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Abstract: Nowadays, standalone microgrids that make use of renewable energy sources have gained
great interest. They provide a viable solution for rural electrification and decrease the burden on the
utility grid. However, because standalone microgrids are nonlinear and time-varying, controlling and
managing their energy can be difficult. A fractional-order proportional integral (FOPI) controller was
proposed in this study to enhance a standalone microgrid’s energy management and performance.
An ultra-capacitor (UC) and a battery, called a hybrid energy storage scheme, were employed as
the microgrid’s energy storage system. The microgrid was primarily powered by solar and wind
power. To achieve optimal performance, the FOPI’s parameters were ideally generated using the
gorilla troop optimization (GTO) technique. The FOPI controller’s performance was contrasted with a
conventional PI controller in terms of variations in load power, wind speed, and solar insolation. The
microgrid was modeled and simulated using MATLAB/Simulink software R2023a 23.1. The results
indicate that, in comparison to the traditional PI controller, the proposed FOPI controller significantly
improved the microgrid’s transient performance. The load voltage and frequency were maintained
constant against the least amount of disturbance despite variations in wind speed, photovoltaic
intensity, and load power. In contrast, the storage battery precisely stores and releases energy to
counteract variations in wind and photovoltaic power. The outcomes validate that in the presence of
the UC, the microgrid performance is improved. However, the improvement is very close to that
gained when using the proposed controller without UC. Hence, the proposed controller can reduce
the cost, weight, and space of the system. Moreover, a Hardware-in-the-Loop (HIL) emulator was
implemented using a C2000™ microcontroller LaunchPad™ TMS320F28379D kit (Texas Instruments,
Dallas, TX, USA) to evaluate the proposed system and validate the simulation results.

Keywords: wind energy; photovoltaic (PV); ultra-capacitor (UC); fractional-order proportional
integral (FOPI); gorilla troop optimization (GTO)

1. Introduction

An increasing population and global industrial development coincided with the
start of this century. This led to a rise in global electricity demand. But conventional
electricity sources have numerous environmental issues and are insufficient [1-4]. As a
result, attention has been drawn to renewable electricity sources (wind, solar, tidal, etc.).
The environmental benefits of renewable electricity resources are numerous. However,
a common drawback of them is their sporadic nature [5]. When a system is linked to a
major utility grid, an intermittent energy supply might not be a significant issue. Small
microgrids and isolated systems will be particularly affected by this issue, though. Hybrid
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energy systems, which integrate two or more renewable resources, are one approach to
address the intermittency issue [6]. A wind/PV hybrid is a typical example of this kind of
microgrid [7].

Even though solar and wind energy sources fluctuate, they could work together to
help mitigate the issue of intermittency. In the day, solar energy is available. There is no
set time of day when wind energy is most accessible. On the other hand, there are some
situations where nighttime wind energy exceeds daytime wind energy. As a result, the two
energy resources are integrated in some way. As a result, hybrid PV /wind systems are
regarded as dependable and practical substitutes for battery-based wind and solar diesel
systems in standalone applications [8].

For hybrid wind/photovoltaic systems, several research publications have been se-
lected [5,6,9-15]. Reference [9] suggests that the boost converter in a traditional wind/
photovoltaic power system be swapped out for a PWM rectifier. For rural electrification
applications, a composite sliding mode controller for load inverters was also implemented.
According to reference [10], a PID technique can be employed by a dual input buck-boost
converter to control the bus voltage that charges the battery from the solar module and
wind turbine generator. The propulsion system of a ship model has been powered by
batteries. According to this study, a PID control system may produce effective performance
from wind and solar turbine generators. Reference [11] has proposed the use of an en-
hanced decomposition multi-objective evolutionary algorithm for the scaling of hybrid
PV /battery/wind/diesel microgrids. The analysis has taken into account several factors
such as parameter uncertainty, battery deterioration, viability of energy infrastructure,
internal rate of return, payback time evaluation, and total expenses. There has been a study
conducted on a wind farm, photovoltaic plant, concentrated solar power plant, electric
heater, inverter, and battery model [12]. A wind/photovoltaic microgrid with a distributed
DC bus has been proposed in Ref. [13]. The PV array’s and the wind turbine’s MPPT
have been put into practice by the control system. The response of the power system was
tested by applying step changes in the nonlinear load. A wind/photovoltaic microgrid
that functioned in both AC and DC modes was presented by [14]. The control scheme
was adjusted to the AC/DC microgrid power exchange. The microgrid powered both
household and dynamic loads. The ideal system architecture and design considerations
were determined using a variety of levelized cost of energy methodologies.

Consumption of solar and wind power is increasing as a result of our growing desire
to lessen our environmental impact. In order to mitigate an unpredictable power supply,
Reference [15] proposes a hybrid system that combines wind and solar generators. PV
arrays, wind turbines, batteries, a standby diesel generator, converters, and other equipment
are all parts of PV, battery, wind, and diesel hybrid systems. These parts produce, store,
and control electricity. The primary source of the world’s environmental degradation is
conventional fossil fuel-based electricity generation, and this situation is only going to get
Wworse soon.

Proportion integral derivative (PID) controllers have historically been used to operate
freestanding microgrids. PID controllers are renowned for their simplicity and depend-
ability, but they can also have drawbacks when dealing with complicated and uncertain
systems, such as overshoot [16]. A recent development in control techniques, fractional-
order control (FOC) is a step up from conventional integer-order control techniques and
is employed in a variety of renewable energy systems. The key advantages of FOPI con-
trollers over PI controllers are their greater flexibility due to non-integer orders; their
enhanced robustness in uncertain or time-varying systems; their better frequency-domain
performance, especially in low-frequency dynamics; and their improved performance in
complex, non-linear, or multi-variable systems. Despite these advantages, the use of FOPI
controllers may be limited by their increased computational demands and complexity of
design, making them more suitable for advanced or high-performance control systems [17].

