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Abstract: The integration of clean energy sources (CESs) into modern power systems has been
studied using various power converter topologies. The challenges of integrating various CESs
are facilitated by the proper design of multi-port power converter (MPPC) architecture. In this
study, a brand-new two-stage MPPC is suggested as a solution to the intermittent nature and slow
response (SR) of CESs. The suggested system combines a DC\DC and a DC\AC converter and
storage unit, and the suggested circuit additionally incorporates a number of CESs (PV\wind\fuel
cell (FC)). This article discusses the power management and control technique for an integrated
four-port MPPC that links three input ports (PV, wind, and FC), a bidirectional battery port, and an
isolated output port. One of the recent optimization techniques (Harris Hawk’s algorithm) is applied
to optimize the system’s controller gains. By intelligently combining CESs with complementary
characteristics, the adverse effects of intermittency are significantly mitigated, leading to an overall
enhancement in system resilience and efficiency. Furthermore, integrating CESs with storage units
not only addresses SR challenges but also effectively combats intermittent energy supply. The
proposed system exhibits improved dynamic capabilities, allowing it to efficiently distribute excess
energy to the load or absorb surplus energy from external sources. This dual functionality not only
optimizes system operation but also contributes to a reduction in system size and cost, concurrently
enhancing reliability. A comprehensive investigation into operational principles and meticulous
design considerations are provided, elucidating the intricate mechanics of the suggested MPPC
system. Employing MATLAB/Simulink, the proposed architecture and its control mechanisms
undergo rigorous evaluation, affirming the feasibility and efficacy of this innovative system.

Keywords: DC-DC converter; multi-port converter; MPPT; intermittent sources; storage system

1. Introduction

In order to solve concerns like accelerating environmental deterioration, dependence
on fossil fuels, and global climate change, clean energy sources (CESs) are more important
than ever. CESs such as solar energy (PV), wind, tidal, and biomass energy have arisen as
the leading solutions within the realm of environmentally conscious energy technologies,
effectively addressing the pressing worldwide energy challenges. Traditional sources like
coal, oil, natural gas, and nuclear materials are characterized by their limited availability
and negative ecological impact. Thus, to cater to the progressively surging global energy
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demand, there has been a notable uptake of CES solutions, prominently showcased by
the integration of wind and PV systems in recent years [1]. One CES that can displace the
usage of fossil fuels in the present is the fuel cell (FC). The FC is excellent for long-term
power needs since it has a higher power density than other sources. Nevertheless, to
meet the load’s high immediate energy needs, the FC must be combined with an energy
storage unit. Wind speed in a definite area has a detrimental effect on how reliable the
wind energy system is. Similar to this, solar radiation in a specific region has a detrimental
effect on how reliable PV is. In order to improve performance and efficiency in a variety of
operating conditions, auxiliary storage tools such as batteries are used in conjunction with
these CESs [2,3]. To control and manage more energy sources, these systems require more
converters based on the input sources. The system enlarges and weighs more, which raises
the price and the complexity of the system. In accordance with some studies, multiport
structures (MSs) are better suited for integrating multiple energy sources. MSs also offer a
more dynamic reaction and fewer phases, which facilitates better control [4,5].

Due to the rapidly expanding potential of power converters (PCs) in contemporary
power and CES applications, studies on PCs have drawn a lot of attention. As a result, there
is a sizable number of studies that concentrate on PC topologies for applications related to
CESs. These studies have generally covered a number of issues, including the creation of
their soft switching characteristic, smoother output waveforms, high power density, and
high efficacy. CESs fall within the category of resources with converter interfaces. They
are linked to the electrical system by PCs, which are in charge of converting DC into AC
or vice versa. The control of DC voltage and current values, which can be accomplished
using DC/DC PCs, is an additional crucial function. To feed the DC current produced from
the PV to the AC electrical grid, a DC/AC PC is needed. For PV, a DC/DC buck or boost
PC may also be used to couple the voltage ranges of the PV and the DC/AC converter [6].
Both DFIGs and PMSGs use back-to-back (BTB) converters in wind power applications.
The B2B converter comprises two VSCs connected by a single DC link, and its job is to
regulate the DC voltage in order to regulate the equipment and the flow of power into the
grid [7,8]. The most prevalent converters used in storage unit applications are DC/DC PCs,
which modify the DC voltage level for charging or discharging, and a DC/AC PC when
the charging station is linked to the main AC grid.

