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Abstract: Investigation of power output from PV arrays under different fault conditions is an essential
task to enhance performance of a photovoltaic system under all operating conditions. Significant
reduction in power output can occur during various PV faults such as module disconnection, bypass
diode failure, bridge fault, and short circuit fault under non-uniform shading conditions. These PV
faults may cause several peaks in the characteristics curve of PV arrays, which can lead to failure of
the MPPT control strategy. In fact, impact of a fault can differ depending on the type of PV array,
and it can make the control of the system more complex. Therefore, consideration of suitable PV
arrays with an effective control design is necessary for maximum power output from a PV system.
For this purpose, the proposed study presents a comparative study of two intelligent control schemes,
i.e., fuzzy logic (FL) and particle swarm optimization (PSO), with a conventional control scheme
known as perturb and observe (P&O) for power extraction from a PV system. The comparative
analysis is based on the performance of the control strategies under several faults and the types of PV
modules, i.e., monocrystalline and thin-film PV arrays. In this study, numerical analysis for complex
fault scenarios like multiple faults under partial shading have also been performed. Different from
the previous literature, this study will reveal the performance of FL-, PSO-, and P&O-based MPPT
strategies to track maximum peak power during multiple severe fault conditions while considering
the accuracy and fast-tracking efficiencies of the control techniques. A thorough analysis along with
in-depth quantitative data are presented, confirming the superiority of intelligent control techniques
under multiple faults and different PV types.

Keywords: PV arrays; PV fault analysis; maximum power point tracking; fuzzy logic scheme;
PV technologies

1. Introduction

Momentous increase in the penetration of PV systems has been apparent over the
past few years despite their vulnerability to unexpected faults and low energy conversion
efficiency [1]. An effective technique for enhancing the energy conversion efficiency of
a PV system is generally based on an MPPT scheme. However, the effectiveness of any
MPPT strategy can be substantially compromised during the occurrence of various PV
faults, including wiring losses, hot spot, defects of bypass diodes, and module mismatch
faults. The aforementioned PV faults can produce numerous peaks in the PV characteristics
curve leading to the degradation of MPPT techniques.

Several studies have been proposed for extracting optimal power from PV systems
during faults. In [2], a detailed literature survey has been conducted on control approaches
and synchronization procedures for abnormal and normal conditions of DG systems. Dif-
ferent power control methods are also discussed for eliminating fluctuations in current,
power, and voltage signals such as hysteresis control, PI control, dead beat control, and
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fractional order controllers. Moreover, in [3], conventional PI controllers based on syn-
chronous reference frame (SRF) and stationary reference frame (STRF) for unbalanced grid
fault conditions have been compared. These studies have deeply discussed the overcoming
of power quality issues for grid-tied PV systems. Considering various PV arrays with
suitable control is also an important discussion for the extraction of maximum peak power
from PV systems.

Several MPPT schemes have been proposed in the literature for maximum power
extraction, such as perturb and observe (P&O), hill climbing, incremental inductance (IC),
and incremental resistance (IR). The most commonly used MPPT scheme is P&O due to
its simplicity. However, the P&O algorithm may not be able to achieve fast and accurate
tracking under changing operating conditions due to its fixed step size. Many MPPT
algorithms with variable step sizes have been studied in the literature, showing that they
alleviate the problem of fixed step size, but most of those algorithms require solar panel
data, which are dependent on real-time operating conditions [4]. Recently, a few smart
MPPT schemes like genetic algorithms, a neural network (NN) approach, the particle
swarm optimization (PSO) algorithm, the cuckoo search algorithm, and the fuzzy logic
(FL) scheme have been introduced to tackle the problems associated with both fixed and
variable step size of MPPT [5-10].

In [11], the authors implemented a genetic algorithm-based MPPT module; however,
for this strategy, an accurate and large input data set is required, which makes the algorithm
more complex and difficult to implement. To overcome this, studies have been focusing on
fuzzy logic schemes due to their ability to handle imprecise data and control non-linear
systems. Fuzzy logic schemes can easily mitigate the problems associated with conventional
MPPT schemes like P&O and integral MPPT schemes without using complex and large
data sets. They can also cover a wide range of operating conditions, which increases their
effectiveness under various fault conditions. Effectiveness of fuzzy logic-based schemes in
the detection of intricate faults like short circuit fault in PV array under shading have been
proved in [12] through applying a fuzzy inference system. Authors in [13-17] proposed
FL systems that achieve high and accurate power peaks without using large and complex
data sets, unlike machine learning techniques. In [13], comparison of P&O with fuzzy logic
control (FLC) has been proposed for different irradiance conditions. However, different PV
materials and complex faults conditions were not considered. The authors in [14] proposed
a comparative study of P&O with an FLC scheme for a single PV module for a boost
converter. An MPPT strategy based on both P&O and FL is proposed in [15]; however, the
performance is only tested for rapidly changing irradiances, while faults and type of the
PV module are ignored. Authors in [16] presented a fuzzy controller for evaluation of the
system’s performance under changing irradiance condition. Moreover, the authors in [17]
presented an MPPT scheme for type-2 FLC systems that uses an interval type-2 FLC scheme
to attain optimization under noise and uncertainty. A modified fuzzy logic MPPT scheme
was introduced in [18] with enhanced accuracy, which uses convergent distribution type
membership functions (MFs) instead of symmetrical MFs. However, lack of adaptivity for
different operating points is the major drawback of this strategy. A modified sine—cosine
FL integrated method with sliding mode control is proposed in [19]. Nevertheless, lack
of dynamic adjustment of MF boundaries and types makes the controller unsuitable for
the changing operating conditions. In [20], a fractional order combined with FL has been
considered for enhancing the tracking efficiency of the control scheme; however, high
complexity in the design of the controller and computation of the alpha factor are the
major limitations.

