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ABSTRACT The utilization of solar photovoltaic (PV) generator as a power source for wire feeder
systems (WFSs) of arc welding machines is one of the promising domains in solar PV applications. This
article proposes a new type of welding WFS and investigates the PV penetrated energy systems. The
proposed system comprises of a solar PV generator, a DC/DC buck converter, and a permanent magnet
DC (PMDC) motor. The power of the proposed standalone solar photovoltaic-wire feeder system (PV-WFS)
can be widely improved using an intelligent fractional-order fuzzy proportional integral derivative (FO-
Fuzzy-PID) regulator based on perturbing and observe (P&O) MPPT method. In this article, a FO-Fuzzy-
PID regulator is also designed for a PMDC motor driven welding WFS system. Which will then control
the wire feed rate of the welding WFS system. Furthermore, the dynamic reaction of the proposed solar
PV-WFS depends on the coefficients of these FO-Fuzzy-PID regulators, which are adjusted by a meta-
heuristic tuning algorithm based on particle swarm optimization (PSO) technique. The proposed strategy
is tested using MATLAB simulations and experimentally verified in real-time on a Hardware-in-the-loop
(HIL) testing platform using a dSPACE 1104 board-based laboratory setup. Simulation and experimental
results are acceptable and demonstrate the effectiveness, precision, stability, and dynamic reaction of the
suggested optimized wire feeder regulating system and the considered intelligent P&O MPPT technique.

INDEX TERMS Buck converter, fractional-order fuzzy PID regulator, MPPT technique, PSO algorithm,
PV module, wire feeder system (WFS).
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WFS Wire Feeder System
ZCES Zero-Carbon Energy Source

I. INTRODUCTION
The disappearance of traditional energy sources has shifted
the focus of the world’s attention to unconventional energy
sources like wind energy and solar PV systems. Solar-based
PV power generations are of major importance because of
low maintenance and no mechanical device included in the
energy conversion process. According to the report, Algeria
is one of the sunniest countries in the world [1]. It receives
an average of 10 hours of sunlight per day, which is equiv-
alent to 8 kWh/m2, and approximately equal to one liter
of gasoline [1]. These advantages make the production of
electricity from solar energy exciting and vital for Algerian
localities, especially for isolated places such as the desert or
rural regions, in which the complexity of fuel transportation
and the absence of a power grid render the utilization of
traditional resources impractical. Welding in such environ-
ments is challenging because it necessitates a reliable power
source to feed the electrical components of the arc welder.
The welding wire feeder system (WFS) of an arc welder runs
on electrical energy produced by solar PV generators. The
quantity of metals dropped in welding workpiece is fed to
a arc welder in a regulated manner using a standalone PV-
WFS. The PV generators transfer solar energy into electricity
to operate PMDC motor-based welding WFS. The success
of a standalone solar PV-WFSs depend on the ability of the
MPPT controller to properly function the PV generator even
under changeable weather conditions. The goal is to gain
maximum energy from the PV generator under any weather
condition. Hence, the reliability of the MPPT regulator is of
great importance to the efficient operation of PV-WFS. The
MPPT control is a defy because the PV generator’s sunshine
energy input flux may vary at any instance. Indeed, the PV
generator is considered a nonlinear complex system. Because
of these factors, designing a suitable MPPT regulator setup
is challenging to build. On the other hand, the performance
required in choosing the wire feeder regulator is critical, since
the arc welder must be able to feed the welding wire at a high
rate during a fewmilliseconds in conjunction with the PMDC
motor in the welding WFS. The latter demands the achieve-
ment of high dynamic behavior in order to track the required
welding wire speed. Fluctuations in torque demand are large
since a 400 A rated arc welder is required to form welding
joints with electrodes varying in diameter between (0.6 mm
-1.6 mm). The material formation of a welding wire (or
consumable electrode) can also change greatly [2]. Therefore,
for perfect wire feed speed tracking, the PMDC motor of
the welding WFSs necessitates a consistent wire feed speed
regulator.

A. MOTIVATION
This document suggests a new type of WFS system. It dis-
cusses the PV integrated energy systems to form a standalone

solar PV-WFS and recommends implementing a FO-Fuzzy-
PID regulator to maximize power through a PV generator
and enhance welding quality. Solar energy is the best way
to generate sustainable energy [3]. The amount of energy
generated by a PV generator changes depending on the
weather. Therefore, the maximum energy is often obtained
from a PV generator under various temperature and radi-
ation by resorting to MPPT methods [4]. Achieving MPP,
a variety of methods like P&O, incremental and conduc-
tance (I&C), fuzzy logic (FL), neural network (NN), and
sliding mode control are proposed in the literature [4]–
[8]. Nevertheless, the commonly used approaches comprise
P&O and I&C methods. Due to the lower fluctuations in
variable step-size P&O during MPP determination It is the
perfect choice here, as well as being more commercially
viable.

One of the crucial considerations for MPPT programmers
is to choose a suitable control algorithm along with the
MPPT control. In general, the MPPT control is performed
using either one of the two approaches [9]. The first is the
direct method, often known in the literature as the duty
ratio-based MPPT control. In this situation, the MPPT algo-
rithm determines the duty ratio and sends it to the DC/DC
converter immediately. There is no extra process; another
control loop between the MPPT controller and the DC/DC
converter. To put it another way, it is theMPPT algorithm that
determines the appropriate duty ratio at which the PV sys-
tem reaches MPP. The second option is the indirect method,
often called voltage or current-based MPPT control. Here,
the MPPT merely creates a reference voltage or current,
in this case a voltage/current regulator is used to regulate
the duty cycle of the converter such that the photovoltaic
voltage/current follows the former reference voltage or cur-
rent. Structurally, the direct approach is much simpler than
its counterpart because the MPPT adjusts the duty ratio with-
out an additional control loop. However, because the direct
approach depends on the characteristic of power against
duty ratio, the value of the duty ratio may change drasti-
cally when the radiation changes. In addition, when the load
fluctuates, the direct approach displays significant transient
variations [10]. This condition is critical for a standalone
solar PV generator, where the DC/DC converter linked to
an isolated load. It causes the PV voltage/current to diverge
from MPP [11]. In another manner, the indirect approach
is described by the power against voltage or current curves.
It is less influenced by the fast changes in irradiance since
the voltage/current is limited within a much narrower range
other than the duty ratio [12]. Thus, an alteration in irradiance
level leads to a lesser change in voltage/current. In addition,
since the power against voltage/current curve depends only on
irradiance and temperature, the voltage/current is unaffected
by the topology of the DC/DC converter. So, even if the load
changes, the voltage/current remains nearly constant because
the voltage/current regulator pushes the operating point to
be close to MPP. It allows for more accurate tracking as the
load varies. The above discussion shows that indirect control
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provides an efficient solution to increase the reliability of a
standalone solar photovoltaic-wire feeder system (PV-WFS).

This indirect method involves MPPT voltage-based reg-
ulator in series with a voltage regulator or an MPPT
current-based regulator in a series with a current regulator.
Since the PV voltage remains nearly constant at MPP under
radiation variations, voltage-oriented MPPT is regarded a
quick MPP tracking method [13]. Nevertheless, the effective-
ness of this approach depends on the design of the voltage
controller. The voltage-oriented MPPT has been assembled
with a PI regulator, which is employed in the voltage con-
trol loop in Bianconi et al. [14], and sliding mode regula-
tor (SMC) in Maissa et al. [15]. However, the former has big
voltage oscillations that must be reduced, while the second
has a variable switching frequency [16]. On the other hand,
the benefits of current-oriented MPPT include reduction in
voltage oscillations of the output PV generator, increase in
MPP tracking accuracy, and reduction in the system’s overall
complexity. It enhances, as a result, the use of the PV gen-
erator, making it a better option than voltage-oriented MPPT
control [14].

According to several studies on the indirect control
method, the performance and robustness ensured in a
closed-loop generally depend on the regulators’ structure
and the optimization method utilized to optimize the regu-
lator coefficients. The PID regulators are mostly exploited
in current-oriented MPPT. This is because of its ease of use,
stability and flexibility in adjusting its coefficients [17]. The
utilization of FO derivatives and integrals can improve the
performance of PID regulators [18].