Designing innovative DC-DC electrical conversion systems has become more difficult
as a result of recent innovations in CESs. This innovative system can comprise many
different input RESs that will be combined through multiple input power converters
that can handle various input suppliers and merge their benefits to give a regulated
output for a number of uses. In the scientific literature, two architectures for DC-DC
translation have been published: single-port architecture (SPA) and MS [9]. Numerous
sources are integrated at a shared DC side in the conventional configuration, and each
source is subjected to a separate DC-DC conversion stage, with each converter functioning
separately [10]. A connection bus may also be installed in some circumstances to facilitate
information sharing between sources. Both on\off grid hybridization energy structures
utilize this DC-DC conversion mechanism [11]. The price of the converter is higher because
this system requires power conversion at many stages and occasionally calls for equipment
communication. The system is complicated, in part, because different converters are
controlled independently [12].

Many inputs/outputs from MS are coupled to different CESs. As a substitute for using
the DC-to-DC PC, a single storage unit is connected to the total energy-saving part bus
(conventional structure). The performance analysis of the DC-DC PC architecture is further
summarized in Table 1. The quantity of power delivered to a regulator from every input
is examined for each DC-DC PC’s operation. In terms of multiple inputs/outputs, this
topology is very intriguing for sustainable generating [13,14]. The multiple input single
output (MISO) DC\DC PC system’s associated work is shown in Table 2.
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Table 1. Functionality evaluation of several DC–DC PC topologies.

Parameters Traditional PC (TPC) Interleaved PC MS PC

Switching Stiff Fine Fine

Switching losses The highest Medium The least

Efficiency The least 1% higher than the TPC The highest

Inputs Separate PCs are completely
combined into a hybrid
system (HS).

Only one input The multi-input HS is the
most appropriate.

Stress on the switches The highest Medium The least

Ripple Content The highest Medium The least

Controller design Simple Simple Complex

Stability Not fixed across all
operational points

Not uniform across all
operational points

Stable in all working points

Circuit Topology Every unidirectional port and
secondary topology is the
most usable.

Highly available architecture
without a backup port and a
bidirectional connector

A bidirectional connector with
complex architecture and
backup is accessible

Table 2. Surveying table for associated research.

Refs. Year Publisher Description Technique Future Work

[15] 2021 MDPI A dual input integrative link to
the CUK PV, a SEPIC-based PC,
and a wind power source are
coupled to a DC microgrid

PWM Redesigning the circuit
topographic lowers
switching stress and
enhances performance

[16] 2020 Taylor and Francis The innovative structure of the
MS-PC allows it to alter the input
source from any voltage variation
while maintaining a fixed
produced power

PI A better structure and
control system with fewer
elements will be expanded
from the test results

[17] 2020 IEEE The 4 DC ports of the work’s
innovative DC/DC PC design can
be linked: 2 input ports, a
bidirectional memory port, and a
galvanically separated load port

Zero voltage
Switching

The suggested PC will be
examined using an adaptive
load system

[18] 2019 Springer A 3-port PC with 2 inputs and
1 output is examined. Suggested
composite boost and buck-boost
PC for bridging various ports

Linear matrix
inequalities

The studied controller
requires experimentation
with different predictive
controls and a stability test

[19] 2021 IEEE The suggested PV string PC was
designed for multiple inputs and
just one output, making it suitable
for partial shadowing scenarios

Event obsessed
built on MPPT

The controller needs to
advance to comply with
genuine and universal MPP

[20] 2023 IET The use of an MISO boost PC was
suggested to increase the
efficiency of renewable energy
sources and output voltage while
reducing the number of parts

Time-sharing
scheme

Redesigning the circuit
scheme lowers switching
stress and enhances
performance. Assessment of
its impact on power quality

MSs have been implemented in order to surpass the limitations of SPA. In MS, the
entire building is seen as a single power converter that mixes different sources, and con-
trollers are responsible for power management. These MSs have been introduced for a
variety of uses, including hybrid RESs, aerospace, and uninterrupted power supplies [21].
This is because they have a simple framework, a minimal number of conversion parts, and
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fewer components. These are additionally separated into isolated and non-isolated convert-
ers. To prevent shock hazards, accomplish high voltage (HV) converting, and safeguard
semiconductor components with HV ratings, isolated sorts are employed to separate the
low voltage DC side from the HV side [22,23]. For this, high-frequency transformers have
been employed. However, this framework’s drawback is that it must make room for a
transformer core, which adds bulk and raises the price. Alternatively, non-isolated types
have a candid structural design and are employed in situations where galvanic separation
between the supply and load is not necessary. This topology’s advantages include a low
price because of the limited number of elements and greater power density. Non-isolated
types may complement the input and output impedances of the source and load, but they
are unable to produce HV conversion ratios.

Impedance source or Z-source (ZS) DC-DC converters outperform traditional boost
converters with regard to HV gain. Numerous scholars use quasi-ZS and ZS types to
propose a variety of topologies. Reference [24] describes a brand-new collection of extended-
boost quasi-ZS types. It suggested using a ZS, where the required power is supplied via
two unidirectional ports and one bidirectional port [14]. When multiple unidirectional
supplies are taken into consideration for one unidirectional outlet for the battery, a Z-quasi
resonant DC-DC boost converter is suggested [25].