Nonlinear systems are difficult to control due to varying behavior under different
conditions, making it challenging for traditional controllers to maintain stability. Fractional-
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order controllers (FOCs) address this by providing additional tuning parameters (fractional
orders), offering greater flexibility and improved robustness against nonlinearities like satu-
ration and friction. This smooth transition between linear and nonlinear systems enhances
performance in complex systems, such as power electronics [18]. Designing FOCs involves
mathematical modeling, optimization, and discretization for digital implementation. A
common approach is extending traditional PID controllers to fractional-order PID (FOPID)
controllers, where both integral and derivative terms are non-integer. Tuning methods
include frequency response, optimization-based techniques, and modified Ziegler—Nichols
rules. For digital control, fractional derivatives and integrals are approximated using
numerical methods like Griinwald-Letnikov and Oustaloup’s approximation to enable
real-time implementation [17].

FOC has been applied in a number of microgrids that are fed by renewable energy
sources [19-22]. In order to improve the efficiency of the electrical power system, a FOPID
controller based on the real-world application of automatic control techniques was used
in [19] to optimize the hydraulic turbines” isochronous speed regulator. A fractional
order fuzzy-PID controller was employed in [20] to manage the frequency of a hybrid
system comprising a tidal and diesel power plant. The applicability of fractional order
intelligent control for distributed energy generation or hybrid power systems was examined
in [21]. Using various particle swarm optimization (PSO) variants, robust optimization
techniques were used to tune the FOC controller parameters, which were then compared
with the corresponding optimal solutions using simulation results. In [22], a new intelligent
FOC controller was proposed for frequency regulation of two area interconnected energy
systems. The research idea utilized the virtual inertia principle with the help of the proposed
intelligent FOC controller to regulate the system voltage and frequency.

To maintain the stability and dependability of the power system, wind power’s
intermittent nature requires the use of energy storage devices to offset variations in
wind/photovoltaic systems [23]. Additionally, these storage devices strengthen the sys-
tem’s ability to withstand abrupt changes in wind and load [24]. Batteries, flywheels,
superconducting magnetic energy storage, ultracapacitors, thermal, compressed air storage,
hydrogen, and other devices have all been used as energy storage systems. Nevertheless,
because of their low cost, broad temperature range, and high cell voltage, batteries are
frequently utilized in a variety of applications [25]. When compared to a single energy
storage technology, the implementation of hybrid energy storage system (HESS) minimizes
the initial cost because the secondary storage system just needs to meet the average power
demand because power and energy are decoupled. Additionally, it increases the plant
lifetime and storage capacity while improving the overall system efficiency (minimizes the
dynamic stress of the secondary storage system and optimizes the operation). A UC-battery
HESS was initially investigated in the literature as a potential replacement for conventional
battery systems in digital communication applications that experienced pulsed loads [26].
Due to the frequent motor starts and braking events of electric vehicles, this technology
is currently widely used in these vehicles. It is possible to decrease the size and extend
the battery life by including a supercapacitor [27]. Due to the superior dependability and
extended battery life that these battery—supercapacitor combinations produce, HESS is also
being investigated for stand-alone renewable energy applications [28].

This paper describes how to manage and operate an autonomous microgrid that is
powered by solar and wind energy using a FOPI controller. In addition, the microgrid
uses a semiactive UC-battery HESS for energy storage. Optimal fractional-order controllers
form the foundation of the proposed microgrid’s energy management and control system.
The primary goals of the system are to regulate the DC bus voltage, manage the energy
of the system, and operate the semiactive UC-battery HES. Using the GTO optimization
technique, the fractional-order controller’s gains were optimally selected. Additionally,
evaluations of the proposed FOPI controller’s performance in comparison to the con-
ventional PI controller were conducted. Additionally, a comparison was made between
the proposed microgrid’s performance with and without the UC, utilizing the optimized
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FOPI controller. The MATLAB/Simulink platform was utilized to model and simulate the
proposed wind/photovoltaic microgrid. The goals of this study were as follows:

. FOPI controllers were incorporated to improve the recommended microgrid’s func-
tionality.

»  The metaheuristic optimization method known as GTO was utilized to ascertain the
optimal parameters of the proposed FOPI controller.

»  The effectiveness of the proposed microgrid with and without the UC was assessed
utilizing the FOPI controller.

= A comparison was made between the performance of the proposed system with the
FOPI controller and the traditional PI. The controller’s performance was assessed in a
range of load power, solar, and wind energy disturbances.

»  The proposed system was modeled in MATLAB. The system’s performance was as-
sessed to find out how variations in wind and solar energy affected the microgrid’s
response.

This manuscript is organized as follows: Section 2 provides a summary of the proposed
microgrid; Section 3 describes the hybrid energy storage configurations; Section 4 presents
the proposed control structure; Section 5 covers the simulation results; and Section 6
presents the conclusions.

2. The Examined Microgrid’s Overview

Figure 1 shows the planned autonomous microgrid powered by solar PV and wind
energy resources. In the day, solar energy is available, however, it is not available at night.
There is no set time of day when wind energy is most accessible. On the other hand, there
are some situations where nighttime wind energy exceeds daytime wind energy. As a
result, the two energy resources are integrated in some way. Nevertheless, because of
the fluctuations in the weather and solar radiation, they are unable to produce consistent
energy. The intermittent nature of solar and wind energy is caused by these problems. As
a result, using both resources improves the microgrid’s sustainability and dependability.
Additionally, the energy storage system’s dimensions will be lowered.

PV~ Zaaw
Panel AEEBRW
* I
- Wind
MPPT DC MPPT DC Turbine
converter | 1y~ converter DC
DC Bus
i
: DC
Semiactive g N
HES | be
AC
- AC Bus

Vi

AC Electrical Loads

Figure 1. The power circuit topology of the proposed microgrid.
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The wind system consists of a 3 — ¢ permanent magnet synchronous generator
mechanically linked to a wind turbine. An uncontrolled rectifier is used to rectify the
generator output, producing an unregulated DC voltage. A boost converter is powered
by this voltage. The wind turbine is pushed toward the MPPT conditions by the boost
converter. The microgrid’s DC bus is connected to the boost converter’s output. Three
parallel strings make up the PV array that powers the solar energy system. Modules
are included in every string. This PV output is fed into an additional boost converter.
Additionally, the PV’s MPPT conditions are implemented via the boost converter.