In [21], hybrid MPPT strategies are introduced in the literature where FL is combined
with P&O to achieve more adaptability at the operating point. However, this algorithm
experiences slow convergence under the varying real-time conditions.

In a different context, the sudden occurrence of faults under the changing condi-
tions and efficiency of PV technology can severely impact the MPPT strategy and overall
performance of a PV system. Different PV technologies such as monocrystalline, polycrys-
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talline, and thin film have different behaviors under partial shading, which can impact the
maximum power extraction strategy [22,23].

Previous studies have shown that crystalline technology exhibits less shade tolerance
than thin film technology due to the former’s lower efficiency. For this purpose, further in-
depth research is needed to understand the influence of faults on different PV technologies
for maximum extraction of power under different PV fault conditions. A detailed review of
the literature with identification of research gaps is given in Table 1.

Owing to the above-mentioned gap, this research presents an evaluation of intelligent
control schemes for five different fault conditions, such as partial shading, bypass diode
failure, bridge fault under shading, and multiple fault scenarios with consideration of
different PV array technologies. The thin film (TF) technology has shown promising
performance under shading scenarios; however, it is not an extensively used technology in
comparison to crystalline PV materials. Thus, it is worthwhile to consider the impact of
multiple faults in a PV array with PSO and FLC schemes on TF material. It is found that
both FL and PSO schemes with TF technology are advantageous in increasing the power
output under PV fault conditions.

The main contributions of the proposed study can be listed as:

e  Maximization of a PV power system is achieved by developing FLC and PSO schemes
in numerous fault scenarios. A comparison of PSO and FL schemes with the P&O
scheme is performed on both a thin film and a crystalline PV array under a variety
of faulty conditions, which is not reported in the literature [13-15]. Comparative
analysis of a conventional control scheme with the FLC strategy on changing irradiance
conditions is performed in the referenced works [16,17] without consideration of
different PV arrays like CIGS thin film and crystalline PV arrays.

e  Performance of the presented FLC scheme is also analyzed under a special case of
multiple faults known as a day-to-night transition fault, in which the combined effect
of the faults is examined. This special fault is also analyzed as a combined fault in this
research study. Various authors [18-24] have designed control schemes for tracking
global power peaks under shading conditions, but the introduction of multiple faults
under shading makes the tracking more difficult and challenging. For the proposed
study, the fuzzy logic-based MPPT and PSO schemes are designed for the analysis of
multiple faults under shading conditions, which is an addition to the new aspect of
the presented research work.

e Importantly, the influence of all the considered faults on current (I) and power (P) with
consideration of TF and crystalline PV technology is finely inspected in this study,
which is not explained comprehensively in previous work [25-39]. The proposed
FLC scheme is suitable for handling imprecise data and control of non-linear systems
under fault occurrences. The occurrence of multiple faults under shading can severely
impact the performance of the conventional controllers, but FLC can extract maximum
power under severe multiple fault conditions, which is also performed as a significant
part of the contributions of this paper.

e In this study, the challenging task of defining 49 fuzzy rules for IMFs and OMFs is
performed for designing the FLC scheme to accurately track global peak power under
various fault scenarios for thin film and crystalline PV arrays, which is an addition
to the contributions of this paper. The proposed FLC scheme offers an optimized
performance of the PV system in terms of accuracy.
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Table 1. Overview of existing literature with research gaps.

Ref. Techniques of MPPT Used in the Literature Research Gaps
[10] Neural network for MPPT No need for accurate pan'el'data but ne'eds large input
data set for training of algorithm
. . No need for accurate panel data but needs large input
(1l Genetic algorithm data set for training of algorithm
Uses convergent distribution type MFs instead of
[18] Modified fuzzy logic MPPT for more accuracy symmetrical MFs with lack of adaptivity for various
operating points
[21] Dual MPPT using FL and P&O Slower performance and complex design
Particle swarm optimization (PSO) with . . .
[25] FL-based MPPT Lack of dynamic adjustment of MF boundaries and types
[19] Modified ste-cosine method with FL and Lack of dynamic adjustment of MF boundaries and types
sliding mode control
Enhanced tracking efficiency, but high complexity in
[20] Fractional order combined with fuzzy logic design of the controller and computation of alpha factor
limits the controller
Comparative analysis of different control . Compar%son o.nly for (.ilfferent 1rrad1anc'e conditions
[13] schemes (P&O and FLC) e  No consideration of different PV materials
e  No consideration of multiple fault conditions
[14] Evaluation of P&O and FLC schemes for single Carried out for boost converter and quadratic
PV module boost converter
[15] Novel MPPT based on both P&O and fuzzy Only rapidly changmgh wea.ther conditions are considered
in this study
[16] Implementation of fuzzy controller Changing insulation c.ondltlons are considered in
this study
e  Introduce interval type-2 FLC scheme to attain
} optimization under noise and uncertainty
[17] Novel MPPT scheme for type-2 FLC system e  Did not study multiple fault scenarios with
consideration of thin film and crystalline PV systems
[7,8] BAT algorithm for MPPT scheme Tested only for shading patterns
[5] PSO for MPPT scheme Tested only for shading fault
6] Cuckoo search algorithm for tracking Used only for shading condition
peak power
M5P model tree-based FLC
(331 Fast fuzzy MPPT scheme e  Training required for fast control
No need for large data set and highly compatible with
[31] Fuzzy logic nonlinear systems, but needs to define membership
functions (MFs)
Novel MPPT scheme with fast mutable duty Fast tra.ckmg and high eff1c1.erl1cy, but limited range of
[38] cvele tracking and only for specified panel temperature
Y and irradiance
[39] PV system with GSA and PSO-based MPPT for New hybrid MPPT used for water pumping application

