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A novel statistical performance evaluation of most modern optimization-based global MPPT techniques for
partially shaded PV system is presented in this paper. In recent years, there has been a growing attention toward
MPPT mitigation of partial shading effect of the PV system through using modern optimization. The field of tracking
PV system MPP of the PV system attracts huge attention from the researchers, as it is the best way to increase PV plant
EZZ;; S;;i;zrglcy efficiency. Under non-uniform solar irradiance, the power against voltage characteristics of PV array have more

than one MPP. This condition leads to extra complications to track MPP and decreases the efficiency of the PV
system. Traditional MPPT methods are typically used to increase the harvested energy of PV under normal
conditions without any problems. The key drawback of such methods is failing extraction of global MPP under
actual weather conditions that sometimes under shadowing condition. Several global MPPT methods based on
modern optimization are presented for extracting global MPP in case of shadowing condition. The essential
target of this work is not limited to present an integrated specific review on the state-of-the-art of these tech-
niques; but also a comprehensive statistical evaluation of twenty optimizers that represent high percent of all the
reported techniques is performed with changing shading scenarios. This work serves as a source of valuable
information for researchers and engineers working with PV systems to keep abreast with the modern advance in
the field of tracking MPP of PV system.

1. Introduction

The rapid growth of population, industry and technological progress
have led to an ever-increasing human need for energy. Energy is an
important factor that plays a master role in the growth and develop-
ment of technology, economic and existence life of the human around
the world regions. Generally, a sharp increase for energy requirements
for electrical consumption demand located on a rapid increase in the
human population number [1-4]. The amount of energy consumption

in the developed country raises annually on an average of 1% and 5%
[5]. The large portion of generated electricity is coming from utilizing
fossil fuels such as coal, natural gas, and oil [6,7]. In fact, rapid increase
of utilized fossil fuels and limited production of this fuel in a huge
number of countries around the world lead to large depletion of fossil
fuel and increase the level of price causing environment issues such as
acid rain, air pollution and global warming [8,9]. Currently, the elec-
trical generation through renewable energy practically solar energy
became the most popular and promising technology option to minimize
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the dependence on traditional energy source [10,11]. PV system can be
employed to overcome the mentioned issues by converting solar irra-
diance directly to electricity [12,13]. PV stands out as one of the
greatest technological developments [14,15]. Nowadays, it has
achieved more distinctive attention than other types of renewable en-
ergy sources (RESs) due to its wide applications. In comparison with
traditional power generation systems, PV has enormous advantages
such as reliable system, low cost of operation and maintenance, free
energy source, noise-free [16], clean and high availability source [17],
and it does not cause any environment problem or emissions of toxic
gases [18]. On the other hand, the massive area required for installa-
tion, cell degradation, low power efficiency, lower conversion from
light to electricity under weak radiation condition are the large—scale
limitations facing the PV systems [19]. PV system has been utilized in
many applications like water pumping [20,21], moving carriers [22],
batteries, remote or mobile storage of medicines and vaccines, con-
sumer products such as watches, calculators, and radio. Also, it can be
used in the streetlight, the lighting of the remote sign, and scientific
research at temporary sites far from the conventional power source,
building integrated photovoltaic systems (BIPV), water desalination
and other applications that required electricity.

To increase PV system efficiency, maximum power point tracking
(MPPT) algorithm is essential for harvesting maximum power from the
PV system [23-25]. The MPPT which a key element in the PV system
[26,27] is based on moving the operating PV voltage, or current, in
order to get the maximum power [28]. The output power of PV system
is dependent on environment conditions like temperature [29], solar
irradiance level [30], shading, load [31], thermal characteristics [32]
and dust accumulation [33,34]. Such parameters may decrease the ef-
ficiency of the PV system [35,36]. Therefore, they must be controlled
and taken under consideration to maximize the power output of the PV
system [37,38].

Partial shading condition (PSC) due to nearby trees, buildings, birds,
or bird litters is an important issue associated with PV system perfor-
mance [39]. In general, the shadow may be fully or partially according
to the percentage of area that shades the PV module [40]. It directly
affects both the cell temperature and irradiance level incident on the PV
system [41]. Fully or partially, the shadow is considered as the major
factor that reduces the harvested energy from the PV system [42].
Under shading condition, several maximum power points will appear
on the curve of power against voltage resulting in more complicated
characteristic [43,44]. Mitigation of partial shading condition (PSC)
can be achieved by many approaches. These approaches include, in-
stalling the module of PV array on an area far away from building and
trees and other factors that prevent the solar irradiation from reaching
the total area of the module, connecting bypass diodes in parallel with
each PV panel to avoid hotspot problem [45,46]. The MPPT methods
are used for controlling and adjusting the operating voltage of the PV
system to be near the MPP under the variable atmospheric conditions.
The field of tracking MPP of PV system attracts huge attention from the
researchers since it is the best way to increase the harvested energy
from the PV system [47]. The drawback of conventional MPPT methods
is the incapacity in extracting the maximum power under shading
condition. The conventional MPPT methods, such as Perturb and Ob-
serve (P&0O) [48,49], Hill Climbing and Incremental Conductance (INC)
[50,51] (to name a few) is likely to be trapped at one of the local MPPs
simply because its algorithm could not differentiate between local and
global MPP [52].