By varying the spins’ number on the HV side of the inductor, various voltages were
attained in order to progress a SPA [26]. In Reference [27], a zero-current switching (ZCS)
scheme for DC-DC converters was presented to create and implement a ZCS-based digital
control algorithm. A one-inductor 2-input, 3-output topology for a converter can be
extended to a PC with extra inputs and outputs. In Reference [28], a new configuration of
switching boost operation via a dsPIC controller was used in an SP double output system
to disperse the incoming power into several ports for CES applications. An example of a
topology includes a non-isolated SPA with controlled capacitors for the HV and low voltage
output ports, respectively, as discussed in Reference [29]. In Reference [30], the suggested
model predictive controller (MPC) works well with several input/output architectures.
The circuit comprising an inductor, a capacitor, and a switch is depicted as a workable
extension that enables the converter to have numerous inputs. The terminal voltage of
the MPC is precise concurrently by means of the power control from multiple supplies,
which employ the proposed deadbeat-based control. For use in hybrid energy storage
units, a buck-boost converter with an extra input port is shown to be bidirectional [31].
Certain isolated multiports, as opposed to non-isolated multiports, are presented by 1 and 2,
where the multi-input high-frequency transformer is needed to supply the requisite power.
Bidirectional power flow is made possible by these frameworks, which enables the best
possible utilization of more power to boost system efficiency [32].

The objective of this work is to conceive and enact a non-isolated Multi-Source (MS)
converter featuring a bidirectional battery interface and to enhance its efficiency in de-
livering consistent power to a load without any discernible fluctuations. To attain this,
we have employed a novel approach, optimizing the controller parameters through the
innovative Harris Hawk’s algorithm (HHA) technique. Within this study, we introduce
several pioneering strategies:

• Compact and Lightweight Design: Our system boasts a compact and lightweight
design, simplifying installation and integration with existing infrastructure;

• Enhanced Efficiency and Reliability: The system is meticulously engineered to maxi-
mize energy output from multiple CESs while prioritizing unwavering reliability for
continuous power generation;

• Efficient Utilization of Solar and Wind Energy: By seamlessly integrating solar and
wind energy modules, our system optimally harnesses these renewable sources, en-
suring more complete utilization of available CESs;

• High Voltage Output with Minimal Components: Our investigated converter achieves
high voltage at the output while employing a minimal number of components, stream-
lining its functionality;
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• Versatile Integration of CESs: The system exhibits versatility by accommodating
various CESs, including Fuel Cells (FCs), wind, and Photovoltaic (PV) modules,
thereby creating a resilient and diversified power generation network;

• Bidirectional Input Ports: To facilitate battery charging and discharging, one of the
input ports on our unique multiport converter is bidirectional, allowing for greater
flexibility. The investigated converter comprises three inputs and a single output;

• Backup Power Source: In addition to its primary function, this hybrid system can
serve as a reliable backup power source in situations where local generators fall short,
guaranteeing uninterrupted power supply to critical loads and enhancing overall
system reliability.

These innovative strategies collectively contribute to the advancement of power con-
version technology, offering a robust and dependable solution for sustainable energy
generation and distribution.

The article studies and presents certain recent advances in MS converter topologies
for use in CESs. The working theory, benefits, and drawbacks of MS types are reviewed.
The remaining text is divided as follows: The researched system components, modeling,
and its fundamental tenets for every mode are offered in Section 2. Section 3 presents the
recommended control system and application of the HHA algorithm. Section 4 contains
information on thorough modeling and simulation. The analyses’ findings and the work’s
conclusion are presented in the last section.

2. Addressed System
2.1. Description of the Investigated System

Figure 1 shows a system involving CESs that is linked to the grid in a two-step
design. A PWM inverter and an MS DC-DC power converter make up the investigated
systems [33]. The several input ports of the MS DC-DC converter serve as a connection for
various sources, including FCs, wind, and PV. Its main job is to control these sources’ DC
output so that it matches the necessary DC voltage for the inverter input. The converter
also handles crucial control duties, including maximum power point tracking (MPPT),
meant for various CESs.
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Figure 1. Illustration of the investigated system.

As depicted in Figure 2, an innovative MS is suggested for the incorporated power
management for three CESs. It comprises a unidirectional port for the PV/FC/wind to
supply electricity to the battery and the load and a bidirectional port for the battery to
operate without interruption. As shown in Figure 2, the investigated converter uses just
one switch for every input port linked to a supply. Figure 2’s representation of the first
converter unit shows that it has an L1 boost inductor, an S1 active switch, a D1 diode,
and a Cdc filtering capacitor at the output. The suggested MS converter’s circuit diagram
can be seen in Figure 2, and the specified circuit parameters are presented in Table 3 [34].
Three parallel ports make up the proposed converter circuit, which also has a battery for
energy storage. A power diode, boost inductor, and semiconductor switch are all contained
within every port. Nevertheless, the suggested MS converter design stands out because it
has the fewest components compared to other converters, giving it an economic benefit [35].
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Table 3. Variables of the circuit’s values.

