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Abstract: This article presents a microgrid that uses sustainable energy sources. It has a fuel cell (FC),
wind energy production devices, and a superconducting magnetic energy storage (SMES) device. The
performance of the suggested microgrid is improved by adapting an optimal control method using an
artificial bee colony (ABC) algorithm. The ABC algorithm has many advantages, including simplicity,
adaptability and resilience to handle difficult optimization issues. Under usual circumstances, wind
and FC energies are typically appropriate for meeting load demands. The SMES, however, makes up
the extra capacity requirement during transient circumstances. Using the ABC optimum controller,
the load frequency and voltage are controlled. Measurements of the microgrid’s behavior using the
newly developed optimal controller were made in response to step variations in wind power and
load demand. To assess the performance of the suggested system, simulations in Matlab were run.
The outcomes of the simulations demonstrated that the suggested microgrid supplied the load with
AC power of steady amplitude and frequency for all disruptions. Additionally, the necessary load
demand was precisely mitigated. Furthermore, even in the presence of variable wind speeds and
SMES, the microgrid performed superbly. The outcomes under the same circumstances with and
without the optimal ABC processor were compared. It was discovered that the microgrid delivered
superior responses using the optimal ABC controller with SMES compared to the microgrid without
SMES. The performance was also compared to the optimally controlled microgrid using particle
swarm (PS) optimization.

Keywords: superconducting magnetic energy storage; artificial bee colony algorithm; wind energy;
microgrid; fuel cell

1. Introduction

A few decades ago, renewable energy sources were given increasing consideration
as a viable alternative to fossil fuels [1]. Because they are pure, never run out, and are
readily accessible, renewable energy sources have many benefits [2]. Recent years have
seen the introduction of numerous renewable energy sources [3], including solar (PV) [4],
wind, ocean waves [5], ocean tides, and microhydro [6]. Costs for solar PV and wind
energy systems have dramatically decreased because of technological advancements and
fast economic expansion [7]. Fuel cells (FCs), geothermal energy, microturbines, biomass,
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and other novel energy alternatives have all been researched in this context [8]. In many
areas of the globe, the cost of energy generation by renewable systems is currently lower
than that of recently built fossil and nuclear power facilities. A comparison of various green
energy sources for the generation of electrical power revealed that wind energy is the best
option in terms of cost [9].

These sources, however, are intermittent and dependent on the weather. Therefore,
when using these resources, the power system faces challenges due to the unpredictable
nature and variations in power output [10]. Hence, for the stability of grid-connected
systems and autonomous systems, the incorporation of different sustainable energy sources
is crucial. The load in a standalone renewable energy system is a single home that is not
wired into the grid. Typically, these systems have limited capabilities. In some cases, a small
electricity infrastructure, known as a microgrid, is created by connecting a few homes [11].
In islands where extending the electricity infrastructure is expensive and delivering gasoline
is challenging and expensive, microgrid technology has gained popularity [12].

In the literature, a variety of autonomous microgrid designs have been reported with
numerous control schemes [13]. The mix of wind energy and FC technologies offers a
simple microgrid for standalone systems that possess wind energy in their areas. The
ability to generate power even when the wind is not blowing is one of the main benefits of
combining wind energy and FC technologies. To provide power during times of minimal
wind, or even no wind at all, fuel cells can be used to store surplus energy produced by
wind turbines during strong wind conditions. This can help to resolve the intermittent
nature of wind energy and guarantee a more reliable supply of power in rural areas. Several
studies have investigated the feasibility and performance of wind energy and fuel-cell-
based isolated power systems. A combined wind/FC microgrid using an extreme searching
controller for the best functioning of the wind rotor in turbulent wind is introduced in [14].
In [15], a combined wind/FC microgrid is examined, along with presentation of a thorough
life cycle study of the system for use in Newfoundland. The microgrid was found to be
extremely complex and challenging to describe. An electrolyzer and dynamic model for
hydrogen storage are presented in [16], along with a wind/hydrogen power system. A
microgrid that utilizes wind/hydrogen sources and is controlled by a cutting-edge power
regulation method is described in [17]. This microgrid has a maximum power point tracking
technique that was created using ideas from sliding-mode control theory and the reference
conditioning method. An optimal controller for a small microgrid formed by a wind/FC
hybrid system has been proposed in [18]. The optimal controller uses the mine-blast
searching technique to promote the microgrid’s response and regulate the energy produced.
In [19], a layered market clearing algorithm is created that alternatively generates the best
trading outcomes in intra- and inter-microgrid markets. The authors of [20] suggest that
comparable output impedance mostly determines the power sharing performance of a
conventional microgrid synced by the Global Positioning System (GPS). An overview of
the optimization and control methods for fuel cell power plants in a microgrid setting is
provided in [21]. A fuel-cell linked utility active/reactive sustainable energy management
system using a unified linear self-regulating technique was proposed in [22].

The challenges related to microgrids, such as power fluctuations and intermittency
phenomena, may be partially solved using additional storage systems to improve the
microgrid’s reliability. Recently, superconducting magnetic energy storage (SMES) has
received significant attention in microgrid systems [23]. It is made up of an inactive
filtration circuit, a converter, a management system, a quench protection circuit, a high
temperature superconducting coil magnet, a cryogenic and vacuum system, and a quench
protection circuit [24]. An SMES unit is capable of quickly storing or discharging significant
quantities of electric energy. SMES has a higher cyclic efficiency than other energy storage
systems, a higher power density, a faster reaction time, and an infinite number of charging
and discharging cycles [25]. Load leveling, system stability, voltage stability, frequency
regulation, transmission capacity development, power quality improvement, automated
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generation management, and uninterruptible power supplies are just a few of the uses of
SMES [26].