water pumping application

In this paper, extraction of maximum power from the PV arrays through the imple-
mentation of intelligent FL- and PSO-based control schemes lead towards the improvement
in efficiency, accurate control, and fault tolerance of PV systems, which is the main driving
force for conducting the presented research work.
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The paper is structured in a number of sections and sub-sections: Section 1 is the
introduction, and the proposed system model is given in Section 2. In Section 3, different
PV fault scenarios are detailed. The developed PSO- and FL-based MPPT strategies are
compared with the P&O control scheme in Section 4. The simulations and graphical results
are illustrated in Section 5. Section 6 concludes the paper.

2. Proposed System Model

This study uses a grid-connected PV system with different control strategies for MPPT
schemes as illustrated in Figure la. In this figure, the PV model used is of 75 PV arrays
further connected to the PCC of the power grid through an inverter and DC-DC booster
converter circuit. The two stage PV system uses a DC-DC boost converter to increase the
voltage level of the PV array in order to standardize it for grid connection. Typically, for
the grid connection, the inverter input voltage should be higher than the inverter output
voltage in order to avoid instability issues due to reverse power flow. Moreover, for testing
purposes, various faults are introduced in the PV array that practically impact the power
output of the PV system. The output parameters such as current and voltage from PV
arrays are fed into the MPPT scheme for estimating the duty cycle, D. Here, the MPPT
scheme shows the FL control scheme for the sake of clarity in the test model specifics.
In Stage I of the FL-based scheme, error (E) and change in error (CE) are computed by
estimating current, voltage, and power, which are then used for defining fuzzy rules. The
IF-THEN fuzzy rules are used for defining IMFs and OMFs in Stage II. The membership
functions are defined such that they accurately yield the estimated duty cycle through
mapping of MFs.

Faulty
PV array

Vpv, Ipv B
DC-DC Booster IDIEAE

Inverter

Estimated ‘D’
MPPT scheme
—
Fuzzification Fuzzy Inference — Defuzzification Filter  —— .
—
Grid
Fuzzy rulebase
(a)
Duty Cycle
D )
Diode
— VIV —P
Vi, | Capacitor Capacitor L r
s MOSFET T [ 8] Vo
(b)

Figure 1. MPPT schemes: (a): Block diagram of PV system with FL-based MPPT. (b): Flow diagram
of the proposed MPPT scheme.

The fuzzy rules-based MPPT is compared with an intelligent control technique, i.e.,
PSO MPPT, which randomly initializes the velocity and position of particles for computing
power output, as shown in Figure 2. A comparative analysis of intelligent control schemes
and the conventional P&O algorithm is performed in this study to investigate the impact
of all the studied faults on current (Ipv), voltage (Vpv), frequency (f), and power (Ppv).
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Significant improvement in results is achieved by applying FL and PSO schemes in both
thin film and monocrystalline PV arrays. The inverter converts the values from DC to AC,
and afterward the power is distributed to the power grid via a filter after the transformation
stage. The proposed MPPT scheme and operation of the boost converter is the most crucial
stage in the extraction of maximum power from the considered PV system. The operation
of the boost converter is explained thoroughly in the next sub-section.

Initialize a PV array

<}

Introduction of faults in crystalline and thin film PV arrays

{}

/ Analysis of faults impact on power grid

Improving max. power extraction strategy through MPPT algorithm

Fuzzy logic (FL) MPPT P&0O MPPT

Estimation of Duty cycle ‘D’

through defining fixed step

size by perturb and ohserve
method

Estimation of Duty cycle ‘D’
through defining member
ship functions (IMF & OMF)

Comparative analysis of results after applying both MPPT strategies

7

Improvement in results after applying FL MPPT

v

Conclusion

Figure 2. Flow diagram of the proposed MPPT scheme.

2.1. Operation of Boost Converter

The DC-DC boost converter is essential for incrementing the level of voltage after
receiving the control pulses (D) through the MPPT module. The output is controlled by
the duty cycle of the switch. The transmitted control pulses received through the MPPT
scheme control the DC-DC power converter to maximize the extracted power through
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switching of a high-speed switching transistor, i.e., MOSFET in this case. When the switch
is ON, the current flow Ai = i — 1o, i.., the difference between peak current and output
current, can be expressed as:

Vi — Vi) T,
Ipeak = w T, (1)

Ai — (VI - ‘Ztrs)Ton (2)

when the switch is OFF, the current is expressed as:

(Vo = Vi 4 Vp) Ty gy

ip = ipeuk - I (2a)
Vo= Vi+Vp)T,
pi = Vo= Vit Vp)Togs (2b)
L
where, V, can be found by solving the above equations such that:
Vi _ VtrsD
=—-V
Vo 1-D D (3)
here, the estimated Duty cycle D can be found using;:
Vo—-Vi+Vp
D= ——-—Hr 4
Vo + Vb — Virs ( )

here, the relation between input V; and output V; can be found by neglecting Vp and

Virs as:
1

~1-D
V, is the output voltage of the boost converter, and it is directly related to D. The duty
cycle can be estimated using:

Vo x Vi ©)

Vmpp
Dypp =1 — —2— (6)
v Pppp X Ry

where Dypp is the operating duty cycle of the converter and Ry is the equivalent resistance
for the boost converter load. The MPPT mode voltage and peak power are denoted by
Vmpp and Pyipp, respectively. The MPPT strategy receives the values of Vpy and Ipy from
the PV array to track peak operating power through alteration of duty cycle by varying the
level of voltage [31]. It is important to mention that the occurrence of sudden faults under
shading conditions can severely impact the performance of the MPPT scheme through
decreased power from the PV array.