Several tracking methods based on optimization approached are
proposed for extracting global MPP (GMPP) under PSC. Plenty of re-
views on MPPT under uniform and non-uniform solar irradiance are
already available. However, most of these reviews simply listed GMPPT
techniques based on modern optimization, along with a simple dis-
cussion of the advantages and disadvantages of each optimizer without
any statistical analysis of cases study. Such shortage is mostly because
these reviews aim to cover most conventional MPPT and global MPPT
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techniques simultaneously. Accordingly, this review first evaluates the
performance of recent works related to twenty global MPPT based on
modern optimization approaches. The objectives of this work are as
follows:

e Presenting an integrated specific review on the state-of-the-art of
twenty global MPPT based modern optimization,

e Comprehensive statistical performance evaluation of various global
MPPT algorithms under the same conditions,

e Guide for future work on global MPPT methods via clarifying the
pros and cons of each algorithm.

Consequently, the considered global MPPT techniques include:
Particle Swarm Optimization (PSO), Differential Evolution (DE), Flower
Pollination Algorithm (FPA), Teaching-Learning-Based Optimization
(TLBO), Grey Wolf Optimizer (GWO), Water Cycle Algorithm (WCA),
Harmony Search Algorithm (HSA), Dragonfly Algorithm (DFA), Mine
Blast Algorithm (MBA), Antlion Optimizer (ALO), Imperialist
Competitive Algorithm (ICA), Radial Movement Optimization (RMO),
Multi-Verse Optimizer (MVO), Whale Optimization Algorithm (WOA),
Sine Cosine Algorithm (SCA), Gravitational Search Algorithm (GSA),
Cuckoo Search (CS), Firefly Algorithm (FFA), Genetic Algorithm (GA)
and Jaya Algorithm (JA). This research is envisaged as a source of
valuable information to keep abreast with the modern advance in the
field of renewable energy, in addition, to obtain starting on this field for
young investigators.

Several types of research done to tackle the global MPPT issue, and
their contributions are summarized in Table 1 [53-87].

2. Main aspects of partial shading condition

The main issue tackled in this work is studying the impact of PSC on
the PVS performance. It is mainly caused by so many factors, such as
dust, dirt, clouds, parallel arrays of PV modules self-shading effect,
constructions, bird feces, etc [91]. Based on the conducted investiga-
tions (Refer to Fig. 1), it can be seen that the shaded cell is subjected to
a reverse bias voltage, and it must deliver the same current, usually
given by the unshaded one [92]. The resultant reverse power obtained
accordingly is accounted for the decrease of the shaded cell output
power and consequently, continuous operation under this condition
results in the creation of hotspots, leading to an open circuit of the
whole PV array [93].

To overcome this problem, frequently, a bypass diode is introduced
in parallel with each PV panel to protect the shaded panel, so not being
damaged [94,95]. Additionally, another measure is considered with the
aim to limit the reverse current, caused by voltage mismatch between
the strings; a blocking diode is connected as displayed in Fig. 2-a. The
first one increases the complexity of PV characteristics under shading
[96,97]. A PV array containing four series connected panels is displayed
in Fig. 2-a, while Fig. 2-b illustrates the PV system under shading. As
demonstrated in Fig. 2-c, the panel curve includes several MPPs, which
may misguide the MPPT to adapt one of this point and operate at it.
Obviously, in such a case, the obtained power will be decreased. During
normal condition, as illustrated in Fig. 2-c (blue curve), the power-
voltage graph has a single peak. Meanwhile, when four solar irradiance
levels were considered (Refer to the green curve of Fig. 2-c), the re-
sulting power-voltage graph contains three local points and single
global, whilst if the bypass diode is removed, the power-voltage curve
will indicate only single peak (red curve). Fig. 2 demonstrates the
variation of the PV output power under PSC with and without the by-
pass diode.

3. Global MPPT based modern optimization

In this section, the twenty optimization approaches investigated in
this work are reviewed with clarifying the application of each one in
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Table 1
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Summary of the related works of global MPPT methods.