Parameter Symbol Value Unit

Inductor turns number TNO 25 ___
Core type Ferrite core (UU-95)

Self-inductance of inductor
(SIOI) 1 L1 420 µH

SIOI 2 L2 280 µH
SIOI 3 L3 300 µH

PV port filter capacitor (PFC) CS 100 µF
FC-PFC CF 330 µF

Wind-PFC CW 100 µF
Filtering capacitor CDC 330 µF

2.2. System Components Modeling

This section presents the modeling of applied CESs with their parameters.

2.2.1. Modeling of PV

The PV model is fully described in Reference [36]. The next equations clarify the
modeling and I-V physical characteristics of the PV [37]. The PV parameters are given in
Table 4.

I = IL − IO

{
e

q(v+IRS)
nkT −1

}
(1)

IL = IL(T1)(1 + ko(T− T1)) (2)

IL(T1) = G ∗
ISC(T1,nom)

G(nom)
(3)

ko =
ISC(T2)

− ISC(T1)

T2 − T1
(4)

IO = IO(T1) ∗
(

T
T1

) 3
n
∗ e

−qvg
nk ∗(

1
T−

1
T1 ) (5)
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IO(T1)
=

ISC(T1)

e
qvoc(T1)

nkT1 − 1
(6)

RS = − dv
dIVOC

− 1
XV

(7)

XV = IO(T1) ∗
q

nkT1
∗ e

qvoc(T1)
nkT1 (8)

The PV’s power at any time (t) is determined as follows:

PPV(t) = Sr(t) ∗ a ∗ η (9)

Pt(t) = NPV ∗ PPV(t) (10)

where Pt, and NPV are the total produced power, and the number of panels, respectively.

2.2.2. Modeling of Wind System (WS)

The WS model is fully described in References [38,39]. The following equations
describe the modeling of the WS [40]. The WS parameters are given in Table 4.

Vwind(t) = Vbase + Vramp + Vgust + Vnois (11)

Vramp =


zero at t < T1R

maxR(1− (t− T2R)/(T1R − T2R)) T1R ≤ t < T2R
maxR T2R ≤ t < T2R + TR

 (12)

Ke =
1
2

mV2 (13)

P =
1
2

dm
dt

V2 (14)

where mass flow rate can be expressed as:

dm
dt

= ρ ∗ A ∗V (15)

P =
1
2

ρ ∗ A ∗V3 (16)

Pb =
1
2

ρ ∗ A ∗ V + Vd
2
∗(V2 −V2d) (17)

K =
Vd
v

(18)

Pb =
1
2

ρ ∗ A ∗V3∗(1
2
(1 + k)(1− k2)) (19)

Pw =
1
2

Cp(λ, β)ρAV3 (20)

Ptotal = Pw ∗ Nwind (21)
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Table 4. Definition of the PV cell\WS\FC parameters.

System Parameter Definition

PV

IL Photo current
IO Saturation current of the diode
ISC Short circuit current

VOC Open circuit voltage
G Irradiance (W/m2)

k = 1.38 ×10−23 Boltzmann’s constant
q = 1.60 ×10−19 Charge on an electron

T Temperature in ◦C
n Ideality factor

Vg Bandgap voltage
K0 Constant which is determined from ISC vs. T, dV/dI at voc per cell

W
S

ρ The air density (kg/m3)
A Swept area of a rotor (m2)
Pb The power extracted by blades
V Upwind velocity (m/s)

Vd Downwind velocity (m/s)
Vwind Wind speed
Vbase Base (constant) wind speed
Vramp Ramp wind signal
Vgust Gust wind component
Vnoise Noise wind component
T1R Starting time of ramp (s)

Max R The ramp maximum value

FC

Vsofc Voltage of a solid oxide FC
E Nernst reversible voltage

Vact Voltage activation loss
Vcon Voltage concentration loss
Vohm Voltage ohmic loss.

E0 Standard potential
R Universal gas constant
T Operating temperature in kelvins
F Faraday constant

PH2 Hydrogen partial pressure
PH2O Water’s partial pressure
PO2 Oxygen partial pressure

I0 Exchange current
αi Coefficient of charge transfer
n Number of moles of electrons transferred

Cb Concentration at the triple-phase boundary
C∞ is Bulk concentration of reactant

n Number of moles of electrons participating in the reaction
T is the FC

temperature Constant coefficients of the FC

T0 973 K
γ 0.2 Ω
β −2870 K
r Internal resistance of the SOFC

2.2.3. FC model

The FC model is fully described in References [41,42]. The following equations describe
the modeling of the FC [41,42]. The FC parameters are given in Table 4.