2.2. PV Array

Various types of PV arrays are analyzed for the proposed work, including p-n homo-
junction (monocrystalline silicon) and p—n hetero-junction copper indium gallium selenide
(CIGS/thin film). The homojunction cells adhere to the principle of superposition as light
current is computed as the sum of its diode current and photocurrent. Heterojunction cells
do not fulfill this law and may not follow the superposition law. Authors in [32,33] have
taken different models, including CIGS solar arrays, for computation of temperature and
irradiance dependent I-V parameters of a PV array. This cell contains a zinc oxide (ZnO)
window layer and a cadmium sulphide (CdS) buffer layer, fixed on the upper layer of the
CIGS absorber. For the efficiency of a solar module, two important parameters should be
understood. One is the photocurrent density, which is the ratio of photocurrent produced
by the photoelectrode to the area exposed to sunlight. Second is the light current density,
which is the density when the excess carriers are generated when the PV material absorbs
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light due to the energy of the photon. If the energy of the photon is large enough, it will
break the bond between the two atoms of the semiconductor and cause an electron hole to
be formed. The photocurrent density and the light current density can be expressed as:

1
]ph = ]SCW 7)
14+ ace *7

qv_
T = Tpi+ Jo (€3 = 1) + (Gauant X V + Iogunt X V) ®

where ], represents the photocurrent density and ], represents the light current; a is the
ratio of diffusion to thermionic emission velocity, while f8 is a temperature independent
factor of voltage partition. The G,y and Iy, are the pre-factors of shunt current,
respectively, and y pertains to the log shunt current. The value of V7 represents voltage
with the addition of a log shunt current. J, depends on radiance and temperature. The
built-in voltage of the p—n junction V}; is nearly 0.7 V.

The output current of the PV array, which is affected due to the occurrence of faults, is
expressed as [35]:

1% I;mm X Rs Npau
No T " N V X N+ Tpom X Rs
Iyom = Npa X ([Isne +ki(T — T;)]Gstc) — Npa X Iy x |exp ij -1 - Ry ©)

Here, Ipuy is also called light-generated current of monocrystalline types of the PV
array [35]. The value of # is nearly 1, while Tr represents the reference temperature. The
coefficient of I, is stated as k;, and Gstc denotes an irradiance of 1000 W/m?2. N, and
Npaq indicate interconnected series and parallel cells, respectively, as found in Equation (11).
The output current of the PV array can be affected due to the occurrence of sudden faults as
expressed in the above-listed equations, which are presented for demonstrating the behav-
ior of thin film and crystalline solar arrays under different types of fault scenarios. These
computed parameters of both CIGS and crystalline solar arrays can help in understanding
the fundamentals of non-linear parameters of different arrays in various environmental
conditions that affect the applied strategy of MPPT.

3. Studied Faults

In this study, five different PV faults are introduced on monocrystalline and thin film
PV arrays for finding the effectiveness of the adopted control strategies. The considered PV
faults are illustrated in Figure 3. The investigated faults are given as [40,41]:

Partial shading or non-uniform shading fault (F1): This fault is introduced by applying
non-uniform irradiance level to the PV array. Different types of irradiance levels are applied
to each interconnected PV module to analyze this fault case.

Bridge fault of PV array under shading (F2): Unintentional short circuit between
two different solar arrays is developed for the analysis of this fault case.

Bypass diode defect under shading (F3): Failure of bypass diodes due to reverse
interconnection and short-circuit of the diode is investigated with low irradiance in this
fault case.

Open circuit fault (F4): Severe impact of module disconnection fault on the PV array
with partial shading condition is analyzed in this scenario.

Combined fault (F5): The impact of all faults, including diode defects, open-circuit,
bridge fault, and non-uniform shading, is investigated in this scenario. This is also a
complex case of day-to-night fault.
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Figure 3. Considered faults in a PV array.

4. Adopted Strategies for Maximum Power Extraction

This section proposes the strategies utilized for the operation of different PV technolo-
gies under multiple faults. Two different MPPT strategies, including PSO- and FL-based
controls, are designed for tracking the maximum power point in this research study. The
two intelligent control strategies are also compared with the conventional P&O MPPT
scheme in terms of extraction of peak power under multiple fault scenarios and for chang-
ing environmental conditions. The conventional P&O algorithm is unable to track the
accurate peak power under dynamic environments such as abrupt temperature and irradi-
ance variation and during fault conditions. On the other hand, the PSO strategy tracks the
power point by randomly initiating the position and velocity of particles. The PSO scheme
is an optimization strategy that can accurately track the maximum power point for PV
arrays. It is an efficient strategy for extracting peak power under dynamic environmental
conditions. The FL-based control scheme uses fuzzy logic rules for controlling the duty
cycle through defining membership functions. Furthermore, these techniques will be tested
under multiple fault conditions and variable environment conditions. The aforementioned
control techniques are further discussed in detail in the following sub-sections.