Types of

Author (Year) Optimizer Conseton Remarks and main findings
Avila Pozo PV system capacity is 1.2 MW; I ion t PSO and P&O was done; The velocity equation was modified; Very large number of particle swarms are
(2017’) [53] Cuk used (300 particles); seven scenarios of partial shading are considered. The integral squared error index is used as a benchmark for comparison between PSO
and hybrid PSO-P&O; Using imp dPSO d d the error by 63 % and improved the convergence time (100 msec).
Gavhane, Enhanced leader PSO is proposed; Three scenarios of partial shading are considered; Reasonable number of particle swarms are used (5 particles); mutation
Krishnamurthy Boost process is added to conventional PSO and P&O method. A comparison between proposed enh d PSO and ional PSO was done; Switching
(2017) [54] frequency is 10 KHz; the tracking efficiency is ent d; the tracking speed is i d (10 iterations for PSO and 4 iterations for enk d PSO).
Liv Huan The standard PSO is modified; The PV system capacity is 500 W; the duty cycle of boost converter is used as a particle position; The number of particle
(20’1 2[5 Sg] Buck-Boost swarms is five; The proposed method can reach to global MPP after 27 iteration; The inertia weight is selected as a larger value for better exploration and
PSO adually decrease it for getting good solution; High tracking efficien ater than 99.5 %
][:;‘;J]W(';gll’ ,;;I F?;a] Boost PSO is compared with the other traditional MPPT methods. The steady-state fluctuation in power curve is reduced.
El(tzagll;l)y[;;:]il. Boost The conventional PSO is modified. It became a time-variant global technique. The harvested energy and efficiency of tracking are increased
Farah et al. mt;‘iiz‘{ed The proposed interleaved boost converter has been compared the conventional boost converter. The deterministic particle swarm optimization is used. Three
(2018) [58] e cases of shading are considered.
Dileep and Singh SEPIC 3 5 A N . .
(2017) [59] S Improved PSO is proposed. Experimental work is carried out. The tracking efficiency reached 99%.
Rezk, Fathy cs Boost The effectiveness of global MPPT under partially shading for two intelligent algorithms PSO and CS have been evaluated. A comparison with INC method has
(2017) [60] been performed. It has been proved that the performance of CS is better than PSO.
Tohel Salam The performance of DE under uniform radiation and partial shading has been ined; The proposed algorithm d the global MPP with fast-tracking
@01 6) [61] Boost time less than 0.3 s without oscillations; The DE performance compared with classical P&O methods; The simulation results proved that DE has a perfect
ability to track MPP accurately with high speed compared with P&O; The population size and the number of ion are 20 and 100 respectively.
Tey. Mekhilef Improved DE algorithm is proposed; A modification has been done for ensuring the particles are always compared and converged towards the best particle; the
8’618) [62] SEPIC switching frequency is 50 kHz; Load variation condition is considered; Four scenarios of partial shading are considered; The population size is 4; the response
DE time for load variation is one sec.
K Hussain A combination of DE and whale optimization has been p d; this i ion in order to jump out of the stagnation on the local MPP in addition to it
(201’7) [63] Boost decreases the number iterations; The switching frequency is 50 kHz; A comparison with GWO and improved PSO was done; Good capability to track global
MPP for all cases was achieved.
Kumar, Hussain Boott The combination between DE and Jaya was proposed; Five scenarios of partial shading are considered; The performance of the proposed hybrid algorithm is
(2017) [64] fenhanced compared with than FPA and PSO.
Ra.:::fﬂa(n;o”) Boomt First time introduced FA in the application of global MPPT; Two different configurations of PV system are used; Four scenarios of partial shading are
v 65 idered; The switching frequency is 10 kHz; A comparison with PSO and P&O was done; The results confirm the FPA superiority compared with others.
EI‘::::;E FPA Boost A comparison between FPA and PSO under various shading scenarios is conducted; Ten scenarios of partial shading are considered; The population size is 6;
(2017) [66] the input voltage of DC converter used as a control parameter; The accuracy and convergence speed have been enhanced through FPA compared with PSO.
Diab and Rezk Boost The performance of FPA is compared with PSO and DE; Two different configurations of PV system are used; Statistical analysis is performed; Nine scenarios
of partial shading are considered; Five quality indexes employed for evaluating; FPA plished fast tracking speed and better performance pared with
(2017) [67] two other optimization methods.
Chaoand Wi Imp d TLBO is proposed; An intelligent teaching factor tuning process for facilitating automatic tunings of TLBO teaching factors is proposed; Four
(2016) [68] Boost scenarios of partial shading are considered; The population size and the number of ions are 4 and 40 respectively; The tracking performance is
improved comgared with conventional TLBO and PSO.
Fathy, Ziedan Improved TLBO is presented; During the learner phase, the best leamer is nommated as a teacher; A comparison between TLBO and PSO was done. Arduino
(20}1”7) [69] TLBO Boost Uno is used to unplementmg the algorithm. Imp: d TLBO d in imp g the extracted MPP from the module under PSC; also, it has a high
efficiency compared with ional TLBO and PSO method. The tracking eﬁimency iSI9751%08
Patsariya, Rai Boost TLBO is compared with P&O and INC; The PV array contains 50 PV panels; The switching frequency is 5000 Hz; TLBO-MPPT method gave more efficiency
(2017)[70] as d to the conventional P&O and IC.
Mohanty, First-time GWO introduced; Two confi ions (4S, 2S2P) of PV system are used; Four scenarios of partial shading are considered; Both experimental and
Subudhi (2016) Boost simulation works have been conducted; The switching frequency is 25 kHz; A comparison between GWO, P&O and PSO was carried out. The limitations like
[71] GWO lower tracking efficiency and steady-state oscillations are removed
Mohanty, A combination between P&O and GWO was done; Rapid variation of solar irradiance is considered; Two configurations (3S, 3S2P) of PV system are used;
Subudhi (2017) Boost Five scenarios of partial shading are considered; dSPACE 1104 is employed to implement the proposed strategy; A comparison with GWO only and SO+P&O
[72] was done; High tracking speed is achieved; faster convergence to global MPP
Sarvi, Soltani ‘WCA is compared with P&O method in extracting the maximum global power from the partially shaded PV module; voltage is used as a control parameter;
WCA Boost A
(2014)[73] The accuracy was improved.
R The performance of mine blast algorithm has been i.nves_tigated and compared with TLBO under Yarious patterns of_partial shadi.ng; A compariso.n with FLC
(2016) [74] MBA Boost and PSO was done; The duty cycle of boost converter is used as a control parameter; 13 scenarios of partial shading are considered; The tracking speed is
enhanced.
Setimandleliney B A ison b Antlions algorithm and P&O ied out; Only simulati dy; Th d stead illati i ed
(2018) [75] - 00st comparison between ions algorithm an¢ was carried out; Only simulation study; The accuracy an ly state oscillation are improve
K Hisain 1ons nproved Antlions is proposed; Rainy season is considered; ranking technique is added to original Antlions; Five scenarios of partial shading are considered;
(201,6) [76] Boost Experimental and smulatmn results confirmed that the power extracted is very close to MPP under fast atmospheric fluctuation condition; The average
tracking times are 1.18 sec and 1.32 sec respectively for tt ical and experimental i
veé%?g;’;‘;‘fl ICA Buck-Boost Simulation study only considered with three partial shading patterns. A comparison with PSO was done. The convergence speed and accuracy are enhanced.
Seyedmahmoudi The tracking performance of RMO is compared with PSO; Four factors (convergence speed, efficiency, stability, and Ip ional cost) are idered in the
an, Horan (2016) RMO Cuk comparison; The switching frequency is 20 kHz; Three scenarios of partial shading are considered; the input voltage of Cuk converter is used as a control
[78] RMO method provided higher speed and efficiency than PSO.
Kima 2adRao The whale Three configurations (6S, 3S2P, and 2S3P) of PV system are used; Four scenarios of partial shading are considered; The population size and the number of
(2016) [79] optimization Boost generation are 6 and 100 respectively; The comparison between WOA, GWO and PSO was done; WOA is superior to GWO and PSO with reference to
algorithm and co eed.