Recently, controlling and enhancing the behavior of complex systems has been carried
out using optimization methods [27,28]. Utilizing optimization methods, the suggested
controller parameters can be tuned [29]. These approaches produced better outcomes and
system responses than traditional tuning approaches [30]. However, the complexity of the
objective functions and the rate of convergence vary between these methods [31]. Currently,
ABC [32], a metaheuristic optimization method, is used to solve a wide variety of optimiza-
tion issues [33]. The ABC algorithm has numerous uses in power systems due to its ease
and flexibility of operation [34]. The advantages of the ABC algorithm, such as simplicity,
global exploration, population diversity, adaptive behavior, low computational complexity,
fewer control parameters and versatility, make it a popular choice for various optimization
problems. However, the performance of the algorithm can still vary depending on the
specific problem and the fine-tuning of its parameters. The microgrid proposed in [35]
contains an FC unit that does not have recharge capability or a hydrogen storage tank.
However, it includes a diesel generator and battery storage, along with wind/PV sources.
The optimization technique is a combined ABC and gravitational search algorithm. The
optimized parameter was the fuel cost.

The performance and reliability of power systems are enhanced by the integration of
SMES. Additionally, the creation of sophisticated control systems and energy management
techniques may aid in improving the performance and maximizing the energy economy of
mixed wind/FC power systems. Hence, the idea of this study is to use the ABC algorithm
to handle and regulate the energy of a wind-FC-SMES microgrid as efficiently as possible.
This work makes the following contributions:

• Development of an analytical model of the proposed wind/FC/SMES microgrid that
is optimally controlled using the ABC algorithm.

• Optimization of the performance of the proposed wind/FC/SMES microgrid using
the ABC against variations in load power and wind speed.

• An induction motor, representing the microgrid dynamic load, is optimally controlled
using ABC.

• The responses of the microgrid optimally controlled using ABC are compared to those
using the PS.

The paper is organized as follows: The suggested microgrid’s architecture is included
in Section 2. The dynamic model of the microgrid is examined in Section 3. The ABC
optimization is presented in Section 4. The details of the suggested microgrid energy
management and control approach are presented in Section 5. The research findings are
discussed in Section 6. Section 7 contains the conclusions of the study.

2. Microgrid Architecture

According to Figure 1, the suggested system is a combined wind/FC/SMES microgrid
that can support two types of loads: both static and dynamic. A three-phase permanent
magnet synchronous generator (PMSG) is powered by a wind turbine. The DC bus voltage
is created by rectifying the PMSG’s output voltage using a diode rectifier. Connected to
that bus is a water electrolyzer that generates hydrogen gas for the FC engine. The system’s
DC bus is then linked to the FC’s output voltage. Additionally, the DC bus provides a 3-φ
inverter that is controlled so that it delivers the µ-grid loads with a steady AC frequency
and voltage. It feeds the µ-grid output loads with AC power. The static load is represented
by a universal R-L impedance. An induction motor with speed control also serves as the
dynamic load.
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Figure 1. The proposed microgrid, including the SMES unit.

Typically, changes in wind speed result in changes in the PMSG’s output power as well.
Therefore, when the power of the wind production unit decreases, an FC unit provides
electricity to the loads. As a result, it functions as a backup to supply any additional
electricity required by the loads as well as to make up for any decrease in the quantity of
wind energy produced. Additionally, SMES is crucial for regulating the production power
of the wind µ-grid and enhancing the reliability of the electricity grid.

Due to the wind’s fluctuating speed and capacity shifts, the system’s load voltage is
frequently not controlled. In order to control the output voltage and frequency of the µ-grid,
the primary inverter uses a voltage controller. A vector-controlled induction motor’s speed
is also managed using the ABC optimization method.

3. Microgrid Modeling

In the subsections that follow, the precise dynamic model of each suggested system
component will be covered.

3.1. The SMES Model

A large superconducting coil can be used for SMES, which is capable of holding
electrical energy in the magnetic field produced by DC current passing through it. It has
almost no electrical impedance at near absolute zero temperature so can be used for the
SMES. Utilizing containers filled with liquid helium or nitrogen, the superconducting
circuit is maintained at a cryogenic temperature. The cooling mechanism that keeps
the coil at a cryogenic temperature causes some energy losses, but the energy losses
in the coil are almost nonexistent because superconductors have no barrier to electron
movement. Large quantities of electricity can be quickly and efficiently discharged from
SMES coils, which also have an infinite capacity for filling and discharging cycles. While
high temperature superconductor devices are still being developed due to their expensive
costs, low temperature devices are already accessible [26].

Electrically, the SMES system may be modelled as a two quadrant DC/DC converter
connected to a superconducting coil, as shown in Figure 2 [36]. The principle of operation
of the SMES’s two-quadrant converter is based on triggering the converter’s switches
simultaneously. When they are turned on, the diodes are reverse-biased and the coil will
be charged. When they are turned off, the diodes become forward-biased and the coil
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discharges. By adjusting the duty cycle of the converter, the coil voltage can be controlled.
The converter average model may be expressed as [37]:[

Vsm
Ism

]
=

[
(1− 2d) 0

0 (1− 2d)−1

][
Vdc
Idc

]
(1)

where (Vsm) is the mean voltage of the SMES coil, (Ism) is the mean current of the SMES coil,
(Vdc, Idc) are the DC-link voltage and current, and (d) is the duty cycle of the switches.