4.1. P&O MPPT

Different stages in the P&O scheme are displayed in Figure 4a. The algorithm starts
with initialization of the values of V(k) and I(k) in stage 1. The value of power is computed
by the measured values of V(k) and I(k) in stage 2. The P&O strategy tracks maximum
power in stage 3 through altering control pulses D after observing the change in the
direction of PV output power. If at any instant k, the power and voltage are larger than
earlier computed values of power and voltage (k-1), then adjustment remains in the same
direction. Otherwise, it changes direction. The P&O technique is simple to implement but
cannot track peak power accurately under fast-changing irradiance and fault occurrences,
so an intelligent controller is needed that can handle different fault conditions.
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P&O
MPPT

Measure V(k) , I(k) [«

stage 2| ———————_ P09 =V 19
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CP>0
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No Yes | Dk+1) =Dk+CD | | D(k+1) = D(K)-CD

Stage 3}—{ D(k+1)=D(+ CD| [ D(k+1) = D(-CD |

Return l—

Figure 4. Different stages in the P&O scheme: (a) The flow diagram of the P&O MPPT scheme.
(b) Particle movement during optimization.

4.2. PSO-Based MPPT Scheme

Intelligent meta-heuristic approaches such as PSO have been given wide attention
in recent studies [42] for solving optimization problems. PSOs have also been applied in
the proposed MPPT control study for comparative analysis of PV faults with application
of different control strategies. The solution to an optimization problem can be found by
searching for the best solutions that involve minimization or maximization of the problem’s
objective function while satisfying a set of user-defined constraints. The proposed PSO
scheme is inspired by the social behavior of flocks of birds and schools of fish. Mathe-
matical equations have been used for guiding the particles during the phenomenon of
displacement for modeling their social behavior. Swarm has a composition that is made
up of a set of particles (N). Particles represent potential solutions to the problem being
addressed. Swarms fly over search space, which is denoted by D for searching for the
global optimum (Gy,s). Each particle has its best solution, known as Py, which is stored
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in their memory [42,43]. The strategy has been shown in Figure 4b, which illustrates the
scheme adopted for moving a particle. Firstly, different particles are initialized randomly.
At each iteration, the movement of particles can be expressed as:

Vz’kH = W.VF+CL.Ry (Pbesti - xi‘) + CR, (Gbest - xi() (10)

The velocity element signifies the step size. The movement of particles after each
iteration is presented as follows:

A = ok g o (11)

Here, V is the varied particle speed and W is the inertial weight of the previously com-
puted velocity in the current computation of speed. C1 and C2 are acceleration coefficients
regarding best particle and best global position during stages of updating velocity values.
R1 and R2 are random variables that are distributed in the interval [0, 1]. A larger value of
inertial weight W is beneficial for finding the global optimum. The influence of the best
global position and local position will be small on larger values. Relatively smaller values
of W are helpful for convergence. It helps to demonstrate good global search capabilities at
the beginning and local search capabilities in later iterations of the optimization algorithm.
The typical movement of particles in the optimization process has been shown in Figure 4b.
The output reference current I, ¢ is given by:

k k 1k k
X = IrefllrefZ"'Irefn (12)

The above equation shows the currents in which convergence occurs. The convergence
of this optimization method is based on the objective function, which is known as a fitness
function. In the proposed study;, fitness function is an objective function that compares
the existing power of a PV system with the power achieved in the previous iteration. This
terminology can be expressed as:

Py, > Pyt (13)

The process for reinitialization is defined by:

k—1 k
Fro Py > AP (14)
Pk,

Iteration i < 10 establishes the condition of convergence.

p%; ! represents the power calculated from the previous iteration, while pX, signifies
the power over the current iteration. AP is a minimum error, which is taken as 0.1 in this
study. The value of C; is 1.24 and C, is 1.32, while W is 0.3. After convergence is achieved,
the selected I, ¢ is related to Gpes;-

The steps of the PSO algorithm have been illustrated in Figure 5. Values of velocity and
positions of particles are randomly initialized during the first stage, which is the most crucial
stage of this proposed strategy. Accurate defining of initial design parameters with velocity
and position of particles like change in power, C1, C2, and W is important for prevention
of inaccurate control of the proposed PSO-based MPPT scheme that can lead to premature
convergence and tacking of local peak power [44]. The computation of power has been
performed in the second stage for checking the condition of convergence after measuring
new computed values of velocity and position of each particle. Resetting of particles has
been performed if the condition of convergence is true; otherwise, a fitness check will be
performed for updating the values of Gbest and Pbest. The reference current has been
computed after updating values of Gbest and Pbest. If the condition of convergence is
satisfied, then the process is repeated by reinitializing the random velocity and position of
particles. The selected I, is related to Gbest. The process of reiteration will be stopped
after achieving the optimal position.
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Figure 5. Flow diagram of MPPT strategies for comparative analysis of faults.

4.3. FL-Based Control Scheme

An FL-based controller is also designed in this study to efficiently extract peak power
under various fault scenarios. The fuzzy set theory is adopted for controlling the maximum
power point through a fuzzy logic-based scheme. Three basic components are involved in
the considered MPPT, including fuzzification unit, inference engine, and defuzzification
unit [45-47].

First stage of fuzzification involves computation of variations in output voltage and
current of the PV arrays, which is then used for defining IMFs of the fuzzy logic-based
MPPT control scheme. These MFs are defined for each input of the FL controller in order
to transform the measured variation into appropriate inputs for the MPPT scheme. The
accuracy of this MPPT scheme is dependent upon the number of IMFs. The second step is
the rule evaluation stage, in which rules of fuzzy logic are evaluated for determining the
appropriate control action, which forms the relation of logic function to IMFs and OMFs.
Outcome of this rule evaluation stage is a fuzzy OMF for every subsequent action of IMFs.