As a result of the generated energy’s intermittent nature, HESS is used to offset the
energy intermittency issue and maintain system stability. Besides a UC, a series-parallel
arrangement of lead—acid batteries makes up the HES. A bidirectional DC/DC converter
connects the batteries to the DC bus. On the other hand, the UC is directly connected to
the DC bus. Semi-active HESS is the name given to this topology of the HESS. Its job
is to control how the energy storage system is discharged and charged. Furthermore,
that converter serves as the primary actuator for microgrid energy balance and DC bus
voltage adjustments.

3. Hybrid Energy Storage Configurations

Energy storage technologies can be classified as high power and high energy storage
systems (HPS and HES) [29]. Each energy storage technology has its own restrictions,
which limit the variety of applications that it may be used for. This is because the ideal
operation requires the integration of high power and high energy storage elements. In
order to create a HESS, a system that mixes two or more energy storage equipment types
must be built [30]. Batteries, for instance, have low specific power, high specific energy, a
shorter life cycle, a lower self-discharge capacity, and a lower cost per watt-hour. However,
a UC has a higher self-discharge, a longer lifespan, faster charging, less specific energy,
and greater specific power [31]. Consequently, a battery-UC mixture can make use of
each other’s complementing characteristics. This combination’s symmetrical functioning
concept, wide availability, and inexpensive initial cost have made it popular.

Generally, the two-energy storage elements in a battery—UC HESS can be connected
to a common AC or DC bus [32]. A common DC bus is the recommended option for
freestanding microgrids for several reasons [33]. First off, DC voltage is used by most
energy storage system components and renewable energy sources. Consequently, keeping
a DC bus minimizes the requirement for a power converter [34]. Second, DC buses do not
need to be synchronized, which significantly lowers the system’s overall complexity [35].
Consequently, DC coupling is less expensive and more efficient than comparable AC bus
systems [36].

In forming a battery—-UC circuit for DC bus systems, the battery and UC may be
connected by three common topologies, namely, passive, semi-active, and active. Figure 2
illustrates the typical topologies for a battery—UC HESS. The subsequent subsections will
provide a description and an explanation of each topology.

DC Bus DC Bus DC Bus
: : '
: - DC H
‘ H DC DC : Alternative : be
Active Semiactive : Semiactive DC
HESS i HESS HESS
i

(b) (9 (d)

Figure 2. The typical topologies for a battery—-UC HESS. (a) Passive topology, (b) active topology,
(c) semi-active topology, and (d) alternative semi-active topology.
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3.1. Passive HESS Topology

The straightforward method of linking a HPS and HES to a system shown in Figure 2a
is known as passive architecture. Without the need for power converters, the energy storage
systems are connected directly to one another [37]. The passive topology is like synchronous
generators that operate in parallel and share the load according to the impedance ratio.
In a similar vein, the ESS’s internal resistance and output parameters determine how the
load is divided. where the state of charge and the temperature have a major impact on the
resistance. For example, in a battery—UC hybrid, the low impedance of the UC absorbs the
high-power pulses. Hence, the UC acts as a low pass filter for power variations.

Equation (1) provides the system’s power balance, where Pg, Ps, and P1 stand for
power produced, power transferred by HESS, and power used by the load, in that order.
The total power supplied by HPS and HES, as indicated by the second portion of (1), is the
power exchanged by HESS.

&:{ e =B M

Pyps + PHEs

This architecture was first applied to battery—UC hybrid vehicles and pulse loads.
Later, it was utilized for power system applications [29,38]. In isolated microgrids, battery—
UC with passive connectivity has recently been employed to reduce the intermittency of
RES [26]. Nevertheless, the following drawbacks prevented this topology from receiving
much interest: lack of power control flexibility that is dependent on the internal resistance;
because energy storage systems are directly connected to the power system, they are
susceptible to progressive setback in dangers; and the DC link or load voltage and the
energy storage voltage must match precisely.

3.2. Active HESS Topology

To regulate HPS and HES, the active architecture uses a split bidirectional DC-DC
converter (see Figure 2b). With the two energy storage items being independently con-
trolled, this design provides the maximum level of controllability. It makes it easier to use
the complementing qualities of HPS and HES in the energy management plan. Moreover,
it facilitates the implementation of an extensive range of control methodologies. All of
these benefits, nevertheless, come at the price of higher power conversion losses and higher
converter costs.

Ps = uPyps + aPygs 2)

Equation (2) gives the power transferred by HESS with this topology. The controllabil-
ity of HPS and HES are represented by the variables 1 and «, respectively. These variables
are determined by the control techniques using a number of criteria, including SOC, power
variation frequency, and battery deterioration rate. This architecture has been applied
to HESS in power systems significantly more frequently than any other. There are two
categories for this: series active topology and parallel active topology. In order to interface
HPS and HES in parallel, the parallel topology uses two different sets of converters. In
contrast, the series topology decouples the HPS and HES from the DC bus by cascading
them with a power converter [39—41]. Because the power converter must be rated to the
HESS’s overall power rating, the series topology is frequently disregarded. Thus, power
system applications have made extensive use of parallel active topology. This architecture
has a number of benefits, including: more flexibility due to separate control of the HPS and
HES; numerous different control techniques are available for use; the system voltage has
no bearing on the voltage levels of the energy storage system; with converters that separate
the energy storage system from the system, it has built-in fault tolerance.