Figure 2. The two-quadrant DC/DC converter utilized for the SMES.

3.2. The Wind Turbine Model

The equations that represent the dynamic model of the wind turbine are given by [18]:

Pm = 0.5πρv3
wR2Cp (2)

Cp(λ, β) = (0.44− 0.0167β) sin π

(
λ− 3

15− 0.3β

)
− 0.00184(λ− 3)β (3)

λ = Rωm/vw (4)

Jm
dωm

dt
= Tm − Te − Bωm (5)

Tm = Pm/ωm (6)

Equation (1) presents the wind turbine’s output power (Pm). The turbine’s output
power depends on the turbine blade radius (R), the air density (ρ), the wind speed (vw),
and the wind-turbine’s performance coefficient (Cp). It is a very important factor for the
wind-turbine’s performance. The performance coefficient is given by Equation (3). It is
a function of the blade pitch angle (β) and the tip-speed ratio (λ), which is presented by
Equation (4), where (ωm) is the mechanical angular speed of the turbine. Equation (5)
represents the wind turbine’s dynamic equation of the mechanical system, including the
PMSG, where (B) is the mechanical viscous friction, (Jm) is the total system, and (Te) is the
electrical generator electromagnetic torque.



Sustainability 2023, 15, 8827 6 of 19

3.3. The PMSG Model

The dynamic model for the PMSG generator in the d-q rotor frame is provided us-
ing [1]:

disd
dt

=
(
−isdrs + pisqωmLq −Vsd

)
/Ld (7)

disq

dt
=
(
−isqrs + pωm(isdLd + λm)−Vsq

)
/Lq (8)

where the stator resistance is (rs), the d-q components of the stator-current are (isd, isq), and
the stator d-q inductances are (Ld, Lq). The pole pairs are (p) and the permanent flux linkage
is (λm).

3.4. The Rectifier Model

The relationship between the PMSG speed and wind speed is well established. How-
ever, the wind’s speed is constantly changing. Due to the fact that the PMSG’s output
voltage and frequency primarily depend on its speed, they are uncontrolled. However,
regulated sources are typically required for electrical demands. The PMSG output voltage
is rectified and attached to the DC line in order to address this issue. So, to provide the
loads with controlled AC power, an inverter is used. Hence, an unregulated rectifier bridge
is used. According to [38], neglecting the PMSG output impedance, the rectifier’s typical
relationships are: [

Vro
Iro

]
=

[
3√3/πVp

π/2√3Ip

]
(9)

where; (Ip, Vp) are the phase input current and voltage, and (Vro, Iro) are the rectifier output
mean current and voltage.

3.5. The DC/DC Converter Model

Figure 3 displays the DC/DC converter’s schematic in its traditional form. It is a
buck-boost converter. The typical model of the DC/DC converter operating as a buck-boost
is provided in [39]: [

Vdc_o
Idc_o

]
=

[
d1

1−d1 0
0 1−d1

d1

][
Vdc
Idc

]
(10)

where, the duty ratio is (d1), and (Vdc_o, Idc_o) are the buck-boost converter’s mean output
voltage and current.

Figure 3. The typical buck-boost converter circuit.

3.6. The DC/AC Converter Model

Figure 4a shows the three-phase, two-level voltage source inverter circuit with a filter.
The space vector representations of the inverter’s variables are crucial for modeling reasons.
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The eight switching phases for the two-level inverter’s associated space vectors are shown
in Figure 4b. A representation of the inverter dynamic model is as follows [18]:

Z =

[
I f
Vc

]
(11)

.
Z =

[
0 −1

L f
1

C f
0

]
Z +

[
Vdc/L f

0

]
S−

[
0

Io/C f

]
(12)

where (Vc) is the capacitor voltage space vector, (Io) is the space vector of the output current,
(Cf, Lf) is the filter capacitance and filter inductance, (S) is the switching state’s space vector,
and (If) is the space vector of the filter current.

Figure 4. The two-level inverter (a) circuit diagram and (b) possible voltage space vectors.

3.7. The FC Model

Under typical environmental circumstances, the proton exchange membrane PEM FC
typically has the behavior depicted in Figure 5. Normally, internal voltage losses in FCs
result in voltage drops above the standard voltage values. There are three different types of
power drops: activation polarization, concentration polarization, and ohmic polarization.
Cell activation deficits are a result of the delay of chemical processes. By increasing the
catalyst contact area, cell activation losses can be decreased. The FC electrical circuits’ and
their links’ impedance, however, are what cause the resistive losses. The barrier can be
adequately hydrated to reduce this portion of losses.

Figure 5. The PEM fuel cell’s V-I characteristics under typical climatic circumstances.

The PEM FC electrical characteristics can be represented by the following relation-
ships [40]:

V = N
[

Vo +
R′T
nF

Ln
(

Po2PH2

PsPw

)
− Ed

]
(13)
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Ed =
R′T
nF

[
Ln
(

Jn + J
io

)
+

nFα

R′T
(in + i)− Ln

(
1− Jn + J

JL

)]
(14)

where (V) is the voltage of the stack, (N) is the number of FCs in the stack, (Vo) is the open
circuit voltage of the FC, (T) is the ambient temperature, (R′) is the gas constant, (n) is
the quantity of electrons in the electrical process, (F) is Faraday’s constant, (PH2) is the
hydrogen pressure, (PO2) is the oxygen pressure, (Ps) is the typical pressure, (Pw) is the
gas-water pressure, Ed is the voltage loss, (α) is the specific resistance, (Jn) is the internal
current density related to internal current losses, (JL) is the maximum current density, (Jo) is
the exchange current density, and (J) is the FC current density.