Defuzzification is the last stage of the fuzzy logic scheme, in which an expected value
of OMF is obtained and considered as an output for the system. The E and CE are input
to the FL controller. The error signal is estimated as a variation in PV output power over
variation in PV output voltage. The estimation of E and CE are given as:

_ PO -PGE-1)
= v v "
CE(i) = E(i) — E(i — 1) (16)

where P(i) and P(i — 1) denote present and past samples of the PV output power, re-
spectively. Also, V(i) and V(i — 1) represent present and past samples of the measured
PV output voltage, respectively. The error and change in error are estimated using
Equations (17) and (18), which signify present, and the past samples of the error mea-
sured by present and past samples of voltage and power. A total of 49 fuzzy rules are
defined for controlling the fuzzy logic-based MPPT scheme under the considered fault
scenarios. The values of E and CE are computed in 49 fuzzy rules. The duty cycle of the
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proposed FL-based control is mapped as the OMF of the system. The rules that link the
IMFs and OMFs for the proposed FL-based MPPT scheme are given in Table 2. The surface
function is a three-dimensional illustration of input-output MFs for the proposed fuzzy
logic control/scheme.

Table 2. Fuzzy rules with relationships between IMFs and OMFs.

IMFs (B

NBS NMS NSS ZES PSS PMS PBS
E
NBS NBS NBS NBS NBS NMS NSS ZES
NMS NBS NBS NBS NMS NSS ZES PSS
NSS NBS NBS NMS NSS ZES PSS PMS
ZES NBS NMS NSS ZES PSS PMS PBS
PSS NMS NSS ZES PSS PMS PBS PBS
PMS NSS ZES PSS PMS PBS PBS PBS
PBS ZES PSS PMS PBS PBS PBS PBS

In the proposed algorithm, symmetrical and triangular membership functions are
de-fined for both IMFs and OMFs using if—else rules for MF as shown in Table 2. The last
stage is defuzzification, whereby OMF is converted into a numerical output. The total
49 fuzzy rules of IF-THEN ELSE have been used in the proposed FL scheme to describe
the relation between IMFs and OMFs. In this way, the proposed fuzzy logic scheme can
im-prove the performance of the proposed system under introduced fault scenarios through
defining 49 rules of fuzzy logic for its MF, which enables the accurate tracking of peak
power as presented in the next section.

5. Numerical Analysis

A 75 PV array is developed in Simulink to examine the performance of the PV system.
The PV array is developed on a solar module of 230 W. Description of the studied modules
is detailed in Table 3. Total peak power produced by a 75 PV array under STC conditions is
nearly 8000 W.

Table 3. Parameters of the studied solar modules.

Sr. No. Parameter Monocrystalline Module CIGS Module
1 Open-circuit voltage Vi (V) 36.5 63.2

2 Short-circuit current Ig. (A) 8.26 6.1

3 Max. peak power Py (W) 230 230

4 Max. peak voltage Vip (V) 29.5 46

5 Max. peak current I (A) 7.8 5

6 Photocurrent Iy (A) 8.26 6.33

7 Diode saturation current I, (A) 139 x 1010 217 x 10710
8 Diode ideality factor n 0.95 0.95

9 Shunt resistance Ry, (Q) 476.1 56.1

10 Series Resistance Rs(Q)) 0.41 2.1

Five different fault scenarios are considered for the computation of power under
several faulty conditions, including partial shading, bridge fault under shading, bypass
diode failure under shading, open circuit, and combined fault. The characteristics curves
of several fault states are indicated in Figure 6a,b. Multiple peaks in the curve appear
due to the manifestation of PV faults. Shading of the PV array further deteriorates the
performance of the PV array. The CIGS array outperforms the crystalline PV in terms of



Energies 2023, 16, 974 14 of 24

characteristics curve analysis. The tracking of peak power through conventional control
schemes like the P&O algorithm is difficult in the considered fault scenarios. Thus, smart
controllers like PSO and FL are designed for increasing the tracking of peak power under
these fault scenarios. All of the test cases are shown in Tables 4-6, while the simulation
results are illustrated in Table 7.

T T I
8000 Partial shading(F1)} M
Bridge fault under shading (F2)
7000 ——Bypass diode defect under shading (F3)|
——open circuit fault (F4)
6000 —— Combined fault (F5) m
—STC
5000 |- =
Z 4000 |- -
o o
3000 - - 1
2000 - e -
1000 —1
0 L L I I I
0 50 100 150 7 (Volts) 200 250 300 350
(a)
T T T T
8000 Partial shading(F1)
=——Bridge fault under shading (F2)
7000 [ ——Bypass diode defect under shading (F3) [
——open circuit fault (F4)
6000 - ——Combined fault (F5) u
—STC
@ 5000
=
= 4000 — -
=¥ -
3000 A 8
L
2000 - - -
1000 m
0 1 1 1 1
0 100 200 (Volts) 300 400 500 600

(b)

Figure 6. Fault States: (a) PV curve under various faults (monocrystalline). (b) PV curve under
various faults (CIGS).

Table 4. Computed values of PV under various faults.

Faults Pea(l;(a;))wer Peak Voltage (V) CurI;::\It( A)
Monocrystalline PV
F1 4.01 188 21.3
F2 3.45 135 255
F3 6.75 172 39.2
F4 6.7 172 38.9
F5 3.3 158 20.8
Thin Film PV
F1 43 302 14.2

F2 4.01 255 15.7
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Table 4. Cont.

Faults Pea(l;(PWo)wer Peak Voltage (V) Curl:-z;l: A)
F3 6.81 260 26.1
F4 6.78 258 26.2
F5 4.05 290 13.9
Table 5. Computed values of the PV system under various faults.
Monocrystalline (MC) Thin Film (TF)
Fault Case Peak Power Peak Power with Peak Power Peak Power with
with PSO Fuzzy Logic with PSO Fuzzy Logic
Strategy (Watt) Scheme (Watt) Strategy (Watt) Scheme (Watt)
F1 4010 4010 4300 4300
F2 3450 3440 4010 4010
F3 6750 6750 6805 6800
F4 6700 6700 6780 6780
F5 3300 3300 4005 4005

Table 6. Percentage increase in peak power from MC and TF PV arrays under various faults.