During the last few decades, FO regulators have gained
great importance in the scientific field due to their additional
flexibility and good structure [19], [20]. FO-PID regulators
have two other coefficients (α and β) in addition to the three
well-known gains of traditional PID regulators; proportional
(KP), integral (KI ) and derivative (KD) gains. The (α) and
(β) are the power of (s) in integral and derivative operations.
It improves the stability and flexibility of FO-PID regulators;
as a result, it has better dynamic performance than standard
PID regulators [21]. The quality of the FO-PID regulator is
greatly influenced by the correct set of values for (KP, KI ,
KD, α, and β) chosen to meet the required performance of
a user for a certain process plant. It has been documented
in various studies that the proper adjusting of the FO-PID
regulator coefficients improves its performance and confers
robustness to the system. According to an expert knowledge
database, a FLC uses fewer calculations to make decisions,
but it has a limited ability for new rules [22]. Therefore,
this problem can be solved by integrating FLC with FO-PID
regulators.

The role of the FLC is to update the FO-PID regula-
tor based on error and change of error. In comparison to
a conventional FO-PID regulator, it might be an excellent
alternative [22]. Optimization techniques have an immense
influence in enhancing the competency of the FO-Fuzzy-
PID regulator by establishing its relevant parameters. The

proposed work investigates the applicability of PSO-based
FO-Fuzzy-PID regulator to current-orientedMPPT and speed
regulation of PV-WFS. The PSO algorithm is ameta-heuristic
technique of swarm intelligence approach that simulates
the psychosocial behavior of collective organisms (Birds in
flight, shoals, etc). It is being used to solve nonlinear and
continuous problems and adapt single-objective and multi-
objective problems [23], [24]. Consequently, it is a suitable
optimization approach for regulator design. These benefits
prompted us to use the PSO method to improve the FO-
Fuzzy-PID regulator’s decision variables.

Thus, in this study the suggested PSO-based FO-Fuzzy-
PID regulator performs well at different operating points. The
capacity of the current regulator is verified by analyzing and
comparing the outcomes with PSO-based PID, FO-PID, and
FLC regulator. Literature survey reveals that the wire feed
speed control of a weldingWFSmainly relies on the structure
of the regulators, and the optimization process used to find the
optimum regulator coefficients [25]. PID regulators are today
in service in most industrial control loops, because of their
simplicity and reliability. Wire feed speed of welding WFS
system may be controlled with a conventional PID regulator
as reported by Chaouch et al. [26]. However, there is no
precise mathematical method for determining the suitable
PID factors (such as KP, KI and KD).
Typically, these factors are often calculated using empirical

methods and, as a result, may not be effective, which is
one of the major drawbacks of this kind of regulator. The
optimization-based methods provide a general framework
for finding optimal PID regulator parameters; nevertheless,
the PID regulator still has low robustness compared to the
nonlinear regulator when the system encounters multiple
challenges from the operating conditions. Therefore, more
advanced control strategies should be applied to deal with the
speed control difficulties in weldingWFS systems. With high
robustness and satisfactory control performance in nonlinear
systems, FO-Fuzzy-PID regulators are increasingly drawing
the attention of researchers. This encouraged us to investigate
the potential of using the PSO algorithm to improve the wire
feed speed regulation of the FO-Fuzzy-PID speed regulator in
the weldingWFS system. Thus, this study also presents PSO-
based FO-Fuzzy-PID speed regulators to be employed rather
than the PSO-based PID, FOPID, and FLC speed regulators.
Therefore, the PSO algorithm is used to adjust regulator
coefficients (KP, KI , KD and KU ) as input and (α, β) as
output scaling coefficients; α and β are used as fractional
order differ-integrals.

In addition, to complete the wire feed speed regulation, the
PMDC motor speed regulator is associated with the welding
WFS system. To demonstrate the complete examination of
the present control approach, simulation results under various
situations were run in MATLAB/SIMULINK. The results
demonstrate that the considered PSO-based FO-Fuzzy-PID
regulator alleviates the PV power and motor speed variations
and decreases the settling time significantly, as compared to
the PSO-based PID, FOPID, and FLC control. This study is
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expected to give valuable insight into the definitive selection
of an acceptable control structure for a stand-alone solar
PV-WFS plant.

B. RELATED WORK AVAILABLE IN THE LITERATURE
Researchers have used several FOPID regulators for MPPT
and speed regulation studies because they offer more free-
dom and flexibility than conventional PI or PID regulators
[27]–[29]. However, FOPID regulators are model-dependent
and work well only when a precise mathematical model is
offered. The problemmentioned above can be solved by using
a FLC, in which the behavior of FLC-based systems might be
improved by using FO calculus. From the literature, authors
have proposed the FO-Fuzzy-PID regulators to improve the
transient stability of many systems. Several decomposed
combination structures of fractional-order hybrid fuzzy PID
regulators with their relevant comparative advantages were
investigated in Das et al. [30] for three kinds of oscillatory
non-integer plants. On the other hand, a novel design structure
for a FO-Fuzzy-PID regulator is presented in Das et al. [31]
to handle two distinct processes, including a nonlinear plant
and an open-loop unstable plant.

Pan and Das [32] have suggested a Fractional-order Hybrid
Fuzzy regulator for load frequency control of renewable
energy resources (RER) via chaotic PSO algorithm and
claimed better results than traditional counterparts. In Jesus
and Barbosa [33], a FO-Fuzzy-PD+I regulator is introduced,
and excellent results are obtained when compared to a tradi-
tional Fuzzy-PID regulator. In Mahto and Mukherjee [34],
a FO-Fuzzy-PID regulator is examined for frequency and
power regulation of an isolated hybrid power system (IHPS)
and superior results are obtained when compared with the
PID and Fuzzy-PID regulator. As a consequence, the com-
bination of FLC and FOPID regulators outperformed the
traditional Fuzzy-PID regulators in terms of control.

A FO-Fuzzy-PI+I regulator has been investigated by Bed-
dar et al. [35], where the PSO method was developed for
choosing the optimum regulator coefficient value. Further-
more, several soft search techniques such as genetic algorithm
(GA) [36], ant colony optimization (ACO) algorithm [37],
PSO algorithm [35], cuckoo search algorithm (CSA) [38],
artificial bee colony (ABC) algorithm [39], and IJAYA algo-
rithm [40] have been introduced for optimally calculating the
FO-Fuzzy-PID regulator parameters to enhance the system
stability. The PSO method has recently emerged as one of
the most important and widely used optimization algorithms
for solving various problems in a variety of disciplines [41].
Flexibility and simplicity for process optimization are among
the key features of PSO [42], [43]. PSO is based on a swarm
intelligence model that is inspired by the collective behavior
of animals such as fish and birds. This degree of intelligence
is unattainable for individual swarm member, but it may be
achieved via collaboration. According to the above literature
review, the FOPID regulators were proposed by hybridizing
with FLCs; therefore, its application with the PSO algorithm
will open up a new study topic for scientific communities in

the framework of PV-WFS. This characteristic prompted the
authors to consider the PSO-based FO-Fuzzy-PID regulators
for the PV-WFS to overcome the control problems of large
power ripples, settling time, and high overshoot.

C. INNOVATIONS AND CONTRIBUTIONS
This paper is a continuation of the previous work [25], and
aims to facilitate HIL testing of solar PV-WFS systems with a
focus on the implementation of the FO-Fuzzy-PID regulator.
According to the above analysis, this work can contribute to
the subsequent points:

1. Suggest a new optimal robust FO-Fuzzy-PID controller
that combines fuzzy logic with fractional PID controller
to enhance wire-feed speed regulation in welding WFSs
while accounting for solar power penetration;

2. The suggested FO-Fuzzy-PID controller (i.e., fuzzy logic,
PID controller) is optimally determined based on a PSO
algorithm, to reduce the integral time-weighted absolute
error (ITAE) cost function of the solar PV-WFS. Where
the PSO algorithm has been utilized to achieve the desired
target. It is the first time to apply this algorithm to select
optimal parameters for MPPT and wire fedd speed prob-
lems;

3. The effectiveness of the suggested robust FO-Fuzzy-PID
controller is tested and verified through HIL testing plat-
form using a dSPACE DS1104 controller board;

4. Comparing with other controllers that were utilized in
MPPT control and wire feed speed studies for improving
the solar PV-WFS performance (e.g. traditional PID con-
troller, FLC and FOPID controller).

D. ARTICLE ORGANIZATION
Here is a breakdown of the article’s structure: the second
part will describe and model the considered PV-WFS. In the
third part, an introduction to fractional calculus and PSO
method will be introduced for utilization with FO-Fuzzy-PID
regulators of PV-WFS, whereas in the fourth and fifth parts,
all the suggested FO-Fuzzy-PID regulators will be explained.
The sixth part will provide and discuss the simulation and
experimental tests of all the suggested FO-Fuzzy-PID regu-
lators. Finally, the seventh part concludes the findings of the
work.