4. The Artificial Bee Colony Optimization

Recently, many selection operators with superior enhancement have been suggested.
The mating selection operators of different evolutionary techniques have different global
and local search patterns, and they differ in their advantages when disposing optimization
problems with particular characteristics, such as online learning, scheduling, multi-objective
optimization, transportation, medicine, data classification and others [41–44]

The artificial bee colony is one of the most significant metaheuristic optimization tech-
niques because it is straightforward and needs few control parameters. The ABC algorithm
is inspired by the intelligent activity of honeybees. The ABC expands a population-based
search method, just like any optimization program [30,45]. Individuals are the food spots,
and the pollinators try to investigate the locations of food supplies that contain a lot of
nectar. The ideal answer is the greatest nectar food supply. The three kinds of bees used
in the ABC algorithm are scout, onlooker, and worker bees. Scout pollinators look for
sustenance sources without having any knowledge of where they are. With information
acquired from watching worker bees perform a waggle dance, onlookers seek the food
source. The locations of their historical memories and the quality of the food sources are
determined by the experienced bees. A flowchart of the ABC algorithm is presented in
Figure 6.

Figure 6. Flowchart of the ABC algorithm.
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In the ABC algorithm, the onlookers will choose their food source according to its
probability magnitude (Pj), which is expressed by [46]:

Pj =
f j

∑NS
n=1 fn

(15)

where (j) is the solution order that is proportionate to the food source’s nectar quantity in
that location, (fj) is the fitness of the solution j, and (NS) is the quantity of food sources
that is the same as the number of onlooker bees. (fn) is the fitness of the solutions that is
evaluated using:

fn =

{
1 +

∣∣ f j
∣∣ f or f j < 0(

1 + f j
)−1 f or f j ≥ 0

(16)

Using the following equation, the food location is modified depending on the prior
location:

vij = xij + rand[−1, 1]
(
xij − xik

)
(17)

where i ∈ {1; 2; . . . ; D} and k ∈ {1; 2; . . . ; NS} are selected at random. Although k is
determined randomly, it must be different from j. The outcome of this random variable
determines how the adjacent food locations are produced.

The worker bees’ approach is employed by each onlooker bee to update its solution.
In order to assess whether or not the previous answer will be erased from memory, the
onlooker bees compare the new and old solutions. The scout bee group looks for a fresh
solution to update xj if there is no improvement in the solutions after a predetermined
number of repetitions, according to:

xi
j = xi

min + rand[0 1]
(

xi
max − xi

min

)
(18)

where (xi
min and xi

max) are the limits for xj in the ith orientation.
The ABC operation sequence is as follows:

Step 1: Initialize the food sources for all bees.
Step 2: Every onlooker bee has to visit a food source, remember it, and assess a nearby

source.
Step 3: The other onlooker sees the waggle dance, goes to that location, and selects a

nearby neighborhood.
Step 4: The abandoned food sources are assessed and replaced with the fresh supplies that

the scouts have found.
Step 5: The finest food supply so far is recorded.
Step 6: Repeat the process for all the bees.
Step 7: Check whether or not the best food source has been obtained.
End.

Typically, ABC utilizes a fitness function to determine whether the output parameters
are optimal. The proportional integral differentiation (PID) controller parameters are the
variables that need to be designed, i.e., (KP, KI, and KD). The integral time absolute error
(ITAE) function, which is provided by the following, is, thus, the proposed fitness function
in this study:

Minimize ITAE =
∫ ts

0
((|∆e1|+ |∆e2|)× t) dt (19)

∆e1 = vdc_re f − vdc (20)

∆e2 = VL_re f −VL (21)
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where, ts is the simulation time, (VL) is the load terminal voltage, (VL_ref) is the reference
load terminal voltage, and (vdc_ref) is the DC-link reference voltage. The limitations or
bands of the scaling parameters (KP, KI, and KD) are assumed to have a range of [0.1–2] [30].

5. Microgrid Control and Optimization

The primary parts of the suggested microgrid’s control system are its four controllers.
Each controller is designed to manage a certain area of the microgrid. The first is the SMES
converter, which is a two-quadrant converter. However, the second is the FC converter,
which is a single-quadrant buck converter. On the other hand, the third controller is used
to regulate the primary inverter controller. It controls the load’s frequency and voltage. The
fourth controller is the dynamic load controller, which regulates the induction motor speed.
The control system parts are described as follows:

• The SMES’s DC/DC converter controller

This controller’s job is to regulate the charging and discharging procedures for SMES
coils. In addition, it controls the DC bus voltage in conjunction with the FC as a backup.
As seen in Figure 7a, a straightforward PID controller is used to regulate the current and
voltage of the SMES using two stacked loops. When the SMES coil’s current reaches its
maximum limit, the controller stops charging it.

Figure 7. The controllers of the (a) SMES’s DC/DC converter and (b) FC’s DC/DC converter.

• The FC’s DC/DC converter controller

Figure 7b depicts the buck converter control circuit. Based on the voltage error, the set
voltage signal is produced. Hence, the PID controller then uses that error to produce the
modulating signal for the PWM unit, which, in turn, produces the proper duty ratio square
signal for the converter.

• The output inverter controller

The main inverter in the proposed microgrid is the current-controlled voltage source
converter. So, as seen in Figure 8, the converter contains two stacked control loops. The
output voltage loop’s outer loop is where the measured output voltage and the reference
voltage are compared. A straightforward PID controller that produces the reference output
current receives the error signal as an input. Nevertheless, the ABC is used to optimize
the PID parameters. The measured currents and the reference currents are contrasted. To
create the converter switching signals, a pulse width modulator (PWM) is then fed by the
error that was created.
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Figure 8. Block diagram of the main inverter controller, "*" means reference value.