2011) [82

algorithm

Boost Gravitational search algorithm is employed to design MPPT with PV array in comparison with PSO; The voltage is used as a control parameter; The
Saha (2015) [81] GSA population size and the number of generations are 10 and 50 respectively; the tracking time is 0.006 sec; the tracking performance is improved compared with
PSO
Zheng et al. Tabu search Boost Tabu search with three presented search stage, diversification, local and intensification has been presented to simulate the MPPT of PV system operated under

partially shaded conditions; Initial population size and radius of the Tabu ball are 4 and 5 respectively; Three scenarios of partial shading are considered
o A i PP ol — 0O the SFT

(continued on next page)
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Table 1 (continued)
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J. Ahmed, Z. The CS has been performed for MPPT with partial shading capablllty (PSC) in PV scheme in dlfferent scales The performance of CS has been compared to
Salam et.al. Cs Buck-Boost PSO and P&O techniques. Although CS calculation is very p pared with PSO tecl the ion results illustrate that the CS executes
(2014) [84] perfectly than the other two that is very fast with a steady state amtude using fewer tuning p

Sundareswaran Flashing firefly Boost FA is proposed for MPPT via PSC. According to the simulation results, the FA has perfect tracking attitude as compared to PSO and P&O techniques.

et. al. (2014) [85] algorithm Notwithstanding, standard FA contains several inherent issues.

Teshome et al. Boost A modified FA is implemented for MPPT under PSC. The MFA is compared to the FA, PSO, and P&O techniques. MFA technique is very effective to track

(2017) [86] the global MPP. The median improvement of MFA in tracking accuracy/speed can be almost 1.7 times the FA. Moreover, MFA has perfect tracking attitude
than the other two techniques.

Hadji et al. Boost GA optmnzed the parameters of the fuzzy-logic controller depending on MPPT for PV scheme. It has been petfom]ed comprehenswe analysis with P&O, and
(2011) [87] 1 C (INC) techniques; GA optimized MPPT scheme introduced perfect tracki npared to others.

Ramaprabha et Boost The MPPT controller has been controlled based on artificial neural network (ANN) optimized via GA GA extnwted MPP from Solar photovoltaic (SPV)

al. (2011) [88] source. The optimized values of power and voltage for different i ion levels and temp have ‘been used for training the ANN. The offline training of

GA ANN by GA has been used to produce the reft voltage cor to the MPP for any envi 1 change.