II. DESCRIPTION AND MODELING OF THE PV-WFS
The studied PV-WFS, represented in Fig. 1, comprises four
major components: a PV generator, DC/DC buck converter,
and a battery bank coupled to the WFS driven by a PMDC
motor. A DC/DC buck converter is employed to regulate
the PV generator current. The control system adopts the
indirect MPPT control loop. In this system, the primary FO-
Fuzzy-PID current loop regulates the PV current (Ipv) by
adjusting the duty ratio (D1), on the other hand, the MPPT
controller keeps follow the MPP by changing the reference
of the inductor current. An improved P&O method gives the
reference current. Because it makes the analysis easier, a
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FIGURE 1. Description of the studied solar PV-WFS.

continuous DC power supply is used, allowing to represent
the PV generators with a battery charge or PV generators with
another stage of power conversion [44]. The second comprise
a DC power supply coupled to the WFS through a second
DC/DC buck converter. In WFS’s velocity control loop, the
velocity error is calculated by comparing the real PMDC
motor velocity and the reference velocity is transmitted to
the second FO-Fuzzy-PID controller. Fig. 1 illustrates the
suggested PV-WFS system, which will be modeled later.

A. PV GENERATOR MODEL
PV generator mostly consist of PV cells and modules.
It receives light photons and emits an electron charges, and
can transform solar energy directly into electricity [45].
The amount of electricity produced by a PV generator is
significantly influenced by environmental conditions [46].
The PV cell is a nonlinear system that can be modeled as
a current source with dependent voltage source [47]. The
most common PV cell models are single-diode and double-
diode [47]. In this article, to characterize the features of PV
cells, we employ the single-diode model. Fig. 2 depicts a
simplified model of a single solar cell, which consists a diode
(D), a shunt resistor (Rp), and a serial resistor (Rs). Utilizing
kerchief’s law, the output current of the solar PV cell is given
by [48]:

Ipv = Iph − Id − IRp (1)

Ipv = Iph − Io
[
exp

(
A(Vpv + Rs.Ipv

)
− 1

]
−
Vpv + Rs.Ipv

Rp
(2)

where, Iph is the generated photo-current (A), Ipv represents
the PV current (A), Id is the diode current (A), Vpv denotes
the PV voltage, I0 is the reverse saturation current (A), A is
the idealization coefficient for the diode (from1 to 2).

FIGURE 2. A simplified model of a single solar cell.

Other terms in Eqs. (1) and (2) can be obtained by

Iph = Isc +
[
Ki
(
T − Tref

)] G
1000

(3)

IS = Irs

(
T
Tref

)3

exp
[
q.Ego
Ko.A

(
1
Tref
−

1
T

)]
(4)

Irs =
Isc

exp
[

q.Voc
Nc.Ko.A.T

]
− 1

(5)

where Tref is the reference temperature of the cell, Irs is the
leakage current at Tref , and Isc is the short-circuit current,G is
the solar radiation,Ego is the band-gap energy of the semicon-
ductor (Ego = 1.12 ev) and Ki is the short-circuit temperature
factor (0.0024 A/K). q is the electron’s charge (1.6 × 10−19

C), Ko is the Boltzmann’s coefficient (1.38 × 10−23 J/K),
Voc is the open-circuit voltage and Nc is the number of cells.
The energy of one cell is not enough to operate the PV-WFS
system, thus, PV cells are connected together in shunt and
in series to generate sufficient energy, for running a WFS at
normal working conditions. The mathematical representation
of PV system is expressed by Eq. (6)

Ipv = Iphg − Iog.
[
exp

(
Ag
(
Vpv + Rsg.Ipv

))
− 1

]
−
Vpv + Rsg.Ipv

Rpg
(6)

where Iphg = Np×Iph(A) and Iog = Np×Io(A) are the leakage
and the photo-current of the PV generator. Ipv represents the
PV generator current,Vpv is denotes the PV generator voltage,
Rpg and Rsg are the shunt and the series equivalent resistance
related to the PV generator. Ag = A/Ns is the PV generator
coefficient, Ns and Np are the number of cells connected
in series and shunt. The PV generator model is depicted in
Fig. 3.

The considered PV generator can be represented using
Eqs. (1) to (6). A real PV module ND-240QCJ was proposed
as a standard module [49] to develop the PV model. Table. 1
lists the main parameters of the PV generator under Standard
Test Conditions (STC).

Fig. 4 shows the generated outputs in (Ipv-Vpv) and (Ppv-
Vpv) characteristics of PV generator at T = 25 ◦C and various
radiation conditions. To get the desired voltage from the PV
generator, 120 cells must be linked in series. This system
achieves the required voltage by applying a gain on the cell
voltage equal to the total number of cells.
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FIGURE 3. PV generator model.

TABLE 1. Specification for the PV generator.

FIGURE 4. (Ipv –Vpv ) and (Ppv –Vpv ) characteristic curves of the PV
generator at T = 25 ◦C and various radiation conditions.

B. DC/DC BUCK CONVERTER MODEL
The DC/DC buck converter delivers an output voltage equal
to or lower than the source voltage. All equipment in the con-
sidered PV-WFS are connected to each other by two DC/DC
buck converters. The primary converter is placed between
the output voltage of the PV generator (Vpv) and the DC
supply voltage (E) to force the PV generator to function at the
MPP. The second converter is inserted between the DC supply
voltage (E) and the PMDCmotor to operate the weldingWFS
at the preferred wire feed velocity.

The DC/DC buck converter utilized for the PV generator
is constituted of a PV modules, an inductor (L), an electronic
switch (S), a diode (D), an output capacitor (C), as depicted
in Fig. 5.

The DC/DC buck converter is controlled by the PWM
modulator’s signal input u(t). Its operating principle can be
determined by duty ratio (D) and switching period (Ts) using

FIGURE 5. Schematic representation of the PV generator with a DC/DC
buck converter.

TABLE 2. Specifications for the DC/DC buck converter.

the following formula

u(t) =

{
1, 0 ≤ t < DTs
0, DTs ≤ t ≤ Ts

u(t − Ts) = u(t) ∀t (7)

Using Kirchhoff’s equations to the electrical system of
Fig. 5, which has two distinct modes of action, ‘‘on’’ and
‘‘off’’, the switching model of converter may be found in a
simple format using Eq. (8)

İpv =
V̇pv
L
D+

1
L

(
Vpv − E

)
(1− D) (8)

This formula is named switchedmodel because it describes
the dynamic behaviors of the DC/DC converters [50], [51].

The optimum values of the inductor (L) and capacitor (C)
for the DC/DC buck converter are carefully calculated by (9):

Lmin =
D (1− D)Vpv

fs1I
(9)

Cmin =
D (1− D)Vpv

8Lf 2s 1V
(10)

where 1V and 1I are the capacitor voltage and inductor
current oscillations, and fs is the working frequency of the
converter. The component values for the considered converter
are computed for a current oscillations of 5 %, a capacitor
voltage oscillations of 10%, a rating power of 480W, a supply
voltage up to 200 V, a capacitor voltage within 12 to 48 V,
and a working frequency of 20 kHz. Table 2 summarizes the
design specifications of the considered converter.

C. ASSEMBLY WFS AND GMAW PROCESS MODEL
Fig. 6 depicts the WFS of the GMAW process. The wire
feeding servo motor is a feedback-controlled device that can
deliver wire at a controlled Vf (m/s) speed from a wire bobbin
to the welding process. In most of the time, Vf is maintained
constant at V ∗f , which is the desired speed.
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FIGURE 6. Physical illustration of the WFS used in GMAW process.

The electrical circuit of the GMAW process is mathemati-
cally modeled as follows:

V1 = L1
dIw
dt
+ R1Iw + Varc (11)

where V1 is the open-circuit voltage of the arc welder unit, Iw
is the welding current, R1 is the equivalent resistance of the
arc welder unit plus the resistance of the conductors, and L1
is the inductance of arc welder unit. The mathematical model
of the arc voltage Varc, can be written as follows:

Varc = kalarc + kpIw + Vc (12)

where ka, kp, Vc are parameters of arc, and larc is the arc
length. The mathematical representation of larc, is written as
follows:

dlarc
dt
= Vm − Vf (13)

where Vm indicates the wire fusion rate:

Vm = kmIw (14)

where km represents the wire fusion rate constant. The mathe-
matical equation of the power supplyV1, is written as follows:

V1 = (Ru + k1Iw) k0 (15)

where Ru is the control signal of the power supply, k0 is
coefficient of power source and k1 is feedback coefficient.