Table 1 introduces the ABC controller’s optimal parameters.

Table 1. Optimal parameters of ABC controller.

Parameter Value

Number of food 20
Maximum cycle 3000

Number of colony size 50
Limit 100

• The dynamic load controller

This controller provides the speed regulation of an induction motor that emulates
the system’s dynamic load. Scalar control and vector control are two methods to control
induction motors. Vector control technology operates with excellent performance and
precision. As a result, Figure 9’s optimum vector control approach is used to regulate the
induction motor’s speed. The optimal PID controller regulates the errors by measuring
the actual speed and comparing it to the reference speed. The reference torque for the
vector control system is produced by the controller. The induction motor model is used
to estimate the rotor flux and torque of the induction motor. In [47], more explanations of
vector control and estimators for induction motors are presented.

Figure 9. Block diagram of the dynamic load controller.

At last, the control procedure can be abbreviated as:

(a) If the DC-link voltage is trying to increase based on increase in wind velocity, the
controller is turned on and the inverter duty cycle ratio is changed to keep the load
AC voltage at its desired value. In addition, the fuel cell controller increases the
charge current of the fuel cell to save any additional generated energy and keep the
AC load voltage at the desired values. Consequently, the generator and voltage tend
to minimize until stabilized to a convenient value. Using SMES guarantees smoothing
of the DC-link voltage, especially in the case of presented renewable energy, such as
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wind. The vector control adjusts the stator voltage of the IM until the rotor speed
reaches its desired value. If the DC-link voltage attempts to minimize in the case of
low wind velocity, the controllers will implement an action that is counteractive to
that outlined above, as illustrated in Figures 10–12.

(b) Using SMES and the storage fuel cell helps keep the DC voltage stable and smoother
in the event of wind and/or load changes.

Figure 10. The proposed microgrid simulation results: (a) wind speed, (b) PMSG speed, (c) PMSG
torque, (d) PMSG stator current, (e) PMSG stator voltage, and (f) the pressure of O2 and H2 inside
the electrolyzer.
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Figure 11. The proposed microgrid simulation results: (a) the load voltage response with/without
SMES, (b) the DC-link voltage, (c) the DC-link current, (d) the load voltage waveform, (e) the static
load current waveform, and (f) the total load current waveform.

Figure 12. Cont.
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Figure 12. The optimized induction motor: (a) torque, (b) rotor speed, (c) stator current, and
(d) stator voltage, the red colored wave is for the expanded period [1.8, 2.2].

6. Results

The performance of the proposed microgrid with the optimal controller was validated
using digital computer simulations, as shown in Figures 10–12. This system was simulated
and tested using the MATLAB/SIMULINK software package to accommodate multiple
operating methods for wind speed and load parameter variations. The microgrid parame-
ters are presented in Table 2. The microgrid response was subjected to testing with varying
static loads, induction motor speeds, and wind speed steps.

Table 2. Simulated microgrid parameters.

Parameter Value Parameter Value

Wind turbine height 4 m DC-link voltage 360 V
Blade swept area (A) 4 m2 Load voltage 140 V

Air density (ρ) 1.25 kg/m2 Load frequency 50 Hz
Blade radius (R) 1 m

Figure 10 displays the results for some parameters of the proposed microgrid. The
microgrid was subjected to step variations in the wind speed, as shown in Figure 10a. The
wind velocity was kept at 11.5 m/s for the first second, increased to 13 m/s at the time of
1 s, dropped to 10.75 m/s at the time of 2 s, and increased to 14 m/s at the time 3 s. As
seen in Figure 10b, the PMSG’s rotor speed and wind speed were precisely proportional.
Additionally, as shown in Figure 10c, the PMSG torque was negative and had a value
that depended on the produced power. Then their values differed slightly. Figure 10d,e
show the PMSG voltage and current variations corresponding to the wind speed and load
disturbances. The variations in the pressure of the O2 and H2 gases inside the electrolyzer
are indicated in Figure 10f. The values of PH2 and PO2 were the same, 0.04 to 0.05 Pa, in the
first period of t = 0–1.5 s.
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Figure 11 presents the remaining results for the parameters of the proposed micro-
grid. Figure 11a displays the actual and reference per unit dynamic response of the load
voltage with/without SMES controlled and optimized using the proposed ABC and PS
optimization. The load voltage had the values 0.8, 0.9, and 0.85 V in the following three time
periods: t = 0–1.5, 1.5–3 and 3–4, respectively. However, the optimal controller response
was compared with/without the SMES and that using the PS optimal controller. The load
voltage response with SMES using the proposed ABC had the perfect response without
any overshoot and minimum settling time. On the other hand, the load voltage overshoots
using the ABC optimal controller and without SMES had considerable values (14%, −2%,
and 4%). The load voltage overshoots using the PS optimal controller and with SMES had
the values: (4%, −8%, and 1%). It is assumed that the settling time of load voltage, in the
case of utilizing SMES and ABC optimal controller, is taken as a reference. The settling time
of the load voltage, in the case of utilizing the ABC optimal controller without SMES, was
larger by 300%, 50%, and 70%. However, in the case of the PS optimal controller with SMES,
the load voltage settling time was increased by 600%, 200%, and 500%. The response of
the DC-link voltage and current with/without SMES with the optimal controller under the
proposed disturbances is shown in Figure 11b,c, respectively. It is clear that the SMES did
not have any effect on the DC-link voltage. Moreover, these Figures show that the DC-link
voltage and current were smoother in the case of using SMES than in the case of not using
SMES.