3.3. Semi-Active HESS Topology

Using a single power converter to operate HPS, this topology is an expansion of
the passive topology, where an appropriate control algorithm and a bidirectional DC-DC
converter are utilized to manage the power exchanged by HPS (refer to Figure 2c). Equation
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(3) provides the power exchanged by HESS with this topology, where 3 indicates HPS
controllability and establishes the HPS power share. HPS meets the system’s peak power
requirements, while HES handles the remainder demand. Semi-active topologies with
controlled batteries and controlled UC have been examined in a study. The UC power
converter is too big to manage the output power of the pulse. On the other hand, the DC
link voltage varies in the topology with a regulated battery [42].

Ps = uwPyps + Phes 3)

Consequently, anytime a HES is interfaced with a converter, significantly large en-
ergy storage is required to maintain the DC bus voltage. Lately, a wind-supplied remote
microgrid has been supported by a hybrid battery—-SMES system. Because the SMES can
absorb high frequency power changes, it has been utilized to increase battery longevity.
Likewise, the variations of small wind-supplied systems have been suppressed with the
use of a battery—UC hybrid. Another semiactive HESS design is depicted in Figure 2d,
where the battery is linked directly to the DC bus and only the UC is interfaced to the DC
bus via a bidirectional DC/DC converter [43]. The bidirectional DC/DC converter in this
design separates the battery terminal and DC bus from the supercapacitor. The volumetric
efficiency of the supercapacitor is much increased in this configuration since it may be
operated over a greater voltage range. A stable DC bus voltage is also guaranteed by the
battery’s direct connection [33]. Despite providing some flexibility, it has the following
drawback: when an HPS is interfaced directly with the system, the DC bus and voltage
fluctuates; the DC-DC converter must be built to withstand the significant power spikes.
Consequently, the battery’s longevity is negatively impacted by the battery’s inevitable ex-
posure to significant current fluctuations due to the passive connection [42]. Many control
techniques have been adapted for this topology. The control techniques can be classified as
classical and intelligent techniques. The classical techniques include filtration based, rule
based, dead beat, and droop controllers [29]. On the other hand, many intelligent control
techniques have been adapted for HESS such as: model predictive control; fuzzy logic
control; and robust control [29].

4. The Proposed Control Framework

The wind /PV MPPT controllers, the semiactive HESS controller, and the load inverter
controller are the proposed system controllers depicted in Figure 3. The MPPT controllers’
duties include obtaining the maximum power output from the PV array and wind turbine.
They produce the necessary duty cycle signal for the boost converter, which loads the PV
array and wind turbine under MPPT load circumstances. On the other hand, the HESS's
charge/discharge process and the DC link voltage are regulated by the semiactive HESS
controller. The frequency and voltage of the load inverter are controlled by the third
controller. The descriptions of these controllers are as follows:

4.1. The Wind and PV’s MPPT Controllers

For optimal wind and photovoltaic energy consumption, these controllers are essential.
The popular and widely used MPPT technique known as perturb and observe has been
implemented here for both controllers, as Figure 3a indicates. It offers the advantages of
an easy algorithm and simple implementation. For this problem, two boost converters are
used: one for the PV panel and one for the wind. The duty cycle switch value of the boost
converter is the output of every MPPT controller. For both energy sources, the algorithm is
the same [44].
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Figure 3. The proposed microgrid’s controllers: (a) MPPT’s regulator, (b) output DC/AC’s controller,
and (c) semiactive HESS’s controller.

4.2. The Output DC/AC Controller

This controller’s goal is to deliver AC power to the load at a controlled frequency
and voltage. In Figure 3b, the control loop is displayed. A phase locked loop is used to
measure and transmit the load 3 — ¢ voltages to the d-q frame. The reference values of
the transferred d-q voltages are compared with them. A basic PI controller is then fed



Fractal Fract. 2024, 8, 629

9 of 24

the resultant error. Thus, the Ziegler-Nichols method is used to adjust the gains of the PI
controller.

4.3. The Semiactive HESS Controller

This controller’s primary goal is to control the DC-link voltage, which can be done by
managing the semiactive HESS’s charging. It has two stacked loops, as Figure 3c illustrates.
With the aid of the optimized FOPI controller, the outer loop modifies the DC-link voltage.
On the other hand, an additional hysteresis controller assists the inner loop in managing
the semiactive HESS charging current. The inner loop’s reference charging current is the
outer loop’s output. The MPPT controllers cease and the controller finishes the charging
process when the battery is fully charged.

4.3.1. The FOPI Controller Principles

This regulator’s aim is to maintain the DC link voltage (V4.) constant at a prede-
termined value (Vgcref). In order to do this, the controller modifies the battery energy
storage’s charging and discharging procedures. The outer loop of the proposed controller
is designed with the help of the FOPI, which preserves the voltage stability of the DC
link. Still, the inner loop controls the current drawn from the storage battery. For stability
reasons, it has to be made quicker than the outer loop [5].

Any real number can be presented using a complex and flexible integral or differential
notation thanks to the controller’s use of fractional operators [22]. For a given order g, the
following function represents the essential mathematical relationship between the fractional
order differential and integral operator:

f(t) q=0
DI f(t) =4 g f(1) q>0 @)
7 f(har™t  q<0

where (4, b) indicate the lower and upper limits; if the value of the order g is negative
(thatis, g < 0), it is categorized as a first-order integral; on the other hand, once the value
of the order g is positive (that is, g > 0), it is categorized as a fractional order differential
transfer function.

Because it can be difficult to understand the physical consequences of fractional order,
scholars have developed several formulations to help make the concept more understand-
able. Our comprehension of the fundamental ideas of fractional order is aided by one such
formulation, the Riemann-Liouville technique, which provides a way to get the function’s
order derivative [45]:

I S AL {5
DL = =g (i) | et ®

where k € K, g — 1 < g <k, and the Gamma function I'(x) is defined as,

I(x) = /0 T peletgy ®)

The solution to Equation (7) can be obtained by applying the Laplace transformation
to the fractional derivative of R-L in Equation (5) [22]. Equation (8) [46] represents the time
domain representation of the n order of the function f(t), and it is derived from Caputo’s
definition, which is a second definition associated with the idea of fractional order.