D. MODELING OF PMDC MOTOR WIRE-FEEDING
SYSTEM (WFS)
WFSs comes in a variety of configurations. The PMDCmotor
is the most popular type because it provides high efficiency
with negligible vibration [38]. A PMDCmotor uses a DC/DC

FIGURE 7. Circuit schematic of the wire-feed servo motor.

TABLE 3. Specifications for the PMDC motor of WFS.

buck converter to transfer electrical power from a PV gen-
erator and a DC supply voltage into mechanical power by
rotating a rotor via magnetic coupling.

The circuit schematic of the wire-feeding system is
depicted in Fig. 7. The armature circuit of the PMDC motor
can be represented by an inductance (La) in series with
resistance (Ra) in cascade with a generated voltage (Ea), that
opposes the DC input voltage (Va).

Applying Kirchhoff’s law to the armature circuit, the
torque formula, the back EMF formula, and the movement
formula, the dynamic behavior of a PMDC motor can be
expressed as follows [52]:

Va = RaIa + La
dIa
dt
+ kaω (16)

Tem = Bω + J
dω
dt
+ TL (17)

TL = 3.27+ 0.38 sin(2 ∗ π ∗ fd ∗ t) (18)

where, Ia and Va are the line current and voltage of the PMDC
motor, Ra is the motor resistance, La is the motor inductance,
J represents the moment of inertia, B denotes the friction
factor, ka represents the velocity constant. ω represents the
mechanical speed. TL and fd are the external torque and
turbulence frequencies.

Table 3 lists the specific components used to simulate the
PMDC motor of the WFS.

III. GENERAL IDEA ABOUT FRACTIONAL CALCULUS,
FO-FUZZY-PID REGULATOR, AND PSO METHOD
The proposed standalone PV-WFS needs a feedback regu-
lator that directly adjusts the duty ratio of a DC/DC buck
converter to ensure the optimal power in the presence of
solar irradiance fluctuations and speed variations. For this
reason, this section introduces the design methodology of a
robust FO-Fuzzy-PID regulator that improves the response
time of a standalone PV-WFS and increases its robustness
against changes in wire feed speed and solar irradiance. The
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FOPID regulator was chosen as the primary regulator due
to its flexibility and ease of implementation. Nevertheless,
in this article the FOPID regulator has been added to FLC
system to enhance its time-domain performance and dis-
turbance attenuation capacity. The PSO algorithm is used
for the optimal selection of FO-Fuzzy-PID regulator gains.
The resulting PSO-based FO-Fuzzy-PID regulator offers a
considerable enhancement in the transitional and steady-state
phases of the standalone PV-WFS. This part starts with a
basic introduction in fractional calculus, following that, the
improved FO-Fuzzy-PID regulator will be designed.

A. FRACTIONAL CALCULUS
Fractional calculus takes a prominent place among the basic
branches of mathematics. In FO calculus, dα/dtα can have
fractional negative or positive α values. The following equa-
tion is a simplified form of the operator FO [53]:

aDαt =



dα

dtα
, α > 0

1, α = 0
t∫

α

(dτ )α, α < 0

(19)

where a and t are the limits of the FO operator, while α is
the order of integration or differentiation (α ∈ R). Liouville-
Riemann, Caputo, and Letnikov-Grunwald descriptions of
FO calculus are the ones that are most often used in FO
systems [54]. FO systems are differ from IO systems in their
behavior, where FO systems may have roots in the right half
s-plane and can be remain stable. The following equation can
be used to represent the fractional-order LTI system

anDαny(t)+ an−1Dαn−1y(t)+ · · · + a0Dα0y(t)

= bmDβmu(t)+bm−1Dβm−1u(t)++ · · · + b0Dβ0u(t) (20)

The system (20), can then be reformulated with the equa-
tion (21)

n∑
k=0

akDαk y(t) =
m∑
k=0

bkDβku(t) (21)

The continuous model of the fractional-order system may
be derived by applying the Laplace transform to (20) with
zero initial conditions as follows

G(s) =
bmsβm + · · · + b1sβ1 + b0sβ0

ansαn + · · · + a1sα1 + a0sα0
(22)

where αk , βk (k = 0, 1, 2, . . .) are real number, αk < αk−1 <

. . . < α0, βk < βk−1 < . . . < β0 and ak , bk (k = 0, 1, 2, . . .)
are random constants. To develop FO functions in real or
simulation works, representation using IO transfer functions
must be utilized. The Oustaloup’s recursive transfer function
is one of the common approximation tools, which utilizes
recursive distribution of K constant, N zeros and N poles
[54]. Thus, in this study, the higher-integer order filter is

FIGURE 8. Schematic representation of FO-Fuzzy-PID regulator.

utilized for approximation of FO systems as expressed by
Eq. (23)

sα ∼= Gf (s) = K
N∏

k=−N

s+ ω′k
s+ ωk

(23)

where α ∈ (0, 1) represents the FO differintegration and
N denotes the order of approximation. The constant K , the
frequencies of the zeros ωk and the poles ω′k of the filter are
determined from equations (24) and (25)

ωk = ωl

(
ωh

ωl

)K+N+ 1
2 (1+α)

2N+1

, ω′k = ωl

(
ωh

ωl

)K+N+ 1
2 (1−α)

2N+1

(24)

K = ωαk (25)

where, ωl and ωh are the low and high frequencies
bands [53]– [55]. In this article, the frequency band is utilized
as ω = [10−3, 103] rad/s, and the 5th order Oustaloup’s
recursive transfer function is exploited.

B. FO-FUZZY-PID REGULATOR
FO-Fuzzy-PID regulator exploited in this article has
fractional-order Fuzzy PI and PD structures [56]. According
to this concept, we developed a FO-Fuzzy-PID regulator for a
PV-WFS application (Fig. 8). In this structure, their fractional
counterparts amend the derivative operator of error (DE) at
the input and integral (IE) at the output [57]. Under this
arrangement, the integral action helps to remove the ultimate
steady-state error.

In this diagram (Fig. 8), Dβ is the fractional-derivative,
and I−α is the fractional-integrator order. The values of the
fractional orders {α, β}, along with the input–output coeffi-
cients {KP, KD, KI , KU} of the considered regulator are the
optimization parameters in the PSO process. For the proposed
controller illustrated in Fig. 9, the fuzzy rule-bases can be
formed using Mamdani method to exploit the nonlinearity
impacts of fractional-operators and fuzzy mapping. The act-
ing of all rule-bases produces the control signal (U ) which
is a nonlinear mapping function of the error E , DE and IE,
as expressed in the basic equation (26):

U (t) =
(
f
(
KPe(t)+ KD

dβ

dt
e(t)

)
+ KI

d−α

dt
e(t)

)
KU

(26)

159940 VOLUME 9, 2021



B. Babes et al.: Fractional-Fuzzy PID Control Approach of PV-WFS: Simulation and HIL-Based Experimental Investigation

FIGURE 9. Rule-base for nonlinear control surface.

TABLE 4. The input/output variables and primary universes of the
FO-Fuzzy-PID regulator.

where, nonlinear function f (.) is an input-output mapping of
the FLC. Fig. 9 presents the nonlinear control surface of the
determined fuzzy rule-bases.

Regarding the FLC principles, and according to the oper-
ation of the considered PV-WFS and the existing FO-Fuzzy-
PID regulators, the fuzzy linguistic terms and the primary
universes of the inputs/output are summarized in Table 4.

The input and output variables have seven linguistic terms
(Table 4). The meta-rule of the rule-base is that IF the E and
DE are both ‘‘Large’’ L and somewhat far from the reference
THEN the V is ‘‘Large’’ L ′′. All of the membership func-
tions (MFs) of the input and output variables use a triangular
form, which is simple to compute and defines the complete
fuzzy section of these variables.