Figure 11d,e illustrate the total AC load voltage and current response, respectively. It
is shown that the AC load voltage had constant amplitude and frequency values, while
the load current varied according to the demand of both the static and dynamic loads.
Figure 11f shows the AC static load current waveform; however, its value equaled zero in
the period t = 0.0–2.0 then increased in the period t = 2.0–3.0, decreasing again in the period
t = 3.0–4.0 s.

Figure 12 shows the optimally controlled induction motor response. The induction
motor had a step load torque shown in Figure 12a. It worked at no load up to 2.5 s when a
step load torque of 4 Nm was applied. Figure 12b shows the speed response of the induction
motor. The reference speed had a step drop from 35 to 25 rad/s. The figure indicates that
the optimal vector controller perfectly followed the induction motor’s reference speed. It
had little settling time and had no overshoots. Figure 12c presents the stator current of the
induction motor at the commanded load torques and rotor speeds. The input inverter of
the induction motor had the voltage waveform that is indicated in Figure 12d.

7. Conclusions

This study proposed a micro-electrical power grid system made up of an ABC-
algorithm-based optimal controller architecture. The investigated hybrid FC/wind/SMES
power system primarily consists of a generating unit feeding both dynamic and static loads.
Wind power serves as the primary source for supplying loads and storing hydrogen in
the FC via the electrolyzer at high wind speeds. In addition, the SMES’s coil is energized
during high wind speeds. However, the SMES improves the dynamic performance of the
microgrid. The dynamic load is selected to be an optimally vector-controlled induction
motor, while the static load is considered an inductive/resistive load. A water electrolyzer
is considered for supplying hydrogen gas. To guarantee efficient optimization of sources,
optimal control is applied to achieve a stable constant voltage and frequency load wave-
forms and dynamic load, as well as to compensate for decreasing wind power and/or to
share the extra needed power using the fuel cell and/or SMES. The proposed microgrid
was evaluated for step changes in wind speed, induction motor speed and torque, and
static load current, using Simulink/MATLAB simulation tools. The simulation’s findings
demonstrate that the suggested generating system successfully supplies the loads in a
precise manner despite any disruptions. Additionally, despite changes in wind speed and
the current of the static load and/or dynamic load characteristics, the suggested optimum
controller can keep the DC-link voltage and, therefore, the AC load voltage, at their ref-
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erence values. The performance of the optimally controlled microgrid using ABC was
evaluated and compared with/without the SMES. The performance was also compared
to the optimally controlled microgrid using PS optimization. The results indicated that
the presence of the SMES diminished all types of overshoots in the response and greatly
improved the dynamic response. The load voltage response with SMES and the optimal
controller showed a perfect response without any overshoot; however, it had a maximum
overshoot of ~14% without using SMES. The load voltage settling time was reduced in the
case of utilizing SMES by ~73%. The suggested controller’s primary limitations might be
that ABC is trapped at local minima or that convergence occurs too soon.
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Nomenclatures

(Vsm: Ism) the mean voltage and current of the SMES coil
d the duty cycle of the switches
(Vdc, Idc) the DC-link voltage and current
Pm the wind turbine’s output power
R the turbine blade radius
ρ the air density
vw the wind speed
Cp the wind-turbine’s performance coefficient
β the blade pitch angle
λ the tip-speed ratio
ωm the mechanical angular speed of the turbine
B the mechanical viscous friction
Jm the total system inertia
Te the electrical generator’s electromagnetic torque
rs the PMSG stator resistance
(isd, isq) the d-q components of the stator-current
(Ld, Lq) the stator’s d-q inductances
λm the permanent flux linkage
p the pole pairs
(Ip, Vp) the phase input current and voltage
(Vro, Iro) the rectifier output’s average current and voltage.
d1 the buck-boost converter’s duty ratio
(Vdc_o, Idc_o) the buck-boost converter’s mean output voltage and current.
Vc the capacitor voltage space vector;
Io the space vector of the output current;
(Cf, Lf) the filter capacitance and filter inductance;
S the switching state’s space vector
If the space vector of the filter current.
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V the voltage of the stack
N the number of FCs in the stack
Vo the open circuit voltage of the FC
T the ambient temperature
R
′

the gas constant
n the quantity of electrons in the electrical process
F Faraday’s constant
(PO2, PH2) the oxygen and hydrogen pressure
Ps the typical pressure
Pw the gas-water pressure
Ed the voltage losses
α the specific resistance
Jn the internal current density
JL the maximum current density
Jo the exchange current density
J the FC current density
Pj the probability magnitude
j the solution order
fj the fitness of the solution j
fn the fitness of the solutions
ts the simulation time
VL the load terminal voltage
VL_ref the reference load terminal voltage
vdc_ref the DC-link reference voltage
(KP, KI, and KD) the PID controller parameters

References
1. Albalawi, H.; El-Shimy, M.E.; AbdelMeguid, H.; Kassem, A.M.; Zaid, S.A. Analysis of a Hybrid Wind/Photovoltaic Energy

System Controlled by Brain Emotional Learning-Based Intelligent Controller. Sustainability 2022, 14, 4775. [CrossRef]
2. REN21. Renewable Energy Policy Network for the 21st Century. Global Status Report. 2018. Available online: http://www.ren21.

net/gsr_2018_full_report_en (accessed on 20 November 2018).
3. Meisen, P.; Loiseau, A. Ocean Energy Technologies for Renewable Energy Generation; Global Energy Network Institute (GENI): New

York, NY, USA, 2009.
4. Pena, R.; Cardenas, R.; Proboste, J.; Clare, J.; Asher, G. Wind–diesel generation using doubly fed induction machines. IEEE Trans.