£{Dhfn)} =R - g (0877 (0 o o)
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An initial condition is associated with the integral order of Equation (14) when the
Laplace transformation is performed on it. Equation (9), where s is the Laplace opera-
tor, provides an explanation of this beginning condition, which has important physical
implications.

(®)

£{Dif()} = sTF(s) = Losy s f19(0) ©)

Completing intricate mathematical computations is required when using the FO oper-
ators in the time domain. We frequently employ the recursive approximation method to
implement FO operators [47]. An alternative mathematical formula, the Laplace transfor-
mation of the gth derivative, can be used to represent it in the following manner:

!/
K s+ (Uy
s1 ~ w! 10
thsz s+ wy ( )
where
y+K+(1-9)/2
! wy, 2K+1
wy = wy (w—’b ,
y+K+K(lJ{q)/2
2K+
[wp, wy] is the working frequency band and (K) is the approximation order. These param-
eters have the values: w, = —1000, wj; = 1000, and K = 5, in utilizing the Oustaloup
algorithm.

The FO proportional integral regulator, which has three tuning gains—proportional
gain (Ap), integral gain (A;), and integral fractional order A—is used in this investigation.
Compared to traditional PI regulators, controllers built with these specific characteristics
have been found to provide improved transient time, overall precision, and stability [45].
Additionally, this controller can successfully handle a variety of disturbances due to its
increased robustness and adaptability in the face of system interruptions. Additionally,
Equation (11) gives the general expression for the FOPI's transfer function in Laplace form,
which is represented as H(s), where A is often between 0 and 1.

A
H(s) = A, + 571 (11)

A predetermined reference voltage is used to compare the voltage across the DC
link to be monitored. The desired battery current reference value is produced by the
FOPI controller, which is in charge of controlling the voltage differential. This reference
value aids in ensuring that the DC link voltage is properly managed and controlled. As
a result, the reference-determined required storage battery current is compared to the
actual battery current. This comparison is used by the FOPI controller to calculate and
adjust the bidirectional DC/DC converter’s duty cycle. Protection is provided by the dual
loop controller, which makes sure that the current withdrawn from the battery stays at an

acceptable level.

4.3.2. GTO Optimization of the FOPI Parameters

It might be difficult to determine the FOPI gains through trial and error, and it heavily
depends on the practitioner’s experience and expertise. The task of determining appropriate
values for the proposed FOPI parameters might be extremely difficult. It is crucial to
meticulously execute this procedure in order to improve the system’s functionality and
guarantee its stability, hence averting any disturbances. The best values for the FOPI
controller’s parameter values are found using the metaheuristic optimization technique
known as gorilla troop optimization (GTO) [48].
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Nowadays, an optimization technique that finds inspiration in the actions of gorilla
troops has seen a recent spike in popularity. It is thought to be a brand-new meta-heuristic
optimization strategy [49]. The advantages of the GTO optimization over popular opti-
mization methods like PSO or the genetic algorithm (GA) are summarized at Table 1 [50].

Table 1. Summary of the advantages of the GTO optimization versus popular optimization methods.

Popular Optimization

Issue GTO Optimization Methods Comments

Due to the

Premature Convergence Reduced Common problem exploration—exploitation
balance of the GTO.

. . - Additional operators like

Handling Nonlinearities Better mutation (in GA) are required
The dynamic encirclement

Escape from Local Optima Better Common problem and competition strategies in

GTO help it to avoid being
trapped in local minima.

Scalability

Due to its hierarchical
behaviors enabling robust
performance with complex
problems.

Handles high-dimensional

problems effectively Less effective

Parameter Tuning

Fewer parameters with less
sensitivity to them

More parameters with high
sensitivity to them

GX(i+1) =

Actually, the GTO algorithm’s primary source of inspiration is the innate social intelli-
gence of gorilla troops. The gorilla’s natural behavior can be summed up in five strategies.
The GTO optimizer uses three of them during the exploration stage. These include relocat-
ing to the other gorilla, migrating to locations that are known, and migrating to locations
that are unknown. The following formulae serve as mathematical models for each of these
tactics [51]:

miny + (max, —ming) X rq T < p
H % L+ Xpan(i)(r3 — C) rp > 05 (12)
X(i) — L? x (X(i) — GX(i)) + r4 x (X(i) — GXyan(i))) rand < 0.5
C=(1—i/imax) ¥ F (13)
F =1+ cos(2rs) (14)
L=IxC (15)
H=2ZxX(i), Z=[-C,C] (16)

where (miny,, max;) are the variable limits, (GX (i + 1), X(i)) are the position vectors of the
gorilla at two successive iterations, and (¢, 5, 4,3, 72, r1) are random positive numbers
between [0, 1] produced with a uniform distribution. The parameter (p), which falls within
the range [0, 1], specifies the probability of choosing the migration option. When the
exploration phase is over, the solution GX (i) will take the place of X(i), and if GX(i)’s
fitness function value is less than X(i), it will emerge as the silverback. Conversely, the
exploitation phase of the GTO optimization process employs strategies like competing for
adult females and trailing the silverback. These strategies can be expressed mathematically
using Equation (17) through (20). The flow chart that shows the GTO optimization execution
steps is shown in Figure 4a.

GX(i+1) = X(i) = M x L x (X(i) — Xg) + 14 x (X(i) — GXpan(i)) (17)
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k=1
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Ny rand > 0.5
A=BXE =2rs—1, E= ~ 20
p » Q 6 {N2 rand < 0.5 (20)
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Figure 4. (a) The GTO procedure flowchart; (b) the optimized FOPI parameters procedure for the
semiactive HESS; (c) the convergence curve of the GTO used to optimize the FOPI parameters.
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When the exploitation stage comes to its end, the cost of GX(i) is compared to that of
its corresponding item, X(i). If GX(i) is less expensive than X(i), then GX(i) takes its place
and emerges as the optimum choice (silverback).