H2 + O2 ⇒ H2O + 2e− (22)

1
2

O2 + 2e⇒ O2− (23)
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H2 +
1
2

O2 ⇒ H2O (24)

The output voltage of SOFC is:

VSOFC = E−Vact −Vcon −Vohm (25)

E = EO +
RT
2F

ln

(
PH2 ∗ P0.5

0.2
PH2O

)
(26)

IFC = IO

(
e

α1n f
RT Vact − e

−α2n f
RT Vact

)
(27)

Vcon =
RT
n f

ln
(

Cb
C∞

)
(28)

Vohm =

(
γexp

[
β

(
1
T0
− 1

T

)])
IFC = rIFC (29)

3. Control System and Application of HHA Algorithm
3.1. Detailed Control System

As shown in Figure 3, the investigated converter has four ports, of which three are
input ports for PV, FCs, WS, and a bidirectional battery port. To achieve zero-voltage
switching, the system has three major switches. The integrated sources are linked to the
DC-link (DCL) via a unidirectional MS converter to maintain converter system stability
in the face of load fluctuations. This strategy guarantees stability even in the face of load
changes [43]. There is a one-way energy transfer from the CESs to the DCL. The converter
under study can efficiently regulate the CESs to exploit the power produced by sunlight
or the wind by utilizing a well-constructed MPPT technique. A bidirectional converter
that is attached to the DCL functions as a regulator for feeding the battery. High charging
efficiency is made possible by ensuring that the battery’s state of charge (SOC) stays near
its standard value.

Figure 4 shows a condensed bidirectional control architecture. The modulation scheme
uses a one-leg shoot-through method to diminish switching loss and insulated gate bipolar
transistor (IGBT) conduction losses. The control technique, as shown in Figure 4, is designed
to handle different load fluctuations efficiently.

Constructed on the DC-DC converter’s architecture and the corresponding circuit
variables, different MPPT techniques have been used [44]. Entry capacitance (CPV) is
detected before the panel voltage (VPV) and current (IPV). The MPPT method makes use
of these two parameters to monitor the MPP in a variety of temperature and irradiance
situations. As shown in Figure 5, the referring point for the panel data is determined and
kept at the MPP value.

The outer voltage loop and inner current loop are used to achieve MPPT, as given in
Figure 3. The output voltage drops as the MS’s current standard is raised. The voltage
desired compensator and voltage feedback (VF), as a result, have the wrong indications.
The VF is intended to activate interior comparators that Jerry can cause a cycle-by-cycle
interruption of the pulse-width modulation (PWM) all through an overvoltage circumstance
to protect the output voltage from surpassing the item’s rating. Observing the (VPV , IPV ,
and PPV) will yield the I-V and P-V curves at various cell temperatures (CTs) and a constant
irradiation level (CIL), as shown in Figure 5.
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This study focuses on incorporating a backup battery, where it is connected to a DCL
via a bidirectional power converter (BPC), to improve power management. According to
Figure 6, the BPC comprises an output filtering capacitor Cdc, two switches (S1 and S2)
that allow current to flow in both directions, a boost inductor with inductance L, and a
boost inductor. Two control blocks are used in the power management strategy to keep the
voltage within predetermined bounds and produce the wanted energy flow under various
circumstances. For the battery, these controllers produce the current reference. While
the second control block controls battery charging, the first controller modifies the DCL’s
voltage. It is crucial to keep the battery from experiencing a deep discharge. However,
there is a constrained range of charging capacity when the battery hits a low-voltage level.
When energy is recovered from the load side, this may result in over-voltage in the DCL.
The lifespan of electrochemical batteries is influenced by the number of discharge cycles;
hence, proper safety measures are required.
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The system’s controller uses the perturb and observe (P&O) MPPT method to optimize
the simultaneous usage of energy from PV, FCs, and WSs while taking into consideration
a variety of meteorological conditions [45]. However, compared to solar radiation and
temperature, wind speed frequently exhibits more severe variations. As made known in
Figure 3, the MPPT controller practices the terminal voltage and current from each CES as
input to produce the proper PWM control signal for the matching active switch. Figure 7
shows a flowchart that depicts the P&O method. Each step (kth step) takes into account the
power (Ps(k)) of each source. For example, to calculate the PV’s potential for producing
electricity, weather information is used. To allocate energy flow between the battery and
the load, the PPV is likened to the power used up by the load (PL). Any extra PV energy is
transferred through a bidirectional DC-DC converter and stored in the batteries (Pbattery).
Figure 7 shows a flowchart for the control method for the PV/FC/WS CESs.
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3.2. HHA Algorithm