The fuzzy linguistic expressions are defined as LN, MN,
SN, ZE, SP, MP, LP where L, M , S, ZE, N , P, which denote
large, medium, small, zero, negative, positive. Fig. 10 illus-
trates the fixed shaped MFs for the antecedents and conse-
quents of the fuzzy inference. The primary universe of the
input variables E and DE are standardized between (−25,
+25) and (−50, +50), respectively. The primary universe of
the output variable V is standardized between (−1, +1).
The center of gravity technique can be utilized to deter-

mine the defuzzified output of the suggested FO-Fuzzy-PID
regulator as:

Uf =

47∑
j=1
γjµj

49∑
j=1
µj

(27)

FIGURE 10. Fuzzy memberships for inputs/output.

where γj is a variable that contains the fuzzy output centroids
of the output fuzzy membership (V ). µj represents the mem-
bership grade in the outputs fuzzy set j.
The FO-Fuzzy-PID regulators perform better than the

conventional PID controllers [56]. The important factor of
the FO-Fuzzy-PID controller is the effectiveness of its per-
formance, which is highly dependent on its tuning coeffi-
cients (i.e. KP, KD, KI , KU ) and integral–differential orders
{α, β}. Due to the lack of precise data about PV-WFS
model, the determination of these coefficients would not be
optimal. As a result, the proposed FO-Fuzzy-PID regulator
may not be able to provide good performance during the
operating stages. This article proposes the best way to tackle
this difficulty, in which the fractional-orders of the recom-
mended FO-Fuzzy-PID regulator are optimized off-line with
the fuzzy MFs scaling coefficients according to the operating
conditions.

C. PROBLEM STATEMENT
The considered PV-WFS is a nonlinear system and has
numerous goals. Effective implementation of the suggested
control system needs optimization of design coefficients.
Therefore, the first goal of this work is to design a
meta-heuristic optimization algorithm (MOA)-based PSO
methodology for theMPPT control of the zero-carbon energy
source (ZCES)–based wire feeder system (WFS) while con-
sidering the fluctuation nature of ZCES. Moreover, the sec-
ond objective is to use PSO algorithm for FO-Fuzzy-PID
speed control system’s design and perform the appropri-
ately detailed analysis methods such as design procedure and
dynamic analysis. In this article, the implementation of PSO
algorithm paves the way for offline tuning of the control
system parameters in the presence of PV energy resource and
their variability consequences.

D. PSO METHOD
PSO method is a group intelligence nature-inspired
population-based meta-heuristic search technique proposed

VOLUME 9, 2021 159941



B. Babes et al.: Fractional-Fuzzy PID Control Approach of PV-WFS: Simulation and HIL-Based Experimental Investigation

FIGURE 11. PSO searching process.

by Kennedy to solve various mathematical problems [58].
PSO methods are exploited in many fields such as com-
plexmathematical calculations, information science, automa-
tion, engineering, and other applications in the industrial
world [56], [58]. Because PSO approach is an excellent
optimization algorithm and a good strategy for determining
the best regulator coefficients [41].

In light of the above discussion, PSO technique may be
regarded a suitable strategy for searching best FO-Fuzzy-PID
regulator coefficients. These metaheuristic techniques are
started with an arbitrary distributed population P =

{P1, . . . ,Pn} of the possible solutions, is often called
‘swarm’. The probable solutions P1, . . . ,Pn are called ‘par-
ticles’.

The PSO technique searches the full space of probable
solutions, where the particles ‘move’ to search for the over-
all best-fit solution ‘Gbest ’ [56]. Each entity has a position
X ki and speed V k

i related to it. The equations for updating
the velocity and position of an entity ‘i’ are given by (28)
and (29), respectively.

V k+1
i = wV k

i + c1r1
(
Pbestki − X

k
i

)
+ c2r2

(
Gbestki − X

k
i

)
(28)

X k+1i = X ki + V
k+1
i (29)

where, c1, c2 are the acceleration-coefficients, Pbest is the top
location of particle, Gbest is the top location of the group, r1,
r2 are arbitrary variables equally distributed between 0 and 1,
and w is the inertial weight calculated by Eq. (30)

wk = wmax −

(
wmax − wmin

kmax

)
.k (30)

where wmin and wmax are the minimum and maximum values
of inertial weight factor, and kmax is the maximum number
of iterations. Updated position and velocity of the swarms for
one iteration in PSO searching process are depicted in Fig. 11.

E. THE OPTIMIZATION PROBLEM
Through the design phase of a FO-Fuzzy-PID regulator, the
parameter tuning process is turned into a multi-dimensional
optimization problem, where both fractional-orders (α and

FIGURE 12. Actions of the optimization problem implemented by the PSO
method.

TABLE 5. Selection of parameters used for PSO-based adjusting of the
FO-Fuzzy-PID regulator.

β), and tuning coefficients of the fuzzy regulator (KP,KI ,KD,
KU ) are observe as decision parameters. By this approach,
the complexity of the optimization problem tends to produce
multimodal error surfaces whose cost functions are extremely
hard to reduce. Therefore, this article offers an approach for
optimizing the parameter adjustment of the FO-Fuzzy-PID
regulator. The optimization problem utilizes PSO technique
to determine the parameters. The PSO tuning strategy entails
determining the proper FO-Fuzzy-PID regulators coefficients
for the regulation of PV-WFS with the best possible function-
ality. It performs offline search to obtain the most appropriate
coefficients that leads to improved results in both dynamic
and steady states. Fig. 12 presents the PSO method for the
coefficients tuning operation of PV-WFS.

All parameter values of PSO algorithm are given in Table 5.
Under such conditions, the suggested PSO-based FO-Fuzzy-
PID controller coefficients correspond to the dimensions of
each possible solution for the optimization process.

The ITAE criterion was used in this study to determine the
best solution with the shortest calculation time and highest
accuracy, based in the instantaneous error of the PV generator
current loop e1(t) and the instantaneous error in the motor
speed loop e2(t). The ITAE index J evaluates the convergence
between the closed-loop step response of PV current (Ipv) and
PMDC motor speed (ω) produced by a specified coefficient
design, and the input command function S(t). Therefore, the
merit of each proposed solution is evaluated according to the
following cost function

J = J1 + λJ2 =

tsim∫
0

t |e1(t)| dt+λ

tsim∫
0

t |e2(t)| dt (31)
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FIGURE 13. Schematic representation of the PSO method.

where λ is weighting coefficient and tsim is the computational
time. On the other hand, the difficulty of calibrating coeffi-
cients of PSO-base FO-fuzzy-PID algorithm for a PV-WFS
can be defined as a twelve-factor restricted optimization prob-
lem, which comprises: KP1, KP2, KI1, KI2, KD1, KD2, KU1,
KU2, α1, α2, β1, β2:

Minimize J (x)x = (α1, β1,KP1,KI1,KD1,KU1, α2, β2,

KP2,KI2,KD2,KU2) ∈ <
12

Subject to : 0 ≤ α1, β1, α2, β2 ≤ 1;

0 ≤ KP1, KP2 ≤ 20;

0 ≤ KI1, KI2 ≤ 20;

0 ≤ KD1, KD2 ≤ 20;

0 ≤ KU1, KU2 ≤ 20 (32)

The operation of this cost function is determined depend-
ing to PSO method as illustrated in Fig. 13.

The optimization performance of the proposed PSO-based
FO-Fuzzy-PID regulator is evaluated by plotting the optimal
objective function values obtained from 100 iterations. The
test results are depicts in Fig. 14. By analyzing Fig. 14,
it can be found that the complete performance of the pro-
posed PSO-based FO-Fuzzy-PID regulator is the best, fol-
lowed by the PSO-based FLC regulator and the PSO-based
FOPID regulator, and the worst is the PSO-based PID regu-
lator. Within a certain number of iterations, PSO-based FO-
Fuzzy-PID regulator (19 iterations), PSO-base FLC regulator
(18 iterations), PSO-based FOPID regulator (77 iterations),
and PSO-based PID regulator (80 iterations) can converge to
the target precision.

FIGURE 14. Convergence graph of the cost function of different
regulators in 100 runs.

TABLE 6. Optimal regulator parameters obtained by PSO at 100 runs.

TABLE 7. Statistical results obtained data of diverse regulators in
100 runs.

As a result, the global search ability of the suggested PSO-
based FO-Fuzzy-PID regulator is stronger, the convergence
speed and convergence precision are higher. However, the
proposed PSO-based FO-Fuzzy-PID regulator still performs
poorly when iterating to 100 times. Therefore, the efficacy of
the suggested regulator in this paper is proved.

The optimum solution values of the respective gains and
proportional, integral and differential values are reported in
Table 6, and quantitative results are provided in Table 7. From
Table 7, it is obvious that the suggested regulator has the
lowest fitness function compared to other regulators due to
fractional-order and fuzzy mechanisms, which give it supe-
rior performance over other regulators.