4.3.3. Determination of the Objective Function

Figure 4b shows the optimized FOPI gain tuning procedure for the semiactive HESS
controller’s outer loop. The GTO procedure to determine the ideal parameters of the
proposed FOPI is summed up in the following points:

1. Establish the gorilla population, which is thought to be a potential answer for the
FOPI gains (i.e., three quantities).

2. Using the parameters produced by GTO, simulate the proposed microgrid.

3. To measure the effectiveness of the control system, compute the cost function using
the integral square error (ISE).

4. Combine the best answers from the previous phase to create new ones. Determine
whether the new solutions are fit.

5. Based on fitness, choose the population’s finest solutions.

6. Continue the procedure until the required end points are met.

The GTO’s associated parameters are § = 3, w = 0.8, and p = 0.03. Equation (21), where
Ts is the simulation time, uses the ISE as the objective function for the GTO. Figure 4c
displays the convergence curve of the applied GTO, and the optimized FOPI parameters
are Kj = 20, K; = 50, and A = 0.05. The proposed GTO technique is able to achieve a very
low objective function estimate of approximately 0.012. Moreover, it is noteworthy that the
GTO procedure, taking into account the goal function (€), can approach the optimal gains
in a rather short amount of time, usually within 85 iterations.

TS 2
€= /O (Vdc - Vdc—ref) dt (21)

5. Simulation Findings and Discussions

To verify the paper’s theory, the proposed wind/photovoltaic microgrid, shown in
Figure 1, is simulated on the MATLAB/Simulink platform. The general specifications of
the operating microgrid are displayed in Table 2.

Table 2. The proposed microgrid’s specifications.

System Element Variable Value
. . Wind speed 3.5-25m/s
Wind Turbine Power 10 KW
Iy, Vp 800 Ah, 300 V
HESS (Battery/UC) UC o F
AC Bus Voltage, frequency 220V, 50 Hz
DC Bus Voltage 500 V
PV MPPT 5440 W
Ise, Voc 22.8 A, 3165V

On testing the system performance during all states, the microgrid is subjected to
three types of disturbances. They are the wind speed variations, the variations in the solar
irradiation, and the load power changes as presented in Figure 5a, Figure 5b, and Figure 5c
respectively. In Figure 5a, the wind speed has speed step changes of 12 m/s, 6.5m/s,
14 m/s,0m/s, and 8 m/s at the instants 0, 0.29 s, 0.62 s, 1 s, and 1.3 s, respectively. However,
in Figure 5b, the solar irradiation has step variations of 1 kW/ m2, 0, and 0.5 kW/m? at the
instants 0, 1 s, and 1.5 s, respectively. On the other hand, the AC load varies in Figure 5c
with step changes between 100% full load and 50% full load at the instants 0, 0.42, 0.72 s,
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1.38 s, and 1.7 s. The DC bus voltage responses for the GTO-optimized FOPI and PI
controllers for the proposed microgrid are shown in Figure 5d. For both controllers, it
tracks well with the reference voltage of 500 V. Nevertheless, the GTO-optimized FOPI
responds very well. Its settling times are very short and very low maximum overshoot,
0.2%, compared to the PI controller. The PI controller has 3.6% maximum overshoot and
150 ms as a peak settling time.

15F T T T 1

10+ : i

Wind Speed [m/s]

0 0.5 1 1.5 2
Time [s]

(@)

0.5¢

Insolation [kW/mz]

0 0.5 1 1.5 2
Time[s]

(b)

10000

5000

Load Power [W]

0 H H H
0 0.5 1 1.5 2
Time [s]

520 . T
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Y

3510 A S [~ DCRef
!

Ve V]
2
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3
£

490+ : | J ! J

480 L L L
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(d)
Figure 5. The simulation findings of the proposed microgrid. (a) Disturbance in the wind speed,

(b) disturbance in solar irradiation, (c) disturbance in the load power, and (d) assessment of the DC
link voltage for both controllers without the UC.
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Two states are distinguished from the results. In the first state, the optimized FOPI and
traditional PI controllers are used to examine the performance of the proposed microgrid
without the UC. On the other hand, the second state uses the optimized FOPI controller to
demonstrate how the proposed microgrid with a full HESS UC performs. These states are
explained in the following paragraphs.

5.1. Performance of the Proposed Microgrid Without UC Using Both Controllers

Figure 6 shows the response of the investigated microgrid, without UC, using the
proposed GOT optimized FOPI controller in contrast to the conventional PI controller.
Figure 6a,b present the 3 — ¢ load currents using both controllers and the currents are
balanced 3 — ¢ with stable frequency. The 3 — ¢ load voltages for each controller are
displayed in Figure 6¢,d. Despite all of the disruptions, the voltage remains constant in
amplitude and maintains a sinusoidal pattern with a consistent frequency. Nevertheless,
some transients have occurred at the instants of load changes. The reason behind this effect
is the inverter’s filter characteristics.

The battery charging and discharging currents using the traditional PI controller are
displayed in Figure 6e. Since the PV generation is full and the wind generation is relatively
high, corresponding to a wind speed of 12 m/s, the charging current for the interval of
0to 0.3 sis 17 A, that is, comparatively high. As the PV power reaches its peak and the
wind power decreases, the charging current for the duration 0.3 to 0.42 s is 5 A, which
is reasonable. At the instant 0.42 s, the load is increased to full load. Consequently, the
battery discharges to balance for the required demand. When both the PV power and
the wind power are fully utilized, at the period 0.62 s to 1 s, which corresponds to a
wind speed of 14 m/s, the charging current is 21 A. As the load increases, the charging
current decreases during all periods. Both wind and photovoltaic energy are suppressed
for 1 s-1.3 s. Because of this, the storage battery will make up for them throughout
this time, with a discharging current of 18 A. The same rules are applied during the
remaining time of operation. Additionally, Figure 6f shows the current response of the
battery for the proposed controller. It successfully tracks its reference for each controller.
The DC bus voltage controller generates the reference value for the battery’s current.
The charging and discharging operations account for radiation variations in addition to
tracking their references. Figure 6g,h display the battery’s SOC performance for both the
conventional PI controllers and the proposed FOPI controllers. The SOC’s response for
each of the two regulators is almost the same. The steps for charging and discharging
are presented, nevertheless. The load current spectrum analysis using the proposed FOPI
and PI controllers is displayed in Figure 6i,j. For the proposed FOPI controller, the load
current THD is 0.42%. But in the case of the PI controller, it is 0.72%. In all scenarios, the
load current THD is less than the requirements stated in standards [52]. As a result, the
proposed FOPI controller has a higher load current quality than the PI controller.