Bakhshi et al. DC/AC The proposed GA has been employed for constructing a power plant station with various inverters. In this regard, a novel methodology depending upon GA
(2014) [89] inverter has been impl ing the op inverter capacity in addition to, the configuration of the scheme for grid-connected photovoltaic models via

array capacity that is established in advance.

extracting the GMPP for the partially shaded PV array. Additionally, the
limitations of each approach are included.

3.1. Particle Swarm Optimization (PSO)

PSO was firstly proposed by Kennedy and Eberhart [98,99]. This
technique is considered as the most powerful tool compared with the
various MPPT algorithms, this is due to its high computational speed,
simple concept, easy application, excellent accuracy and possibility to
be applied for nonlinear problem optimization. Therefore, sufficient
solution of multiple MPPs under partial shading can be obtained com-
pared with other methods [100]. The basic concept of PSO is motivated
from the crowded bird's behavior or schooling fishes [101]. PSO implies
some particles forming a swarm wandering wasps around the search
space to identify the optimal solution. Due to their acquired flying ex-
periences, each particle tries to adjust its traveling velocity. The theo-
retical concept of PSO is based on identifying definite zone named so-
lution space and each of them accumulates a potential problem solving
degree. At stage one, several randomly distributed particles in the
search area are assumed to be saved in the initial best position. The idle
positions of all will be saved as the global perfect ones. After that, a step
size is modified for these particles. Next, the cost function is estimated
for every particle and compared with previous values. Finally, the
previous steps are repeated until reaching matching outcomes [102].
Fig. 4 explains the updating process of the particle position [103]. Fig. 5
shows the searching procedures and flowchart of PSO [104].

PSO is applied on extracting GMPP from PV array via considering
the converter duty cycle while the output power is considered as the
objective function. The converter duty cycle (d;) is regulated and up-
dated using the following eqns and Fig. (3) [104,105]:

A

Shaded PV cell

dik+1 — dik + 0[{{+1 (1)

OF 1 = woF + kari{Prest — df} + k12 {Ges — df} @)

where 0{‘“ is the step size, k; and k, are the acceleration coefficients, w
is the inertia weight, r; and r, are random values in range [0, 1].

At the beginning, a population represents the duty cycle is in-
itialized and the corresponding voltage and current are measured and
then the power is calculated, the duty cycle is then updated based on
eqns. (1) and (2) and the corresponding power is extracted [106]. The
updating process is performed in case of increasing power; the process
is repeated until the maximum global power is obtained.

3.2. Differential Evolution (DE)

This algorithm is suggested by Storn and Price in 1995 in their efforts
to introduce a superior optimization tool [87]. The algorithm is cate-
gorized into three steps, specifically: mutation, crossover, and selection.
In MPPT implementations, the PV power represents the fitness function.
Meanwhile, the converter duty cycle is used as a target vector d;. In-
itially, the population is arbitrarily generated. Any single particle inside
population can be assumed to be a possible solution [87]. On the pro-
cess, the initially generated duty cycles are used with PV, and then
consequently, the PV power, P;, is determined depending on the mea-
sured PV current and voltage. Next, the highest power is nominated as
Pyes; and its corresponding duty cycle is selected as the best value (dpes)
[107]. During the mutation phase, the donor vector, d;, is created using
the following eqn:

avi = Dpest + F % (dy1 — dp2) 3

where r; and r, denote random integers, F denotes scaling operator. d;;

. Operating point of unshaded PV cell
O Operating point of shaded PV cell

PV cell current

|
|
|
|
I
|
I
I
I

Unshaded PV

cell

Bias voltage

>
PV cell voltage

Fig. 1. The current, voltage characteristics of PV solar cell.
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Fig. 3. Update process for the position of particle.

and d,, represent the selected vectors by random way.
Then the resultant vector is limited according to the maximum and
minimum boundaries as follows:

dv; = diax
dvi = dmin

—  if dy; greater than dax

if dv; smaller than d;,

dv;
- @

Next, the crossover phase is started. During this phase, the trail
vector is created based on the following eqn:

{dv,- if rand < G,
dul— = .

d; otherwise (5)
where C, is the control parameter of crossover.

Final phase is the selection phase. The cost functions corresponding
to trial and target vectors are compared. Based on the best cost func-
tion, the best vector is selected to continue in the next iteration based
on the following relation [108]. The duty cycle of higher amount of
power is utilized as the next target vector as follows:

div1 =

du; if f(du) > f(d)
di  otherwise.

(6)

The searching procedures of the algorithm are illustrated in Fig. 5.