Heuristic algorithms have been utilized to augment the PI gains. The HHA emulates
the supportive actions observed in the HH’s efficacious hunt strategy. Similar to other
algorithms, it incorporates both exploration and exploitation phases. The HHA comprises
two exploration phases and four exploitation steps, as outlined in the equations below.
Additionally, the mathematical representation of this cooperative behavior proposes a new
stochastic strategy for solving various optimization problems. The stages employed by
HHs in hunting their rabbits are simulated and replicated in the HHA mathematical model.
This study specifically employs the HHA due to its superior performance compared to
11 other approaches when tested against 29 diverse benchmark problems and 6 limited
design engineering tasks. The equations presented here depict the behavior of HHs while
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they are in the vicinity of rabbits, and the complete concept of the HHA is elaborated
in Reference [45]. The implementation of the suggested HHA on the control system is
illustrated in the flow chart depicted in Figure 8.
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Exploration phase:

Y(t + 1) =
{

Yrabit(t)−Ym(t)− C3(LB + C4(UB− LB)), q < 0.5
Yrandom(t)− C1|Yrandom(t)− 2C2Y(t)|, q ≥ 0.5

}
(30)
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Ym(t) =
1
N

N

∑
i=1

Yi(t) (31)

The transition from exploration to exploitation:

E = EO

(
1− t

T

)
(32)

Exploitation phase:
Soft besiege, C ≥ 1

2 and |E| ≥ 1
2

Y(t + 1) = ∆Y(t)− E|qYrabit(t)−Y(t)| (33)

where,
∆Y(t) = Yrabit(t)−Y(t) (34)

Hard besiege, C ≥ 1
2 and |E| < 1

2

Y(t + 1) = Yrabit(t)− E|∆Y(t)| (35)

Soft besiege with progressive rapid dives, C < 1
2 and |E| ≥ 1

2 [22]

H = Yrabit(t)− E|qYrabit(t)−Y(t)| (36)

G = H + 0.01 S
u σ

|γ|
1
β

(37)

where,

σ =

Γ(1 + β)sin
(

πβ
2

)
Γ
(

1+β
2

)
β 2(

β−1
2 )


1
β

(38)

Hard besiege with progressive rapid dives, C < 1
2 and |E| < 1

2

Y(t + 1) =
{

H i f F(H) < F(Y(t))
G i f F(G) < F(Y(t))

}
(39)

To select the finest PI parameters, the HHA is applied here. The objective function
“only if” is by Equation (40) to lessen the integral time absolute error (ITAE). The selected
PI gains for the investigated choices are shown in Table 5.

ITAEd\q =
∫ ∞

0
t
∣∣∣evld\vlq

∣∣∣dt (40)

Table 5. Obtained PI gains using the HHA technique.

Technique
Obtained PI Gains

Kp1 Kp2 Ki1 Ki2

HHA-PI (proposed) 3.7654 9.0224 1.9731 35.9733

4. Discussion of Simulation Results

The proposed converter was validated using thorough simulation models created in a
Simulink/MATLAB program. With the aid of batteries and FCs, these versions offer an
alternate emergency power source. In the simulation model, an energy management (EM)
system was present that was appropriate for a variety of CESs. The HHA was designed
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and implemented to enhance the systems’ dynamic performance through fine-tuning the
controllers’ gains. Table 6 contains a list of the proposed system’s parameters. Table 4 lists
the parameters and practical details of the studied PV, WS, and FC.

Table 6. Parameters of the studied system.

Description Specifications

PV panel MSX60 60 W
Open circuit voltage (VOC) 21 V
Short circuit current (ISC) 3.75 A

The voltage at max power (VM) 17.23 V
Current at max power (IM) 3.7 A

Maximum power (PM) 60 W
Battery model Lead acid battery model

Maximum capacity 400 Ah
Nominal voltage 48

Round tip efficiency 80%
The energy capacity of a battery 1 kWh

FC Solid oxide (SOFC), stack size 2 MW, operating
temperature 700–1000 ◦C/1202–1832 ◦F

WS Rated power 1500 kW, PMSG
Inverter system Rated 100 kVA, input 800 VDC, 300 VAC, 50 Hz.
L1, L2, and L3 120, 500, and 800 µH

CPV , CFC, and CWS 330, 750, and 900 µF
CDC 500 µF

4.1. Inverter Output

As shown in Figures 9 and 10, the AC inverter used an AC filter type (LCL) to supply
sinusoidal three-phase currents (Is) and voltages (Vs). We can see that the V’s output was
stable over time around a constant value of roughly 300 V by looking at the plot of the V’s
output. The plot of I’s output, which was around a constant value of roughly 80 A, also
shed light on the dynamic nature of the power supply from the inverter. It enabled us to
keep an eye on the I flow to the associated loads and the grid to make sure it stayed within
the required range and satisfied system requirements. Analyzing the inverter’s output V&I
was used to evaluate the effectiveness and overall dependability of the power conversion
process. It aided in spotting any irregularities or deviations that can call for corrective
action to guarantee the system’s optimal performance.

