truth (one or zero),
fuzzification, fuzzy interface, and defuzzification are the
basic control phases in fuzzy control [42-44]. The fuzzy
IF/THEN rules are triggered to use the fuzzy interface for
mapping the fuzzy values after the fuzzification technique
changes the input values to fuzzy values, the
defuzzification technique provides output values at the
conclusion. As a control approach and in the application of
systems optimization, fuzzy logic control is employed in
hybrid power systems. The fuzzy logical control in this
study contains two input variables and one output variable,
where the input variables are excess demand power Ay and
SOC, and the output variable is the FC system reference
power Pfc_ref. The A4 is divided into four zones to provide
this fuzzy control: very small (VS), small (S), medium (M),
and big (B). Similarly, the battery SOC is divided into 3

current regulator [44-47]. Figure 12 depicts the control
structure of the PEMFC generating DC/DC converter.
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Fig. 11. PEMFC generéting DC/DC converter control structure

Results and discussion. Throughout the simulation, in
order to monitor and manage the operation of the proposed
system at varying load values (ranging from around 0 to
14 kW) as shown in Fig. 12 the system is intended to
provide sufficient power to a random three-phase dump
load. In MATLAB/Simulink the suggested configuration
and hybrid energy management system are developed and
simulated for a total simulation period of 300 s.
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Fig. 12. Load profile
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Figures 13-15 show the irradiation profile, PV
current, and PV power consumed, respectively. The PV is
assumed to be operating at a constant temperature of 25 °C,
and about the irradiance value is designed to indicate
meteorological conditions, solar intensity, nighttime, and
whether or not shade is present.
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Fig. 13. Irradiation profile used throughout the simulation
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Fig. 15. PV power

The irradiance value is 1000 W/m?* according to day
light at the start (at O s) of the simulation period, with
solar panels producing a maximum power of 10.8 kW,
because the temperature 7' = 25 °C is expected to be
constant, during this time, the solar panels cover the load
requirement of 11.08 kW with the aid of the FC’s low
power, and the battery maintains its initial SOC, which is
65 %. At 40 s, the PV power generated surpasses the load
requirement, since the irradiance value remained constant
at 1000 W/m® when the load power decreased, the excess
PV power production is utilized to charge the battery and
SC, in this instance, the PV power interferes in regulating
and controlling of charging/discharging of the batteries,
and also the regulation and controlling of the FC current,
at the same time, the FC’s power consumption is reduced.
At 70 s, (there is no excess power since the load demand
exceeds the PV power generated), the load power began
to rise and the solar panels continue to produce the
greatest amount of energy possible, it is insufficient to
meet the load demand of 14 kW, because of its sluggish
response of the FC and battery, the SC begins to supply
the load with the required power (for its quick response).

At 98 s, and when the irradiance value falls to
400 W/m’, the amount of power generated by the PV

panels is decreasing, in this situation, the EMS calculates
the difference between the load power and the PV power.
And then the updated values of the FC current and battery
charge/discharge current are determined. As both the PV,
FC, and battery begin to provide power to the system
based on the FC reference current and battery discharge
current, the SC power is reduced, and the load power is
provided mostly by the PV, FC, and battery, with the SC
providing a small portion of the load power. The
irradiance value drops to 0 W/m’® after 180 s (the PV
power is 0 W) and the load power began to decline once
more, because of the charge/discharge responsiveness of
the SC, the SC begins to give power to the load sooner
than the FC and battery, the SC power is reduced once
again, with the FC and battery providing the majority of
the load power. At 220 s the load continues to decrease as
the FC alone becomes sufficient to meet its demand. At
270 s, as the load continues to decrease, the FC covers the
load requirement, in this situation the extra power is used
to charge the battery once more. When this time period
comes to a close, the load power is zero, and the FC
provides power to charge the battery and the SC. Figure
16 depicts the performance of all power sources during
the course of the simulation, from 0 to 300 s.
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Fig. 16. Performance of all power sources

Figure 17,a depicts the battery’s SOC percentage,
which at the beginning of the simulation maintains its initial
value of 65 %, and in the 40 s, through the lack of power
demand for the load, through the lack of power demand for
the load, the battery is charged through the excess solar
panels power 65.5 %, and by raising the load’s demand
power, the battery is drained to support other power sources
through the specified strategy of supplying the load with its
required power until it reaches a value of 63.6 % at 170 s.
The load increases again and the battery is discharged until it
reaches its minimum value of 62.7 % at 280 s. At the end of
the simulation, SOC % is increased to 63.5 % with
decreasing load (300 s).