IV. CONTROL DESIGN OF THE PROPOSED MPPT
ALGORITHM
As multiple power points exist in (Vpv–Ipv) and (Ppv–Vpv)
characteristics of a solar PV generator, It is essential that
the solar PV generator provide maximum power all the time.
Different MPPT methods have been reported for PV systems
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[49]. Among all the MPPT method, P&O is the most basic
and most famous algorithm in the determination of the MPP
for a solar PV generator due to generality, i.e. validity for any
PV system, and simplicity of implementation [60].

The amount of voltage and current at MPP of the PV
generator for all the steps of the P&O MPPT method are
changed with a constant variable in P&O MPPT method.
However, this variable is caused by oscillation at MPP of the
P&O MPPT algorithm. Compared to traditional P&O MPPT
algorithms, it is shown in Dhaker et al. [49] that an enhanced
P&O based MPPT method can follow the MPP quickly and
properly under variable environmental conditions, such as
irradiance and temperature.

Therefore, this paper combines FO-Fuzzy-PID current reg-
ulator with an enhanced P&O MPPT method to enhance
the PV generator performance. The basic principle of the
improved P&OMPPT algorithm is to increase step-variation
to converge more rapidly to theMPP, while minimizing oscil-
lations [49].

Really, to track quickly, increment-step ‘H ’ is minimized
or adjusted from one area to another: H = 0.01 in ‘‘X ’’
zone and H = 0.001 in ‘‘Y ’’ zone (Fig. 15). The procedure
to generate the PV reference current (I∗pv) is as follows. The
inputs to the improved P&O MPPT method are PV voltage
(Vpv), PV current (Ipv), and PV power (Ppv), respectively. The
improved P&OMPPT block has an increment-step called (H )
which changes from one zone to another, with values ranging
from 0.001 to 0.01. The improved (P&O) MPPT method is
developed as follows:
Step 1:The starting values for the PV power (Ppv), PV volt-

age (Vpv), and PV current (Ipv) are calculated.
Step 2: If the change in Ppv is greater than the amount of

coefficient (R); (|dPpv| > R) and if the change in tPpv is equal
to zero (Ppv(k)−Ppv(k − 1) = 0), then the initial PV current
(Ipv(k)) is considered as the reference PV current (Ipv(k) =
I∗pv) or else, it is the difference or sum between the initial PV
current and increment-step (I∗pv = Ipv(k)+ H ).
Step 3: If the change in Ppv is higher than Zero (Ppv(k) −

Ppv(k − 1) > 0) and if the difference in the PV voltage is
greater than zero (Vpv(k)−Vpv(k−1) > 0), then the reference
PV current is the difference between initial PV current and
increment-step (I∗pv = Ipv(k)−H ) or else, it is the sum of the
PV initial current and increment-step (I∗pv = Ipv(k)+ H ).
Step 4: If the change in Ppv is lower than Zero (Ppv(k) −

Ppv(k−1) < 0) and if the change in the PV voltage is greater
than zero (Vpv(k)−Vpv(k−1) > 0), then the reference PV cur-
rent is the difference of initial PV current and increment-step
(I∗pv = Ipv(k)−H ) or else, it is the sum of the initial PV current
and increment-step (I∗pv = Ipv(k) + H ). Fig. 16 illustrates
the graphical representation for the improved P&O MPPT
method.

Fig. 17 depicts the control system of the considered two-
stage approach for an improved P&O-based MPPT method
with an optimized FO-Fuzzy-PID regulator. The control
scheme is composed of two loops: the primary is based on an
improved P&O MPPT method for calculating the reference

FIGURE 15. Basic principle of the enhanced (P&O) MPPT algorithm with
an adaptive step increment [49].

FIGURE 16. The graphical representation of the improved (P&O) MPPT
method [49].

PV current, while the second is for MPP tracking. The Vpv
and Ipv are received from PV generator and transmitted to
the P&OMPPT searching technique to produce the reference
current I∗pv. Then, the duty ratio of the DC/DC buck converter
is adjusted by the PSO and FO-Fuzzy-PID-tuned P&OMPPT
regulators to extract the maximum possible power from the
PV generator. These proposed algorithms tracks I∗pv and gen-
erates minor fluctuations in the region of the MPP.

V. CONTROL DESIGN FOR WIRE FEEDER SYSTEM
The performance of the wire feeder regulator is critical, due to
the fact that arc welding equipment must be able to feed weld-
ing wire at high rates in a few milliseconds when working
collectively with the PMDC servo motor in the welding WFS
system. In order to track the specified welding wire velocity,
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FIGURE 17. Control mechanism of FO-Fuzzy-PID current-controlled P&O
method.

FIGURE 18. FO-Fuzzy-PID speed regulation of a PMDC motor in the
welding WFS system.

the wire feeder regulator must have a high dynamic perfor-
mance. The fluctuations in torque demand are large because,
for example, a 400 ampere rated arc welding regulator must
create welding connections with electrodes ranging in diam-
eter from 0.6 mm to 1.6 mm. On the other hand, the material
composition of the welding wire (or consumable electrode)
can also differ greatly. Therefore, for precise wire feed speed
tracking, the PMDC servo motor requires an efficient and
consistent speed regulator. This section suggests a high-speed
feeding control method for the weldingWFS to achieve weld-
ing quality. Moreover, the proposed PSO based FO-Fuzzy-
PID regulator is utilized to achieve the control goals as far as
possible by applying an adequate necessary duty ratio to the
second DC/DC buck converter. Fig. 18 depicts an integrated
mechanical system for implementing the considered welding
wire feeder regulator. As seen in this figure, the weldingWFS
system is divided into 3 components: a sola PV generator with
a constant power source (E), PMDC servo motor, and a PSO-
based FO-Fuzzy-PID speed regulator. The wire electrodes
must be fed constantly via the welding WFS system from
the wire spool to a welding gun at a fixed speed during a
welding operation. To this end, a PMDCmotor integrated into
the weldingWFS system rotates at a constant speed; the latter
is normally set in the range 10–150 rad/s during the welding
process.

VI. SIMULATION RESULTS AND DISCUSSIONS
Extensive closed-loop simulations were performed using
MATLAB/SIMULINK tool for the proposed PV-WFS. Sim-
ulation diagram of the PV modules powered PMDC motor

FIGURE 19. Simulation diagram of the PV modules powered PMDC motor
for welding WFS.

for welding WFS application is illustrated in Fig. 19. The
comparative simulation of the algorithms includes PSO-
based FO-Fuzzy-PID presented in this article, PSO-based
FOPID [59], PSO-based FLC [60], and PSO-based basic PID
regulator. In the simulation, five tests were conducted to show
the tracking ability of the proposed PSO-based FO-Fuzzy-
PID P&O MPPT method at various irradiance. In addition,
a brief discussion of the PMDC motor performance is also
provided for PSO-based FO-Fuzzy-PID speed control. So, the
simulation was performed five times for each examination.
The first test was to show PV-WFS behavior at a fixed and
homogeneous amount of solar irradiation. The second test
was to demonstrate the response of the PSO-based FO-Fuzzy-
PID P&O MPPT regulator for ramp-change in the irradi-
ation level. The third test aimed at assessing the PV-WFS
performance in step-change in radiation value. The fourth
test verified the performance of the proposed PSO-based
FO-Fuzzy-PID P&OMPPT under partial shading conditions.
The last test was to confirm the effectiveness and validity of
the suggested PSO-based FO-Fuzzy-PID P&O MPPT under
real solar irradiance and temperature during the testing day,
which was a sunny and clear day.

A. PERFORMANCE TEST UNDER CONSTANT SOLAR
RADIATION LEVEL
In case I, the PV-WFS system was simulated with uniform
and constant radiation level (G = 500 W/m2). The wave-
forms of the PV power for FO-Fuzzy-PID, FLC, FOPID, and
PID-based P&O MPPT techniques are plotted in Fig. 20(a),
and a zoom-in these results is presented in Fig. 20(b). It can
be seen from Figs. 20(a) and (b) that the PV power is
fluctuates between 480.48 and 480.49 W for the suggested
FO-Fuzzy-PID-based P&O MPPT method. The fluctuation
in PV power is 16.20 W at the MPP for the PID based
P&O MPPT technique, whereas the FLC based P&O MPPT
method provides a smaller content of ripple estimated at
0.020 W (Fig. 20(c)). In the transient state, the FOPID regu-
lator -based P&O MPPT technique takes 0.0869 s to achieve
its MPP, while the PID-based P&O MPPT technique reaches
the MPP in 0.1573 s. The settling-time achieved by the sug-
gested FO-Fuzzy-PID-based P&OMPPTmethod is 0.0427 s.
The PV curves illustrate that the suggested FO-Fuzzy-PID
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FIGURE 20. Performance for case I on application FO-Fuzzy-PID, FLC,
FOPID and PID regulator based P&O MPPT techniques: (a) output powers,
(b) zoom in the output powers.