Fault Case Monocrystalline (MC) Thin Film (TF)
Peak Power by = Peak Powerby  Peak Powerby  Peak Power by
FL Scheme PSO Scheme FL Scheme PSO Scheme

F1 14.5% 14.5% 7.2% 7.2%

F2 10.9% 11.2% 11.3% 11.3%

F3 10.6% 10.6% 9.6% 9.7%

F4 11.5% 11.5% 11.1% 11.1%

F5 13.7% 13.7% 26% 26%

Table 7. Simulation results.
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Table 7. Cont.
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Table 7. Cont.
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Multiple power peaks due to occurrence of faults with a significant decrease in peak
power have been analyzed using characteristics curve analysis. It is noted that thin film PV
has better performance than monocrystalline PV for maximum power output as shown in
Figure 6b.

Results of Faulty PV Arrays with Enabled MPPT Strategies

This section presents analysis of the impact of the faults on power output from a PV
system. Firstly, tracking of peak power is observed under standard test conditions (STC)
for the proposed system. The MPPT begins adjusting across varying D upon enabling
MPPT at 3100 ms in the P&O algorithm. As shown in Figure 7, approximately 7900 W
of peak power is traced with a tracking time of 3400 ms at 1000 W/m2 irradiance and
at nearly 25 °C temperature. This tracking scheme has successfully traced peak power

under STC.
16
[_stc]
14 - |
12 .
I
10 —
=
5 o 5
g
£ 4r 7
2 |- —
0
-2
a4 L L L L 1 I L 1 1 _
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Time (ms)
Figure 7. Power under STC (1000 W/m? and 25 °C).
A detailed illustration of the obtained results is given in Tables 4 and 7. Impact on

current and grid power under five different faults has been analyzed. The PV system of
two different PV materials, CIGS and monocrystalline, is considered for the testing.
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Performance of the monocrystalline PV system is observed under severe partial shad-
ing, which is termed fault F1. The conventional MPPT scheme cannot track the optimal
peak power under shading conditions. The duty cycle cannot be efficiently adjusted under
this fault condition; therefore, the PSO and FLC schemes are used for tracking peak power.
Both PSO and FL schemes are compared with the P&O scheme to analyze the increase in
power after adopting intelligent control schemes. It is found that the current flow is reduced
under partial shading fault F1, which impacts the power output. It is also observed that the
P&O scheme obtains peak power of 3500 W after 5000 ms and further reduces to 2500 W
under shading conditions. The peak power is reduced from 7900 W to 4010 W under partial
shading fault F1 by applying the PSO strategy. The obtained peak power is the same,
i.e., 4010 W, after applying an FL-based MPPT. Both FL- and PSO-based intelligent MPPT
schemes offer higher power than the conventional P&O scheme. This can be even further
beneficial for reserve power applications in power systems where graph theory can be used
to coordinate several PV sources [48-50].

Thin film or the CIGS PV array is also analyzed under non-uniform shading F1.
The peak power gets reduced from 7900 W to approximately 4010 W under partial
shading fault F1 with monocrystalline PV. The obtained peak power is increased from
4010 W to 4300 W after applying the FL-based MPPT scheme to a thin film PV array.
The performance of the system is enhanced under this fault scenario by using a fuzzy
algorithm with thin film PV technology. PSO also achieves the same power peak in
this fault scenario, which shows that fuzzy and PSO algorithms can successfully track
the global peak under shading conditions with high speed and accuracy. The CIGS
technology has better performance under a shading fault due to its complex geometrical
structure as compared to crystalline-type PV. The current flow is affected under partial
shading fault F1. The value of the current of the system gets reduced, which impacts
the power as portrayed through behavior of the current. However, the performance of
CIGS (thin film) is better than that of the crystalline PV array due to its fault tolerance
and complex geometrical structure.

The impact of bridge fault F2 on tracked power is also illustrated in Table 7. The
conventional P&O control scheme cannot track the optimal peak power during this fault
condition and further reduces to nearly 2300 W after 5000 ms. The new peak power is
3450 W under partial shading fault F2 after applying the PSO strategy to a crystalline
PV array. The PSO scheme successfully tracks global peak power under the reduced
irradiance with bridge fault. On the other hand, the FL-based scheme also efficiently
tracks peak power under the severe fault condition. The tracked peak power is 3440 W
after applying the fuzzy logic-based MPPT to a crystalline PV array. The current is
reduced due to the occurrence of bridge fault under shading. The performance of
CIGS (thin film) technology is better than that of the crystalline PV array for bridge
fault under non-uniform shading F2. The conventional P&O scheme still cannot track
global power peak under this fault condition. The peak power of 4010 W is successfully
tracked under F2 after applying the PSO strategy. The same peak power is tracked, i.e.,
4010 W, after applying a fuzzy logic-based MPPT to a thin film CIGS PV system. The
utilization of thin film with FL and PSO strategies can optimize the performance of
a system during the occurrence of a bridge fault with severe shading condition. The
proposed FL-based scheme can improve the performance of the system by 11.3% under
F2 with a thin-film PV array.