4.2. Wind Turbine (WT) Output

The (I, V, and P) output of a WT are given in Figure 11. It offers insightful information
about the electrical behavior and operation of the WT system. The plotted I illustrates
the strength and variability of the electrical current generated by the WT. We may watch
the variations in I’s output, which were influenced by things like wind speed, turbine
rotor speed, and load conditions. Monitoring the current allows for an evaluation of the
reliability and efficiency of the 12.5 A-rated electrical output of a WT. The electrical potential
difference produced by the WT is shown on the plotted V. It reflects the V level at which the
associated electrical system and grid received power from the WT, which reached 800 V. To
assess the consistency and dependability of the WT’s power output, it is helpful to analyze
the V’s characteristics. The plotted power gives a thorough picture of the electrical power
production from the WT, which reached a value of 10 kW. It illustrates the connection
between the amount of power produced and the WT’s operational parameters, such as
wind and rotational speeds. The performance of the WT and its capacity to satisfy the
system’s power requirements can be evaluated using the plotted power.
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4.3. FC Output

The properties of an FC (I, V, and P) are depicted in Figure 12. It offers insightful
information about the FC system’s electrical behavior and operation. The I’s produced
by the FC, which reached a value of 150 A, is shown in the current plot in terms of its
magnitude and fluctuation. It enabled us to keep an eye on I’s output fluctuations, which
can be influenced by variables, including fuel availability, operational temperature, and load
circumstances. Assessing the I allowed for an evaluation of the FC’s electrical generation’s
effectiveness and stability. The electrical potential difference produced by the FC is seen
on the V plot. It reflects the V level at which the linked electrical system or load received
power from the FC and achieved a value of 400 VDC. For assessing the consistency and
dependability of the FC’s power output, it is helpful to analyze the V characteristics. A
thorough overview of the electrical power production at the FC is given by the power plot.
It illustrates the connection between the amount of electricity produced and FC operating
parameters like temperature and fuel flow rate. The FC’s performance and capacity to
handle the system’s increasing power requirements of up to 60 kW can be evaluated.

4.4. PV and DCL Output

The (I, V, and P) outputs of a PV system are made known in Figure 13. It offers
insightful information about the PV system’s electrical operation and performance. The
amount of and variation in the electrical I produced by the PV system are shown in the I
plot. It enabled us to keep an eye on the variations in I output, which can be impacted by
elements like solar radiation, temperature, shading, and system setup. Monitoring the I
allows one to evaluate the reliability and efficiency of the PV system’s 7.5 A-rated electrical
output. The electrical potential difference produced by the PV system is shown on the V
curve. It stands for the V level at which the PV system supplies energy to the associated
load or electrical system. The V’s output of a PV system, which reached a value of 400 V,
can be evaluated by looking at the V characteristics. The power plot gives a thorough
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picture of the electrical power production of the PV system. It illustrates the connection
between the electricity produced and the PV system’s operational parameters, such as solar
irradiance and temperature. The power plot makes it possible to evaluate how well the PV
system is working and its capacity to supply the system’s 3 kW worth of power demands.
Nevertheless, the DCL’s V&I waveforms are depicted in Figure 14 and reached values of
800 V and 110 A, respectively.
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4.5. Investigated System Dynamic Performance

It is intriguing to display the system’s dynamic performance when the load changes in
order to demonstrate how the grid and battery operate. Figure 15 displays the lead times
for the grid connection and the energy storage system during entry loads. Figure 16 depicts
the battery’s performance in times ranging from 0 to 20 s when it was not linked to the grid
and in intervals of 20 to 40 s when it was removed from the grid. Additionally, it displays
the battery’s charging and discharging times for the periods of 0 to 10 s and 15 to 25 s,
respectively, when the energy drawn from the loads was less than the energy produced
by the system. The battery discharged to make up for the disparity in drawing loads if
the power gained from the loads (6 kW) was more than the power produced (5 kW). This
figure also displays the power curves in the event that the battery was removed and the
system was linked to the grid in the time range from 20 to 40 s. It also displays the power
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generated by the system and the remaining loads drawn into the grid in the time ranges
from 20 to 30 s and 35 to 40 s. Additionally, the required power difference for the loads
from the grid was corrected for during the time between 30 and 35 s. Additionally, the
power used by the first and second loads during the battery- and grid-link period is shown
in the Figure.