TABLE 8. Comparative performance study of P&O MPPT method for the
case I.

and FLC regulator -based P&O MPPT methods outper-
form FOPID and PID-based P&O MPPT strategies. Table 8
summarizes the outcome of the comparison of the four
regulators.

The following formula was utilized to calculate the MPPT
tracking efficiency (32)

ηMPPT =

∫ t
0 Preal(t)dt∫ t
0 Pmax(t)dt

(33)

where Preal and Pmax are the solar PV modules’ actual and
maximum power, respectively.

In case I, the proposed FO-Fuzzy-PID speed regulator
allows the PMDC motor to track the desired speed of
1000 rpm within a very short time (0.40 s) compared to FLC,
FOPID, and PID speed regulators, which take 0.93, 1.08, and
1.15 s, respectively (Fig. 21(a)). The speed control based on
the FOPID regulator exhibits a strong oscillation characteris-
tic and very slow reaction time. Also, the suggested regulator
outperforms the FLC, FOPID, and PID in closed-loop speed
regulation, because of the nonlinear nature of the PMDC
motor. The steady-state error is negligible for all four control
schemes, as shown in Fig. 21(b).

FIGURE 21. Performance for case I on implementing FO-Fuzzy-PID, FLC,
FOPID and PID based velocity regulation of PMDC motor: (a) motor
speeds, (b) speed errors.

B. PERFORMANCE INVESTIGATION UNDER
RAMP-CHANGE IN RADIATION VALUE
The irradiance profile applied in test II is depicted in
Fig. 22(a). Irradiance is changed linearly from 100 W/m2

to 1000 W/m2 and then from 1000 W/m2 to 100 W/m2 at
25 ◦C and the resulting data is examined. The PV power (Ppv)
is maintained at MPP by using the suggested FO-Fuzzy-PID
control-based P&O MPPT technique, despite the variation
in irradiance (Fig. 22(b)). High ripple content in MPP can
be observed when PID control-based P&O MPPT technique
is implemented, as depicted in Fig. 22(b) and (b). The PID-
based P&O MPPT method causes a very large ripple content
estimated at 10.40 W, while the FLC-based P&O MPPT
method only delivers 0.05 W. For the FOPID based P&O
MPPT technique, it produces a maximum power ripple of
0.03 V. Finally, the suggested FO-Fuzzy-PID based P&O
MPPT method minimizes the power ripple to 0.005 W and
offers a settling time of 0.001 s to attain MPP in the transient
state for 0.1–0.3 s compared to 0.0823 s and 0.0945 s for FLC
based P&O and FOPID based P&O MPPT, respectively.

In case II, the desired value of the motor velocity is
increased from 500 to 1000 rpm (Fig. 23). The PMDC motor
obtains its reference speed rapidly with negligible overshoot
when the suggested FO-Fuzzy-PID regulator is implemented.
From Fig. 23, one can see that the peak overshoot is com-
pletely eliminated with the proposed FO-Fuzzy-PID and PID
regulator.

In contrast, it is 11.45% and 9.35% for FOPID and FLC
regulators, respectively. Furthermore, the settling time is
reduced from 0.8 s with PID regulator to 0.2 s with FO-Fuzzy-
PID regulator. The comparative performance of PMDCmotor
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FIGURE 22. Performance for case II on implementing FO-Fuzzy-PID, FLC,
FOPID and PID regulator based P&O MPPT techniques: (a) irradiance
profile, (b) output powers, (c) zoom in the output powers.

FIGURE 23. Performance for case II on implementing FO-Fuzzy-PID, FLC,
FOPID and PID based speed regulation of PMDC motor.

verifies the improved results of the proposed PSO based
FO-Fuzzy-PID speed regulator.

C. PERFORMANCE INVESTIGATION UNDER GRADUAL
-CHANGE IN RADIATION VALUE
In test III, the PV-WFS is testedwith a gradual-change in solar
irradiation level to mimic a quickly changing irradiation situ-
ation, so that the level of solar irradiation varies randomly at
an interval of 0.15s and the results are recorded for evaluation.
For serious analysis, three successive step changes are made
in solar radiation levels.

FIGURE 24. Performance for case III on implementing FO-Fuzzy-PID, FLC,
FOPID and PID regulator based P&O MPPT techniques: (a) irradiance
profile, (b) output powers, (b) zoom in the output powers.

As depicted in Fig. 24(a) the value of radiation is quickly
changed from 800 to 1000 W/m2, then, rapidly decreased
to 600 W/m2. Figs. 24(b) and 24(b) illustrate the waveforms
for step-change in radiation value. As depicted in these fig-
ures, during interval time 0.15 to 0.25 s, the system takes 0.1 s
to stabilize around the MPP with an efficiency of 96.83% for
the PID regulator based P&O MPPT method.

In addition, the power ripple is > 33.10 W, which leads to
high oscillations around the MPP. The efficiency of the sug-
gested FO-Fuzzy-PID regulator based P&O MPPT method
is round 98.95%, with response time < 0.02 s, and a power
ripple < 0.8 W.
The FLC and FOPID regulators take longer to attain the

MPP in the situation of gradual variation in solar irradiation.
The efficiency of this system in this test is low with the FLC
and FOPID regulators, which is 95.10% and 93.25%, respec-
tively. Hence, under this scenario, the proposed FO-Fuzzy-
PID regulator based on the P&O MPPT method presents a
faster response with good efficiency and negligible power
oscillations. A comparison of the four regulators performance
is presented in Table 9 for case III.
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TABLE 9. Performances investigation of the four compared MPPT
methods for case III.

FIGURE 25. Performance for case III on implementing FO-Fuzzy-PID, FLC,
FOPID and PID based velocity regulation of PMDC motor.

TABLE 10. Performances comparison of FO-Fuzzy-PID, FLC, FOPID and
PID velocity regulation of PMDC motor for case III.

In case III, the considered FO-Fuzzy-PID regulator exhib-
ited much better speed response than the PID, FLC and
FOPID regulators (Fig. 25), in all the aspects utilized as
criterion for assessing the performance of transient response,
and also in the steady state error. In term of rise time for
example, the considered regulator created a response that
was almost three times quicker than the PID regulator. The
proposed FO-Fuzzy-PID also created the same style in terms
of maximum overshoot, peak time, and steady state errors.
Despite the fact that the FLC and FOPID regulators appeared
to have somewhat superior speed responses than the PID reg-
ulator, both control schemes presented the same weaknesses
in maximum overshoot. Table 10 lists the performance of
PMDC Motor with four regulators for case III.

D. PERFORMANCE TEST UNDER TOP SHADING
CONDITION (TSC)
In case IV, the standalone PV-WFS was tested with top PV
panel shaded. The solar PV generator was irradiated with

FIGURE 26. Irradiance on PV panels in test scenario.

FIGURE 27. Response of PV panels: (a) the (Ppv –Vpv ) characteristic under
PSC. (b). the (Ipv –Vpv ) characteristic under TSC.

500 W/m2 at top. The irradiance considered for top shad-
ing condition (TSC) of the PV panels is shown in Fig. 26.
A bypass diode is circuited across the top PV panel to make
the current flow from the un-shaded PV panel to get around
this condition. Because of this link of bypass diodes there will
be multiple peaks formation in (Ppv-Vpv) curve. Fig. 27(a)
and Fig. 27(b) show the power against voltage (Ppv-Vpv) and
current against voltage (Ipv-Vpv) plots under TSC for the
system under study together with the standard output (Ppv-
Vpv) and (Ipv-Vpv) curves obtained at 1000 W/m2 irradiance
and 25 ◦C of temperature. In these figures, the MPP of the
PV generator may decrease significantly and the (Ppv-Vpv)
characteristic contains two peaks (global and local MPPs).
In Fig. 28, the suggested FO-Fuzzy-PID based P&O MPPT
method is compared with other regulators under TSC. In this
situation, the global maximum peak power (260.85 W) was
tracked by the suggested FO-Fuzzy-PID based P&O MPPT
method under TSC. Otherwise, the PID based P&O MPPT
method gives the lowest amount of power.
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FIGURE 28. Performance for case IV on implementing FO-Fuzzy-PID, FLC,
FOPID, and PID regulator based P&O MPPT techniques: (a) output
powers, (b) zoom in the output powers.