Energy Convers. 2008, 23, 202–214. [CrossRef]
5. Zhou, W.; Lou, C.; Li, Z.; Lu, L.; Yang, H. Current status of research on optimum sizing of stand-alone hybrid solar–wind power

generation systems. Appl. Energy 2010, 87, 380–389. [CrossRef]
6. Sanyal, S.K. Future of geothermal energy. In Proceedings of the 35th Workshop on Geothermal Reservoir Engineering, Stanford,

CA, USA, 1–3 February 2010.
7. Lazard’s Levelized Cost of Energy Analysis—Version 10. Available online: https://www.lazard.com/media/438038/levelized-

cost-of-energy-v100.pdf (accessed on 23 December 2016).
8. Nehrir, M.H.; Wang, C.; Strunz, K.; Aki, H.; Ramakumar, R.; Bing, J.; Miao, Z.; Salameh, Z. A Review of Hybrid Renew-

able/Alternative Energy Systems for Electric Power Generation: Configurations, Control, and Applications. IEEE Trans. Sustain.
Energy 2011, 2, 392–403. [CrossRef]

9. Barnard, M. 7 Factors Show Wind Solar 1st Choices. Available online: https://cleantechnica.com/2016/07/11/7-factors-show-
wind-solar-1st-choices/ (accessed on 11 July 2016).

10. Mosadeghy, M.; Yan, R.; Saha, T.K. A time-dependent approach to evaluate the capacity value of wind and solar PV generation.
IEEE Trans. Sustain. Energy 2016, 7, 129–138. [CrossRef]

11. Chauhan, A.; Saini, R.P. A review on Integrated Renewable Energy System based power generation for stand-alone applications:
Configurations, storage options, sizing methodologies and control. Renew. Sustain. Energy Rev. 2014, 38, 99–120. [CrossRef]

12. Koohi-Kamali, S.; Rahim, N.A. Coordinated control of smart microgrid during and after islanding operation to prevent under
frequency load shedding using energy storage system. Energy Convers. Manag. 2016, 127, 623–646. [CrossRef]

13. Saeed, M.H.; Fangzong, W.; Kalwar, B.A.; Iqbal, S. A Review on Microgrids’ Challenges & Perspectives. IEEE Access 2021, 9,
166502–166517. [CrossRef]

14. Bizon, N. Optimal operation of fuel cell/wind turbine hybrid power system under turbulent wind and variable load. Appl. Energy
2018, 212, 196–209. [CrossRef]

15. Khan, F.I.; Hawboldt, K.; Iqbal, M. Life Cycle Analysis of wind–fuel cell integrated system. Renew. Energy 2005, 30, 157–177.
[CrossRef]

https://doi.org/10.3390/su14084775
http://www.ren21.net/gsr_2018_full_report_en
http://www.ren21.net/gsr_2018_full_report_en
https://doi.org/10.1109/TEC.2007.914681
https://doi.org/10.1016/j.apenergy.2009.08.012
https://www.lazard.com/media/438038/levelized-cost-of-energy-v100.pdf
https://www.lazard.com/media/438038/levelized-cost-of-energy-v100.pdf
https://doi.org/10.1109/TSTE.2011.2157540
https://cleantechnica.com/2016/07/11/7-factors-show-wind-solar-1st-choices/
https://cleantechnica.com/2016/07/11/7-factors-show-wind-solar-1st-choices/
https://doi.org/10.1109/TSTE.2015.2478518
https://doi.org/10.1016/j.rser.2014.05.079
https://doi.org/10.1016/j.enconman.2016.09.052
https://doi.org/10.1109/access.2021.3135083
https://doi.org/10.1016/j.apenergy.2017.12.034
https://doi.org/10.1016/j.renene.2004.05.009


Sustainability 2023, 15, 8827 18 of 19

16. Gorgun, H. Dynamic modelling of a proton exchange membrane (PEM) electrolyzer. Int. J. Hydrogen Energy 2006, 31, 29–38.
[CrossRef]

17. De Battista, H.; Mantz, R.J.; Garelli, F. Power conditioning for a wind–hydrogen energy system. J. Power Sources 2006, 155, 478–486.
[CrossRef]

18. Atawi, I.E.; Kassem, A.M.; Zaid, S.A. Modeling, Management, and Control of an Autonomous Wind/Fuel Cell Micro-Grid
System. Processes 2019, 7, 85. [CrossRef]

19. Xia, Y.; Xu, Q.; Huang, Y.; Liu, Y.; Li, F. Preserving Privacy in Nested Peer-to-Peer Energy Trading in Networked Microgrids
Considering Incomplete Rationality. IEEE Trans. Smart Grid 2022, 14, 606–622. [CrossRef]

20. Qian, H.; Xu, Q.; Du, P.; Xia, Y.; Zhao, J. Distributed Control Scheme for Accurate Power Sharing and Fixed Frequency Operation
in Islanded Microgrids. IEEE Trans. Ind. Electron. 2020, 68, 12229–12238. [CrossRef]

21. Mtolo, S.N.; Saha, A.K. A Review of the Optimization and Control Strategies for Fuel Cell Power Plants in a Microgrid
Environment. IEEE Access 2021, 9, 146900–146920. [CrossRef]