Peak power is much affected by bypass diode failure F3 for a crystalline PV array. Here,
peak power is reduced from 7900 W to 6750 W under the considered fault case. The peak
power is successfully tracked after applying PSO- and fuzzy logic-based MPPT. However,
PSO has faster tracking capability. Fuzzy starts tracking the peak power after 3000 ms.
Maximum peak power can be achieved by the proposed intelligent MPPT schemes in this
fault scenario. The current flow is reduced during bypass diode failure under shading fault
F3. Power from the thin film PV array is also decreased upon introduction of diode failure
under non-uniform shading (F3). The peak power is recorded as 6805 W during bypass
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diode failure under partial shading fault F3 through applying the PSO strategy. The tracked
peak power is 6800 W upon implementation of the fuzzy logic-based MPPT scheme. It is
observed that the performance of thin film is better than crystalline PV array in this fault
scenario, and applying the PSO- and FL-based strategies further optimizes the performance
of the PV systems.

In case of open circuit fault F4, the peak power is approximately 6700 W through
applying the PSO algorithm and fuzzy logic, which optimizes the performance of the
system by increasing peak power to 6700 W. Utilization of thin film PV technology further
improves the results and performs better than a crystalline photovoltaic array in the
considered fault scenario. The occurrence of an open-circuit fault decreases the current
of the system. The tracked peak power is 6780 W through the implementation of a fuzzy
logic-based MPPT scheme to the thin film PV array. The occurrence of an open circuit fault
reduces the current of the system.

It is found that the thin film PV array performs better than crystalline in all above
studied fault scenarios. In addition, combined fault F5 is also performed for analysis of
results in a day-to-night transition duration. The peak power is 3300 W upon application
of the PSO scheme under the fault F5, whereas the same peak power is achieved
after applying FLC, i.e., 3300 W. It is noted that the occurrence of multiple faults
reduces the current of the system as depicted. Importantly, extraction of maximum
peak power through the proposed PSO and fuzzy scheme can significantly contribute
to improvement of the system’s performance under the studied multiple fault scenario.
The comparative analysis of multiple faults, i.e., combined fault, reveals that maximum
peak power of 4005 W is achieved through the PSO algorithm and 4005 W peak power
is achieved from FLC with a thin film PV array. The combined fault case F5 exhibits a
decrease in the current.

For an in-depth analysis, multiple fault case F5 is analyzed on both monocrystalline
and thin film PV arrays. Peak power is accurately tracked by applying the fuzzy logic
scheme and the PSO scheme. On the other hand, the tracked power gets decreased to 4005 W
in a thin film array by applying FLC-based MPPT. It is noteworthy that the PV performance
of power is still 4005 W after implementation of the PSO-based scheme in the F5 fault
scenario. It is established that thin film (TF) PV technology optimizes the performance
of the system by improving peak power up to 4005 W in fault case F5 through PSO and
fuzzy logic implementation. The thin film PV is useful in optimizing the performance
under all the studied fault scenarios with implementation of a proposed MPPT strategy.
Calculation of a PV system under various fault scenarios is shown in Table 6. Increase in
power extraction from PV arrays is also computed after implementation of the FL- and
PSO-based schemes on the MPPT algorithm, as given in Table 7. The increase in power is

computed by:
Increase in Power (%) = Ponax = Puin 109 (17)
Prin
Here, Pyay is the maximum power computed under an intelligent control scheme and
P,in is the power computed with a conventional P&O algorithm.
The obtained results of percentage increase in power with FL- and PSO-based
controllers are shown in Figure 8a. A total of 14.5% and 7.2% increments in peak power
are observed with the FL scheme from crystalline and thin film PV arrays, respectively.
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Figure 8. FL- and PSO-based controllers: (a) Representation of peak power generated from monocrys-
talline PV arrays with implementation of PSO and fuzzy logic control. (b) Representation of peak
power generated from thin film PV arrays with implementation of PSO and FL schemes.

Increases of 10.9% and 11.3% in the tracked power with crystalline and thin film
PV arrays, respectively, are recorded under fault scenario F2. It can be clearly seen that
10.6% and 9.6% increases in the tracked power with crystalline and thin film PV arrays
are computed during occurrence of fault scenario F3. The details of the increase in power
through the proposed FL and PSO schemes under all fault scenarios are shown in Figure 9.
Both intelligent control schemes successfully tracked global power peaks under difficult
fault scenarios.
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Figure 9. FL and PSO schemes under all fault scenarios: (a) Comparison of increase in peak power
from monocrystalline and thin film PV arrays with implementation of the proposed FL-based scheme
under the studied fault cases. (b) Comparison of increase in peak power from monocrystalline and

thin film PV arrays with implementation of the proposed PSO-based scheme under the studied
fault cases.

6. Conclusions

In this study, three MPPT-based methods, namely FL, PSO, and P&O, are developed
and tested under five different fault scenarios and two types of PV module technologies,
i.e., CIGS thin film and crystalline PV arrays. This study shows that both PSO- and
fuzzy logic-based intelligent control schemes are capable of optimizing and improving the
performance of the PV system through accurate tracking of maximum power under the
considered fault scenarios. Through extensive simulation results and quantitative analysis,
it is demonstrated that the PSO and the fuzzy logic-based controller track peak power
more accurately compared to the conventional P&O algorithm under multiple faults. It is
shown that the PSO-based MPPT scheme is easy to implement while offering faster tracking
capability; however, defining initial design parameters is important for accurate control.
Inaccurate initialization of parameters can lead to premature convergence and tracking
of local peak power under the fast-changing contingent conditions, which lead to low
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performance of a PV system. On the contrary, the FL method requires larger computational
time than that of conventional algorithms, and it may be considered a limitation of this
scheme. This study not only presented testing case studies for multiple faults of PVs but
also presented a comparison of different technologies of PVs, which concludes that thin
film PV arrays can further enhance the performance of the PV system as compared to the
crystalline PV models.
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