5.2. Performance of the Proposed Microgrid with UC Using the Optimized FOPI Controller

Figure 7 shows the response of the investigated microgrid (with UC) using the pro-
posed GOT optimized FOPI controller. Hence, the semiactive HESS acts effectively in this
case. The response of the DC-link voltage including the proposed regulator is presented
in Figure 7a. It seems ideal as there are no transients corresponding to all kinds of distur-
bances from the solar irradiation, wind speed, and load variations as provided by Figure 5.
Compared to the response without the UC, in Figure 5d, there are no transients at all with
the presence of a UC. However, it can be concluded that the proposed GOT optimized
FOPI controller can provide nearly the same performance as that with the UC. Hence, the
proposed controller can reduce the cost, weight, and space of the system. The UC current
waveform is present in Figure 7b. It has a high frequency pattern to compensate for the
transients in the DC-link voltage variations. Also, the current oscillates around zero to
indicate the stability of the DC-link voltage at steady state.
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Figure 6. The response of the investigated microgrid (without UC) using the traditional PI controller
(a,c,e,gi) in comparison to the proposed GOT optimized FOPI controller (b,d,f,h,j).
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Proposed GTO Optimized FOPI Controller
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Figure 7. The response of the investigated microgrid (with the UC) using the proposed GOT optimized
FOPI controller (a—f).

In Figure 7c,d, the load voltage and current are displayed. Despite all of the disruptions,
the voltage remains constant in amplitude and maintains a sinusoidal pattern with a
consistent frequency. The battery SOC response is presented in Figure 7e. It seems to have
the same character as the case without the UC, displayed in Figure 6h. Figure 7f displays
the battery current response with the proposed GTO optimized FOPI controller. Except for
the high-frequency waves uploaded on the battery current, the response is resampling to
that without the UC.

Figure 8 shows the power response of the wind, PV, battery, and UC for the proposed
GTO optimized FOPI controller. Figure 8a displays the wind turbine power during the
operating time. It is noted that wind power tracks its MPPT conditions well. Also, the PV
power response follows its MPPT conditions well, as displayed in Figure 8b. Those reflect
the perfect operation of the MPPT subsystems for both the wind and PV supplies. Figure 8c
presents the battery power performance. When the battery power is positive, it indicates
battery charging. On the other hand, when it is negative, the battery is discharging. For
example, in the period 0.42 s to 0.72 s, the battery discharges due to the low generated wind
energy and high demand full load. Also, for the time after 1 s, the battery discharges as the



Fractal Fract. 2024, 8, 629

18 of 24

generated wind and PV energies are low and the demand fluctuates between 50% to 100%
full load.

Proposed GTO Optimized FOPI Controller

2000 ' 6000
= | i
= : = |
. I £ 4000
g 10000 S | — :
1 | [
¢ O |
< ‘ . ] £ 2000 ]
=T ) AU N ' opuc N O MO PO S NSNS S S U U SO 4 > |
i B |
= E N
0f5 1 115 é 0 0.5 1 1.5 2
Time [s] Time [s]
(@
5 %10
Z —
g =3
-
o
z :
> &
b
- o
: Q.
T
@
_2 L L 1
0 0.5 1 1.5 2
Time [s]
(c)
10000
=
bl
(]
£ 5000
[
=]
s+
5]
A
0 L H
0 0.5 1 1.5 2
Time [s]

(e)

Figure 8. The power performance of the investigated microgrid (with the UC) using the proposed
GOT optimized FOPI controller (a—e).

Figure 8d indicates the UC power response. It has high frequency transients as it is
expected to be a sink for voltage transients. The load power is presented in Figure 8e. There
are some transient oscillations at the step instants due to the electrical characteristics of the
output filter of the load inverter. Also, it must be noted that the rated power of the PV is
5.44 KW, which is ~50% of the full load. Hence, the PV cannot supply the full load without
any support from the battery or the wind energy. Refer to Figure 8 and track the power
for the time range 0.42 s to 0.5 s, where the load became 10 KW. It is found that the sum
of the PV and the wind power is less than the load demand. Therefore, the battery power
reverses its direction to support the drop in energy. By the same way, the power balance of
the system can be checked, and also the energy management and control can be proven.

The assessment of the maximum overshoot for each period of the results utilizing
the standard PI controller and the proposed FOPI is presented in Table 3. For a variety of
types of disturbances in the load power (P;), wind speed (ws), and solar insulation (In),
the peak overshoot of Vpc using the proposed FOPI is much smaller than that using the
conventional PI controller.