22. Hasan, K.; Othman, M.M.; Meraj, S.T.; Ahmadipour, M.; Lipu, M.S.H.; Gitizadeh, M. A Unified Linear Self-Regulating Method
for Active/Reactive Sustainable Energy Management System in Fuel-Cell Connected Utility Network. IEEE Access 2023, 11,
21612–21630. [CrossRef]

23. Morandi, A.; Fiorillo, A.; Pullano, S.; Ribani, P.L. Development of a small cryogen-free MgB2 test coil for SMES application. IEEE
Trans. Appl. Supercond. 2017, 27, 1–4. [CrossRef]

24. Alafnan, H.; Pei, X.; Khedr, M.; Alsaleh, I.; Albaker, A.; Alturki, M.; Mansour, D.-E.A. The Possibility of Using Superconducting
Magnetic Energy Storage/Battery Hybrid Energy Storage Systems Instead of Generators as Backup Power Sources for Electric
Aircraft. Sustainability 2023, 15, 1806. [CrossRef]

25. Luo, X.; Wang, J.; Dooner, M.; Clarke, J. Overview of current development in electrical energy storage technologies and the
application potential in power system operation. Appl. Energy 2015, 137, 511–536. [CrossRef]

26. Koohi-Fayegh, S.; Rosen, M.A. A review of energy storage types, applications and recent developments. J. Energy Storage 2020, 27,
101047. [CrossRef]

27. Zhao, H.; Zhang, C. An online-learning-based evolutionary many-objective algorithm. Inf. Sci. 2020, 509, 1–21. [CrossRef]
28. Rabbani, M.; Oladzad-Abbasabady, N.; Akbarian-Saravi, N. Ambulance routing in disaster response considering variable patient

condition: NSGA-II and MOPSO algorithms. J. Ind. Manag. Optim. 2022, 18, 1035–1062. [CrossRef]
29. Marzband, M.; Azarinejadian, F.; Savaghebi, M.; Guerrero, J.M. An Optimal Energy Management System for Islanded Microgrids

Based on Multiperiod Artificial Bee Colony Combined with Markov Chain. IEEE Syst. J. 2015, 11, 1712–1722. [CrossRef]
30. Fathy, A.; Kassem, A.; Zaki, Z.A. A Robust Artificial Bee Colony-Based Load Frequency Control for Hydro-Thermal Interconnected

Power System. Sustainability 2022, 14, 13569. [CrossRef]
31. Kuo, M.-T. Application of the Artificial Bee Colony Algorithm to Scheduling Strategies for Energy-Storage Systems of a Microgrid

with Self-Healing Functions. IEEE Trans. Ind. Appl. 2021, 57, 2156–2167. [CrossRef]
32. Habib, H.U.R.; Subramaniam, U.; Waqar, A.; Farhan, B.S.; Kotb, K.M.; Wang, S. Energy Cost Optimization of Hybrid Renewables

Based V2G Microgrid Considering Multi Objective Function by Using Artificial Bee Colony Optimization. IEEE Access 2020, 8,
62076–62093. [CrossRef]

33. Paliwal, N.K.; Singh, N.K.; Singh, A.K. Optimal power flow in grid connected microgrid using Artificial Bee Colony Algorithm.
In Proceedings of the 2016 IEEE Region 10 Conference (TENCON), Singapore, 22–25 November 2016; pp. 671–675. [CrossRef]

34. Ciabattoni, L.; Ferracuti, F.; Ippoliti, G.; Longhi, S. Artificial bee colonies based optimal sizing of microgrid components: A profit
maximization approach. In Proceedings of the 2016 IEEE Congress on Evolutionary Computation (CEC), Vancouver, BC, Canada,
24–29 July 2016; pp. 2036–2042. [CrossRef]

35. Roy, K.; Mandal, K.K.; Mandal, A.C. Modeling and managing of micro grid connected system using Improved Artificial Bee
Colony algorithm. Int. J. Electr. Power Energy Syst. 2016, 75, 50–58. [CrossRef]

36. Kumar, N.; Alotaibi, M.A.; Singh, A.; Malik, H.; Nassar, M.E. Application of Fractional Order-PID Control Scheme in Automatic
Generation Control of a Deregulated Power System in the Presence of SMES Unit. Mathematics 2022, 10, 521. [CrossRef]

37. Hassan, I.D.; Bucci, R.M.; Swe, K.T. 400 MW SMES power conditioning system development and simulation. IEEE Trans. Power
Electron. 1993, 8, 237–249. [CrossRef]

38. Albalawi, H.; Kassem, A.M.; Zaid, S.A.; Lakhouit, A.; Arshad, M.A. Energy management of an isolated wind/photovoltaic
microgrid using cuckoo search algorithm. Intell. Autom. Soft Comput. 2022, 34, 2051–2066. [CrossRef]

39. Rashid, M. Power Electronics Handbook, 2nd ed.; Elsevier Press: Amsterdam, The Netherlands, 2011.
40. Asl, S.S.; Rowshanzamir, S.; Eikani, M.H. Modelling and simulation of the steady-state and dynamic behavior of a PEM fuel cell.

Energy 2010, 35, 1633–1646. [CrossRef]
41. Dulebenets, M.A. An Adaptive Polyploid Memetic Algorithm for scheduling trucks at a cross-docking terminal. Inf. Sci. 2021,

565, 390–421. [CrossRef]
42. Kavoosi, M.; Dulebenets, M.A.; Abioye, O.; Pasha, J.; Theophilus, O.; Wang, H.; Kampmann, R.; Mikijeljević, M. Berth scheduling
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