FIGURE 29. Performance for case IV on implementing FO-Fuzzy-PID, FLC,
FOPID and PID based velocity regulation of PMDC motor.

TABLE 11. Performances comparison of the simulated speed regulators.

In case IV, the PMDC motor response under ramp-change
in reference speed is obtained. The speed response for dif-
ferent regulators is depicted in Fig. 29, which indicates the
capability of the proposed FO-Fuzzy-PID regulator to reduce
the system overshoot compared to FLC and FOPID speed reg-
ulators. Moreover, with the proposed regulator, the real speed
reaches the desired speed quickly (0.34 s). The settling time
is about 0.65, 0.85, and 0.92 s for FLC, FOPID and PID speed
regulators, respectively. Hence, the proposed FO-Fuzzy-PID
regulator can provide sufficient speed tracking compared to
other speed regulators. From the obtained responses, a variety

FIGURE 30. Solar radiation curve during the testing day.

FIGURE 31. Ambient temperatures during the testing day.

FIGURE 32. Performance for case V on implementing FO-Fuzzy-PID, FLC,
FOPID and PID regulator based P&O MPPT techniques.

of parameters were measured to assess the performance of the
PMDC motor (Table 11).

E. PERFORMANCE TEST UNDER REAL CLIMATIC DATA
(RCD)
In case V, the FO-Fuzzy-PID based P&O MPPT method
is evaluated under RCD in Sétif, Algeria. Fig. 30 and
Fig. 31 show solar radiation and ambient temperature curves
during the testing day (07:00 am – 19:00 pm), which was
a sunny and clear day (30 July 2020). Fig. 32 shows the
results obtained by the four regulators based P&O MPPT
method under RCD. This figure demonstrates the potential
and superiority of the proposed FO-Fuzzy-PID based P&O
MPPTmethod over FLC, FOPID, and PID based P&OMPPT
method.

For greater understanding, the hourly efficiency (HE) is
computed. This variable comprises of the average power
delivered per hour against the PV generator maximum output
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FIGURE 33. Measured hourly efficiency of solar the PV-WFS for the four
MPPT regulators.

FIGURE 34. Real-time HIL testing platform of the proposed FO-Fuzzy-PID
regulator.

power (Ppv-optimal). The HE formula for a PV generator can
be defined as in [61]:

HE =

∑N
k=1 PMPP(k)/N
Ppv_optimal(t)

(34)

where N represents the number of samples per hour.
The bar-chart in Fig. 33 provides a comparison of the HE.

For this case, the efficiency of the proposed regulator is better
with RCD than the other P&O MPPT regulators.

F. COMPARATIVE ANALYSIS AND DISCUSSIONS
Table 12 records the best-found regulator structure from the
simulations in a tabular representation. It is clear that the
suggested FO-Fuzzy-PID regulator outperforms the others
in almost all evaluation criteria such as the average gener-
ated power, the efficiency and the power fluctuations. How-
ever, when compared concerning convergence time, the FLC
regulator case gives in some better results. Moreover, the
FO-Fuzzy-PID regulator has a high implementation diffi-
culty, and its effectiveness heavily reliant on human expertise
in designing the suitable control rules and membership func-
tions. Furthermore, choosing the proper initial scaling coef-
ficients of FO-Fuzzy-PID regulator is difficult due to the six
initial parameters (KP, KI , KD, KU , α, β) that were adjusted.
These coefficients need to be properly adjusted; otherwise,
the effectiveness of the considered MPPT regulator can be
significantly influenced.

TABLE 12. Summary of best regulator performances to meet different
control objectives.

FIGURE 35. HIL test main block diagram.

G. EXPERIMENTAL VALIDATION
The considered optimal PSO-based FO-Fuzzy-PID control
algorithms were experimentally validated on a PV-WFS pro-
totype including dSPACE R©1104 processor board to further
confirm the analysis and simulation results. A photograph of
the experimental prototype hardware is depicted in Fig. 34.
Installing physical test schemes for PV-WFS requires a large,
costly, and highly experienced technical team to coordinate
the networking activities and keep detailed inventories of
hardware. With technological advancements, physical test
systems have been replaced with a real-time HIL testing plat-
form. The real-time HIL simulator validates system response
in real-world scenarios and has become an essential tool for
electrical system design and development.

H. HIL TEST, RESULTS, AND DISCUSSION
The HIL test is performed as described in the main block
diagram presented in Fig. 35. In HIL experimentation,
the dSPACE processor board is physically connected to
the PV-WFS model executing in the MATLAB/Simulink
environment. The processor board contains a dual-core
processor TMS320F379D, which is programmed in the
MATLAB/Simulink environment using the fast prototyping
approach. Discrete representations of the mentioned regula-
tors are created from Simulink, and the output or hex file is
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FIGURE 36. Performance of the experimental implementation of FO-Fuzzy-PID regulator-based P&O MPPT and speed control: (a) solar radiation,
(b) output power, (c) reference speed, (d) motor speed, (e) motor torque.

programmed into the RAMof the processor. In HIL test, solar
PV-WFS it’s a Simulink model, not a physical model. Data
is transferred between the two parties; dSPACE R© ds1104
control panel and the software model via a high-speed serial
port. The control system is executed with a 50 µs time-step.
Thus, if there are any glitches during the HIL test, it is easy to

go back to the code to be rectified. A four-channel, 100 MHz
digital mixed-signal oscilloscope was used to record the test
results.

Real-time implementation of the proposed PV-WFS was
executed under ramp-change in solar irradiance with motor
speed and load torque variations. The outcomes are presented
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in Fig. 36. The experimental results of the suggested tech-
nique show a behavior that is very similar to the simulations,
which proves the suitability of the suggested algorithm. The
theoretical and the practical results match each other, further
illustrating that the dSPACE R©1104 board is a powerful and
reliable tool for real-time implementation.

VII. CONCLUSION
This document introduces the design and the implementa-
tion of a novel control technique based on the FO-Fuzzy-
PID regulator with PSO algorithm for WFS to be integrated
with a PV power system. This advanced technology is used
to enhance the performance of the PV-WFS, particularly
in terms of attaining the highest maximum power values,
minimizing power ripples, and achieving a fast and robust
dynamic response of motor speed. Simulations were carried
out in the MATLAB/SIMULINK to demonstrate the efficacy
of the considered approach. HIL experiments were conducted
based on the dSPACE 1104 DS card to validate the simulation
results. The simulation and the experimental results indicate
good performances for the proposed control method com-
pared to the traditional control strategies. The key findings
of this research are as follows:

1. The proposed PV-WFS combination is a good option for
supplying WFS with clean power generation.

2. Applying the PSO algorithm tackled the issue of selecting
parameters values of the suggested FO-Fuzzy-PID regula-
tor.

3. The weighted fitness function boosts the FO-Fuzzy-PID
regulator to attain best parameters that exhibit the max-
imum PV power values compared to FLC, FOPID, and
PID regulators.

4. The indirect MPPT control algorithm for the reference
current generation is efficient for solar PV generator.

5. FO-Fuzzy-PID based P&O MPPT control demonstrates
its advantage in attaining maximum energy values with
the greatest stability compared to FLC, FOPID and PID
based P&O MPPT regulators.

6. The suggested FO-Fuzzy-PID based P&O MPPT control
method operates consistently, adaptable, and stable even
during situations of top shading. In addition, the developed
technique was tested under different weather situations,
like the case of intermittent insolation and real climatic
data.

7. The proposed FO-Fuzzy-PID regulator provides improved
speed regulation of the PMDC motor, reduces rise time,
steady-state error, and has a better performance than FLC,
FOPID, and PID speed regulators.

8. The studied system is validated experimentally for
ramp-change in solar irradiance.

9. A preliminary analysis of the simulation and practical
results indicate that they are all in acceptable agreement.

The findings of this document are likely to be beneficial to
PV-WFS researchers and developers. Therefore, the proposed
PSO based FO-Fuzzy-PID regulator with the improved P&O

MPPT method it is an excellent and highly recommended
strategy for the PV-WFS, since it may be utilized for any sort
of WFS-PV even in cloudy circumstances.
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