Figure 17,b depicts the battery’s output power,
battery power is represented negatively owing to the
charging mode, then it becomes positive when the load
rises and the battery begins to give power to the system.
Figure 17,c depicts the battery voltage, whereas Fig. 17,d
depicts the battery current. These 2 graphs illustrate that
at maximum battery output power and maximum
discharging current, the lowest battery voltage exists, and
when the battery’s output power and discharge current are
at their lowest, the maximum battery voltage value exists.
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Fig. 17. a — battery SOC; b — battery power;
¢ — battery voltage; d — battery current

Figure 18 depicts the FC values over 300 s (the
simulation period). Figure 18,a illustrates the hydrogen fuel
consumption, which reaches 27 g at the completion of the
simulation. The fuel flow rate is shown in Fig. 18,b. The FC
voltage and current are depicted in Fig. 18,c,d. The highest
current FC is obtained at maximum load power, lowest SOC
value, and minimal PV power (Fig. 18,e,1,).

The findings of the rule-based fuzzy logics
technique needed to be validated, for that we checked the
H2 consumption results and the battery’s ultimate SOC
from the energy management system, which is used to

govern hybrid energy sources, this is accomplished by
comparing these findings to the same results obtained in
the same scenario but with the management flowchart of
the REHPS. According to the current study, the flowchart
of management in MATLAB function was set up with
three inputs, which were Pj.;, Ppy, and battery SOC,
while the output was set to be the FC reference current.
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Figures 19,a,b depict a comparison of 2 control
techniques for SOC and hydrogen consumption. Table 7
shows the results of the comparison.

Table 7
Comparison among considered control strategies
Fuzzy logic Management
Method strategy flowchart
Hydrogen 26.5 29.1
consumption, g
SOC, % [62.2-65] [59.2-65]

30

Hydrogen consumptibn, g

251

201

Management flowchart control
strategy - Hydrogen
consumption (g)

151

101

AN

Fuzzy control strategy -
Hydrogen
consumption (g)

t,s
0 50 100 150 200 250 300

SOC, %
Fuzzy control
strategy - SOC (%)

63

621

Management flowchart control
61+ strategy - SOC (%)

60

| | | | T s
0 50 100 150 200 250 300
Fig. 19. a — comparison results H2 consumption;

b — comparison results battery SOC

59

According to this study, the management flowchart
control approach is the most hydrogen-consuming, while
the fuzzy control strategy consumes the least. The fuzzy
logic technique achieves low hydrogen consumption and
a high SOC value at the same time, as well as a long life
cycle and good overall system efficiency.

When compared to the management flowchart,
which takes longer to charge, the fuzzy control method
has a faster charge time. When it comes to discharging,
fuzzy has a favorable outcome with less discharge time.
On the other hand, management is quick to discharge.

Conclusions. It has become necessary to have an
energy management system through the use of effective
strategies to control and monitor the behavior and
dynamics of hybrid energy sources. This paper presents the
fuzzy control strategy for the power management of the
hybrid renewable energy systems (photovoltaic/fuel cell/
supercapacitor/battery), this hybrid power system is able to
solve the lone source problem in addition to providing the
load with the energy it needs with continuity and stability,
PV provides the main power to the load and in case of
shading and night, the fuel cell intervenes to meet the
power shortage, and to solve the problem of slow response
to fuel cell during the rapid change of load power we added
the battery and supercapacitor to the system, which also
maintains the stability of DC voltage at its reference value.
The proposed strategy worked to reduce hydrogen
consumption and improve the battery state of charge,
proving the feasibility of the management technique
proposed in this study, fair, and effective. Simulation
results are developed in MATLAB/Simulink environment
to demonstrate the effectiveness of the fuzzy control
strategy performance in different loading conditions; the
results prove that the fuzzy control strategy performs better
than the management flowchart control strategy under the
same operating conditions in terms of hydrogen
consumption and battery state of charge. In this work, the
values of simulation parameters were carefully selected for
future practical investigation. In order to improve the
system in future research, it is suggested to focus on
exploiting the excess energy by using it in the production of
hydrogen by connecting an electrolyzer, and there is always
room to improve energy management strategies for more
efficient performance.
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