Fractal Fract. 2024, 8, 629

19 of 24

Table 3. Maximum DC link voltage overshoot using both the traditional PI controller and the
proposed optimized FOPIL

Peak Overshoot of Vpc (%) Settling Time (s)
Time (s) Disturbance (%) GTO Optimized - GTO Optimized "
FOPI Traditional PI FOPI Traditional PI
Awg = 86%, o 0
0 AP, = 50%, Al,, = 100% 0.2% 3.6% 0.04 0.2
0.29 Awg = —46% ~0.01 0.9% ~0.0 0.08
0.42 AP; =50% ~0.01 0.6% ~0.0 0.06
0.62 Awg =46% ~0.01 0.6% ~0.0 0.07
0.72 AP; = —50% ~0.01 0.7% ~0.0 0.16
Aws = —1000/0, o
1 AL = —100% 0.01 1% 0.0 0.07
1.3 Aws =57% ~0.01 0.6% ~0.0 0.065
1.38 AP; =50% ~0.01 0.6% ~0.0 0.055
1.5 Al = +50% ~0.01 0.4% ~0.0 0.06
1.7 AP; = —50% ~0.01 0.8% ~0.0 0.15

5.3. HIL Validation Results

To evaluate the proposed system and validate the simulation results, a Hardware-in-
the-Loop (HIL) emulator was implemented using a C2000™ microcontroller LaunchPad™
TMS320F28379D kit, (Texas Instruments, Dallas, TX, USA) as presented in Figure 9. In this
setup, the HIL emulator partitions the system, typically hosting the power components as a
model in MATLAB on a personal computer. The power units of the proposed system, includ-
ing the photovoltaic (PV) arrays, wind turbines, power converters, battery, supercapacitor,
and filters, are simulated within MATLAB. Meanwhile, the control algorithms—specifically
the FOPI—are executed on the microcontroller kit. Communication between the PC and
the microcontroller is established via a virtual serial COM port [53-55], allowing MATLAB
to send measured power circuit signals, such as the DC bus voltage, to the microcontroller.
The microcontroller then processes the control algorithms and generates the switching
signals for the power converter. Data exchange between the PC and the microcontroller is
synchronized at each sampling interval.

I

HOSTPC (TMS-F28379D)

Optimal Switching States & Control Signals

. - —

Mini-USB Cable: SERIAL COMM.:

1. Build download 1. Mini-USB Port

2. Kit power supply 2. 40pin Bossterback

3. Serial communication 3. Boost config. Switches
4. Serial comm.
5. DsP

CCS: Code Composer Studio

Figure 9. Schematic diagram of the HIL simulation based on the DSP target Launch-
PadXLTMS320F28379D kit.

Figure 10 presents the response of the investigated microgrid (with the UC) us-
ing the GTO optimized FOPI controller utilizing the HIL with the DSP target Launch-
PadXLTMS320F28379D kit (Texas Instruments, Dallas, TX, USA). The results are fairly close
to those shown in Figure 7.
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Figure 10. The response of the investigated microgrid (with the UC) using the proposed FOPI
controller utilizing the HIL with a DSP target LaunchPadXLTMS320F28379D kit (a—f).

6. Conclusions

A hybrid wind/photovoltaic microgrid that operates in standalone mode and makes
use of hybrid storage (ultracapacitor/battery) is proposed. The latest fractional-order PI
(FOPI) control approach serves as the foundation for the microgrid’s energy management
and control. A wind turbine, photovoltaic array, two step up DC/DC converters, semiactive
HESS system, two-way DC/DC converter, and DC/AC load inverter are all part of the
microgrid. The P&O procedure was employed to obtain the MPPT conditions for the PV
and the wind turbine. The proposed control scheme for the semiactive HESS consists
of double loops: an inner loop that uses the hysteresis controller to regulate the battery
current and an outer loop that uses a FOPI controller to control the DC-link voltage. To
attain optimal performance, the gorilla troop optimization (GTO) approach was utilized to
improve the parameters of the FOPL

MATLAB was used to simulate the proposed microgrid with the optimized FOPI
controller. According to the simulation results, the classical PI controller’s system responses
are inferior to those of the GTO optimized FOPI controller. Different wind speeds, sun
insolation levels, and load powers were used to evaluate the system. The load voltage was
sinusoidal with perfect responsiveness, maintaining a constant frequency and amplitude
for all disturbances. For the proposed controller, the maximum overshoot can reach a
maximum value of 0.2%. In the case of the PI controller, it is 3.6%. It was also found
that in the presence of the UC, the microgrid performance was improved. However, the
improvement was very close to that gained when using the proposed controller without the
UC. Hence, the proposed controller can reduce the cost, weight, and space of the system.

This reduction has important ramifications for creating distributed energy systems that
are hybrids and will facilitate the global integration of renewable energy resources. Future
research might concentrate on improving the recently developed intelligent fractional
order controllers for the microgrid’s independent and grid-connected modes. Also, the
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demand management via distributed control and human-in-the-loop optimization could
be applied to a wind /PV microgrid-connected system as in [56]. Finally, a HIL emulator
was implemented using a C2000™ microcontroller LaunchPad™ TMS320F28379D kit to
evaluate the proposed system and validate the simulation findings.
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Nomenclature

PV photovoltaic

ucC ultra-capacitor

PID proportional integral derivative

FOPI fractional-order proportional integral

FOC fractional-order control

FO fractional order

DC direct current

AC alternating current

PWM pulse width modulation

MPPT maximum power point tracking

HESS hybrid energy storage system

HES high energy storage

HPS high power storage

Pg, Ps, and P; power produced, power transferred by HESS, and power used by the load
Pyps, PHgs power supplied by the HPS and HES elements
pand o« controllability representing variables

SMES super conducting magnetic energy storage
Vcrets Vde DC link reference voltage and its actual value
(a, b) lower and upper limits

q order of differentiation

wy, Wy, working frequency band

K approximation order

(Ap, Aj) proportional gain, integral gain

H(s) FOPT’s transfer function

(min , maxy)
GX(i+1), GX(i)
Y6,15, T4,73,¥2, 71

variable limits
position vectors of the gorilla at two successive iterations
random positive numbers between [0, 1] produced with a uniform distribution

B, w,and p GTO’s weighting parameters
GTO gorilla troop optimization
ISE integral square error

€ cost function

Isc, Voc PV short circuit current, open circuit voltage
Vi, I battery voltage and current
ws wind speed

In solar insulation

PSO particle swarm optimization
GA genetic algorithms

50C state of charge
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