Figure 17 displays all reactions to battery performance in the SOC, as well as (I, V,
and P) when changing loads and increasing the battery’s power consumption. When the
system was linked to a battery and a power grid with shifting loads, Figure 18 compares
the current response and displays the current on loads 1 and 2, respectively. Additionally,
it displays the battery current during charging and discharging.
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Figure 14. DCL outputs (I and V). (a) DCL current; (b) DCL voltage.



Sustainability 2023, 15, 13716 20 of 25

Sustainability 2023, 15, x FOR PEER REVIEW 22 of 28 
 

Figure 14. DCL outputs (I and V). (a) DCL current; (b) DCL voltage. 

4.5. Investigated System Dynamic Performance 
It is intriguing to display the system’s dynamic performance when the load changes 

in order to demonstrate how the grid and battery operate. Figure 15 displays the lead 
times for the grid connection and the energy storage system during entry loads. Figure 16 
depicts the battery’s performance in times ranging from 0 to 20 s when it was not linked 
to the grid and in intervals of 20 to 40 s when it was removed from the grid. Additionally, 
it displays the battery’s charging and discharging times for the periods of 0 to 10 s and 15 
to 25 s, respectively, when the energy drawn from the loads was less than the energy pro-
duced by the system. The battery discharged to make up for the disparity in drawing loads 
if the power gained from the loads (6 kW) was more than the power produced (5 kW). 
This figure also displays the power curves in the event that the battery was removed and 
the system was linked to the grid in the time range from 20 to 40 s. It also displays the 
power generated by the system and the remaining loads drawn into the grid in the time 
ranges from 20 to 30 s and 35 to 40 s. Additionally, the required power difference for the 
loads from the grid was corrected for during the time between 30 and 35 s. Additionally, 
the power used by the first and second loads during the battery- and grid-link period is 
shown in the Figure. 

Figure 17 displays all reactions to battery performance in the SOC, as well as (I, V, 
and P) when changing loads and increasing the battery’s power consumption. When the 
system was linked to a battery and a power grid with shifting loads, Figure 18 compares 
the current response and displays the current on loads 1 and 2, respectively. Additionally, 
it displays the battery current during charging and discharging. 

 
Figure 15. The lead times for both the battery and the grid connection during the entry loads. 

Lo
ad

1-
Po

w
er

Lo
ad

2-
Po

w
er

Figure 15. The lead times for both the battery and the grid connection during the entry loads.
Sustainability 2023, 15, x FOR PEER REVIEW 23 of 28 
 

 
(a) 

(b) 

 
(c) 

Figure 16. The output active and reactive power waveforms of grid-connected PV and battery dur-
ing the entry loads. (a) Battery power; (b) Grid power; (c) Load power. 

5 10 15 20 25 30 35 40
 Time (s)

-4000
-2000

0
2000
4000
6000 P-Grid (W) Q-Grid (VAR)

Lo
ad

1-
Po

w
er

Lo
ad

2-
Po

w
er

Figure 16. The output active and reactive power waveforms of grid-connected PV and battery during
the entry loads. (a) Battery power; (b) Grid power; (c) Load power.
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5. Conclusions

For the synchronized EM of three CESs (PV, FC, and WT) and a battery, an MS DC-
DC power converter was suggested in this article. The development of an EM system
and the optimal control of DC-DC power converters were fully studied. The outcomes
showed that the suggested EM strategy successfully utilizes power in an efficient manner.
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The battery makes up for the PV units’ and FCs’ sluggish response times. Even when
using a different CES, the suggested technique can distribute power between units. The
efficiency of the suggested converter architecture and the improved control system were
examined using MATLAB simulations. The researched converter’s benefits include its
ease of use, dependability, and capacity to regulate many CESs simultaneously with MPPT.
This optimized converter performs two different tasks: It regulates battery charging in
grid-linked operations and serves as a boost converter to draw energy from the batteries
during off-grid operations when the PV, FC, and WT cannot generate enough power to
supply the loads. Moreover, the integrated converter can also be effectively used to manage
the energy of various CESs with the support of a battery. Finally, it can be concluded that
an adaptive energy conversion system and EM control approach involving cutting-edge
control algorithms like HHA has been developed to render CESs and battery-incorporated
power systems optimum, efficient, dependable, and cost-effective.
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CESs Clean energy sources
FC Fuel cell
PV Solar energy
MSs Multiport structures
SPA Single-port architecture
DC Direct current
WS Wind system
IGBT Insulated gate bipolar transistor
BPC Bidirectional power converter
VF Voltage feedback
CTs Cell temperatures
EM Energy management
HV High voltage
ZS Z-source
ZCS Zero-current switching
HHA Harris Hawk’s algorithm
MPC Model predictive controller
MPPT Maximum power point tracking
SOC State of charge
DCL DC-link
PWM Pulse-width modulation
P&O Perturb and observe
CIL Constant irradiation level
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