3.3. Flower Pollination Algorithm (FPA)

FPA is introduced in 2012 by Xin Yang [109]. This approach is
motivated from the action of flower pollination. The term of pollination
can be defined as the physiological process of plants mating. In general,
there are two kinds of pollination namely self and cross pollinent. Self-
pollination is happened when pollen of one flower fructifies the same
flower or another flower in the same kind of plant. Whereas, cross-
pollination occurs when grains of pollen moved from various plant
[65]. The two common methods to prevalence the pollen between
flowers are abiotic and biotic pollination. The abiotic pollination is
occurred by the help of wind and rain. Moreover, this kind account 10%
off pollination and it is notrequired for any pollinators. The biotic
pollination occurs by the help of birds and animals and accounts 90% of
pollination [65]. Four rules must be taken under consideration for de-
signing and implementing the FPA algorithm. Firstly, Biotic- and cross-
pollination are considered as global pollination process and may occur
over a large distance where levy flights are utilized for transfer pollens.
Secondly, abiotic- and self-pollination are considered as local pollina-
tion. Thirdly, flower constancy is deemed as production possibility
proportional to the matching among two flowers involved. Finally, the
occurrence of both local and global pollination have controlled and
monitored using switch probability [65,66]. According to the previous
four steps, the mathematical model can be represented as follows:

The characteristic equation of global pollination and flower con-
stancy from the first rule and third rule is given as follow:

xt =x! + yL(A)(g, — x{) @

where x/*! is the pollen for the same kind of flower at iteration t, g is the
best value of duty cycle, yis scaling factor that utlized for making
controlon step size and L(1) is Lévy flights which is accountable to
move apollens to various kinds of flowers and assist to enhance the
pollination strength and determined by the following:

ar@sin(%)

L Sl +4

(s> 59> 0) ®)

T

Here I'(1) represents the gamma function.
The characteristic equation of local pollination from the second and
third rule is given as follows [65]:

Xt =xf + e} - xp) )

where x} , x; are pollen from various flowers of the same kind of plant
and € is epsilon and its value between 0 and 1.
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Fig. 4. Flowchart for mechanism searching using PSO method.

Fig. 6 shows the schematic chart of flower pollination method [67].
Firstly, the approach initializes its controlling parameters with upper
and lower bounds of duty cycle with tracking the value of PV output
power. The maximum power is selected as the best one, and then the
donor vector of duty cycle is generated, the later is fed to the converter
with measuring the corresponding power, the updating process is taken
place in case of power increase.
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Fig. 5. The searching procedure of DE algorithm.

3.4. Teaching-learning-based optimization (TLBO)

TLBO was suggested in 2011 by Rao et al. [68,110]. The basic idea
of this method is to emulate the learning process among the teacher and
his learner (student). Several learners represent the population and
various subjects educated to them. The different subjects represent the
various design of variable where the fitness function is represented as
the outcome of learners. TLBO process comprises the learner phase and
teacher phase. Through these two phases, the teacher tries to raise the
learner's level by improving the knowledge. In the teacher phase, the
teacher tries to fetch the learner's level toward or more his knowledge
level which is done by increasing the mean rate of learners, M, to his
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Fig. 6. Flowchart of flower pollination method.

level rate of means M,,,. The learners' rate is enhanced based on the Ty = round (1 + rand (0,1){2 — 1}) an

difference between the present and desirable mean as follows

[111,112]: The updated value of present learners, Xy, ; depends on the
amount of different means between the present and desirable solution,

Aiffeani = 1 * (Maew + Tf # M) (10) it can be determined as follows:

where ris the random number between [0,1], T; represents the teacher Xoew,i = Xold,i + diffoqn i 12)

factor that may equal 1 or 2 and calculated as follows:
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Fig. 7. Flowchart of Teaching-learning-based optimization method.

In the learner's phase, improving the knowledge for a student is
done by two ways, the first way occurs through interaction between the
leaners inside the class. Whereas the input knowledge in the second
way is taken from the teacher. The updating process is considered when
the other learner in class has more knowledge than the rest of students
and the modification of learners is expressed randomly by choosing two
learners and comparing between them as the follows [111]:

IF

fX) > X)) then Xpewi = Xoai + 16X — X)) (13)
else
Xnew,i = Xod,i + r,(X] - Xl) (14)

The value of X, ; is accepted if it achieves better performance than
the old one.

Fig. 7 explains the process of teaching-learning-based optimization
approach [68].

3.5. Grey wolf optimization (GWO)

GWO is introduced by Mirjalilis [113]. It mimics the social hierarchy
and mechanism of hunting the grey wolves [114]. In general, the
hunting of grey wolf has done according to three steps, searching for
prey then encircling prey and finally attacking prey. Grey wolves are
subdivided to four levels, the first one is leader which also named al-
phas (a) wolves and these wolves give the best solution for the opti-
mization problems. The second and third better solution are called beta
(B) and delta (8) wolves respectively. The final level is called omegas
(w) wolves which are deemed as the lowest degree in grey wolves. In
the fact, the cooperation and good communication among wolves help
in obtaining the optimal solution in less interval of time [114-116]. The
GWO provides several advantages like high tracking efficiency, no
steady state oscillations, the parameter that required for adjustment are
fewer and robust. On the other hand, the high cost, complexity and, big
search space are considered as the major drawbacks of this technique
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[72,117]. The alphas (o) wolves are considered as the fittest solutions.
Beta (B) and delta (8) wolves are considered as the best solution re-
ceptivity after (o). However, omegas (w) are assumed to be the residue
of the candidate solution. During the period of hunt, the grey wolves
surround the prey and the behavior of encircling can be modeled
mathematically as follows [118]:

D=1C.%0-X0 as)
X(t+1)=X0—-A.0D) (16)

— -
where t is the current position, X, is the position vector of prey, X is the

— —
position vector of grey wolves, A and C indicate the coefficient vectors
and calculated as follows [71]:

A=22.7-0 )

C=27% (18)

where 7 and 7 are random vectors in period [0, 1], @ is the compo-
nent vector that decreased from 2 to 0 through the course of iterations.

In GWO, the hunting process is done by «, 5, and 6. Whereas, the
track of three wolves is presented by w wolves. The three wolves «, f3,
and J are considered as wolves that have better knowledge about the
potential of prey position. Furthermore, the other search agents update
their locations agreeing to the position of the best search agent as ex-
plained as follows [114,119]:

— - — -
D, =|C. X, — X|
— - — =
D[3=|C.X5—X|
— - — =
Ds =|C. X5 — X|
— —_ —_— —
X = Xo — A (Do)
—_ — 5 —
X, =Xz — 4. (Dp)
—_ = — —
X; = X5 — As. (Ds)

X +%+ %
N
Xt+1)=2tot

3 (19)

The following steps describe the main principle operation of GWO
approach.

(1) The initial population is generated randomly,

(2) The possible position of prey through iterations is calculated by «,
B, and & wolves,

(3) @ is linearly decreased from 2 into 0 to search about prey and also
for attacking the prey respectively. When IX | > 1, the candidate
position moves far from the prey and moves toward the prey when
Al <1,

(4) Searching process is stopped when the end criterion is met.

Figs. 8 and 9 show the position updating of the grey wolf and its
flowchart.

In GWO approach, it is combined with direct duty-cycle control, i.e.,
on the MPP, duty cycle is sustained at a constant value, in each iteration
the converter duty cycle is updated based on eqn. (19) until converging
with the global MPP.

3.6. Water cycle algorithm (WCA)

WCA or hydrological cycle was introduced by Eskandar [120]. The
principle of WCA explains the continuous of water moving below or
above the earth surface. It comprises from diverse phase like evapora-
tion, runoff water on surface and precipitation. In general, the stream
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. w or any other hunters
. Estimated prey position

Fig. 8. Position updating for grey wolf optimization method [114].

influxes into rivers and the rivers influxes into the sea. One of the major
features of WCA is requirement of lower tuning number parameters.
Therefore, it has good ability to resolve massive optimization issues
with constant parameters [120,121]. The initial population or stream
population is randomly generated after the process of raining. The sea is
chosen as the best individual and river is considered as the number of
good individual, while the rest represents the stream. The streams are
generated from raindrops which form river after joint with other. In
addition, some streams flux directly to the sea (best solution). Fig. 10
shows the diagram of the streams flux towards specific river along
connection line of distance d. Furthermore, the same concept can be
utilized in fluxing river to the sea.

Both streams and rivers positions can be updated based on the fol-
lowing eqns [120,121].:

t+1 — L L t
Xstream = XStream + rand X C X (xRiver - xStream) (20)

xllgvér = xII%ivcr + rand x C X (xéea - x}[?ivcr) (21)
where Xsiream'> Xriverr and Xs,, © are the positions of streams, rivers, and
sea at iteration number ¢, rand is a random number in range [0, 1] and C
is chosen as 2 in the analysis. In WCA, voltage at maximum power is
compared with the actual PV terminal voltage, the system incorporates
PID controller represents MPPT which is responsible for calculating the
reference voltage at maximum power.

3.7. Harmony search algorithm (HSA)

This optimization algorithm, which is based on a band musical
performance [122], was suggested primarily via Geem in 2001 dis-
covering the most suitable harmony-case in terms of the beauty's
nature. It gained magnificent attention because of its balance amalga-
mation between exploration and exploitation, in addition from carrying
out viewpoint [123]. The HSA technique is executed for various opti-
mization issues like vehicles routing, design of truss structure and ca-
libration of hydrological parameters. Generally, there is no need of
primary amount of the harmony algorithm for resolution variables,
utilizing random quest based on the prospect of harmony mind and the
degree of pitch-modification. As well, such meta-heuristic imposes
minimal arithmetical necessities that make it suitable for dissimilar
patterns of optimization issues. The major stages of HSA are illustrated
in Fig. 11.

3.8. Dragonfly Algorithm (DFA)

DFA is based on replicating the flight motion of dragonflies’ swarm.
Dragonflies are considered as fancy insects. Generally, they are



H. Rezk, et al. Renewable and Sustainable Energy Reviews 115 (2019) 109372

Initialize the grey wolf population, X;;
(i=1,2,..., n) and maximum number of
iterations No

+ Yes

Initialize thj follg(m;g %?rameters: Update the position of current
a, 4, C, X, Xg, X search agent

Calculate the fitness of each
search agent =i+l

v

Update a, A and C

v

Calculate the fitness of all
search agents

v

Update X, Xj, X5

v

r=t+1

No
Is t<M?
+ S

Y

Display the best solution Yes

Fig. 9. Flowchart of Grey Wolf Optimization method.
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Fig. 10. Stream's movement toward the river.

approximately 3000 different species around the world of this insect.
The life cycle of dragonflies includes two major milestones namely,
nymph and adult. The main part spends of life span done in nymph then Update the harmony memory
transfer to be adult [124,125].

Dragonflies almost hunt all small insects found in nature. Therefore,
these kinds are considered as small predators. They are two purposes
for dragonflies’ swarm; hunting, which is also called static swarm and No
migration, which called dynamic swarm. Dragonflies make little groups
and fly over small and various regions to catch preys like butterflies in
the mode of static swarm. The major characteristics of the static swarm
are the local movement and sudden change in direction path through
flying. However, the dragonflies create a swarm for migrating in one
position over along space distance in dynamic phase [126,127]. The
model of search agent motion is executed after integrating five main
individual style in swarm named; separation (S;), alignment (4;), co- Fig. 11. Flowchart of Harmony search algorithm.
hesion(C;), attraction to food source (F;) and distraction faraway from
preys (E;) [127]. The swarm comprises from N dragonflies that deem as

Stopping criteria

10
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search agents. For updating the dragonflies in the search area and for
simulating the motion of dragonflies, two main vectors are considered
namely AX (step vector) and X (position vector). The step vector uti-
lized in DFA is similar to velocity vector in PSO method and this vector
provides a good location of motion of dragonflies. The calculation of
step and location for every search agent can be represented by the
following [124]:

AX;(k + 1) = sSi(k) + aA;(k) + cCi(k) + fE (k) + eE;(k) + wAX; (k)
(22)

Xi(k + 1) = Xi(k) + AXi(k + 1) (23

The behaviors fitness values of search agenti are S;, A;, C;, F, and E;,
and the weights of the behaviors are w, a, c, f, and e. Within the context
of GMPP of PV systems, the location of the dragonfly is the duty cycle at
which the converter operates and the goal feature to be optimized is the
power output of the PV array.

3.9. Mine blast algorithm (MBA)

MBA was presented by Sadollah, the approach is motivated from the
observation of the phenomenon of mine bombs that produce a very
small segment of shrapnel. The probable ideal solution is deemed as the
large explosive mine. The exploration and exploitation are the two
main processes of MBA. Pseudo code of this algorithm is shown in
Fig. 12. Finding the most mine explosive, which is situated at the ideal
position, is the major function of this algorithm. The algorithm starts by
finding the initial point which is also named shot point, XX (K is re-
presents the number of shot points), that generated a number of
shrapnel segment N; [74]. The ideal solution of this method is done by
minimizing the distance between shrapnel pieces. This achieved
through a (reduction constant) which is defined by the user. The re-
duction of initial distance can be calculated based on the following eqn
[74].:

r_ Vi—1
7 D)

where Vj’-‘ indicates the distance of the produced shrapnel pieces for
each iteration k, In MPPT based MBA, the shrapnel pieces are the
converter duty cycle fed to converter while the fitness function is the PV
array output power, the updating process for duty cycle is performed
with reducing the distance based on eqn. (24) until the global power is
obtained.

(24)

Initialize the population and first shoot point,
While (i< max_iteration)

Calculate the exploding mine blast’s location,
If exploration factor < max_iteration
Compare with global solution

Else

Return to step 3

If initial shrapnel pieces’ distances are reduced,
K=k+1

Else

Stop

End

Print optimum solution

Fig. 12. Pseudo code of mine blast algorithm.

11
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3.10. Antlion optimizer (ALO)

Mirjalili suggested ALO; this algorithm mimics the mechanism of
hunting for antlion in nature. The antlions make a hole in the sand that
has cone-shaped over a circular path. After that, the antlion stows in the
bottom of the cone and waits the prey to trap inside the hole and tries to
catch it. In general, the insects did not immediately caught and at-
tempted to get away from the trap. However, the antlions intelligently
throw the sands to the edge of the hole to force the prey to slip into
bottom. And, finally, based on the old trap information, the antlions try
to build a good new hole [128,129]. The size and diameter of the hole
rely on the rates of hunger and the size of moon. The updating position
of ants can be represented as follows [128]:

RX + R
Ant‘ﬁ‘ == (25)
where R¥ denotes the random walk beside the antlions, RY denotes the
random walks around elite at iteration K.

Fig. 13 shows the schematic diagram of antlions for hunting beha-
vior process and its pseudo code [76].

ALO has been applied to extract the global MPP of the PV module
underneath partially shaded situations in comparison with P&O algo-
rithm. It is shown that, the manipulate model of the PV module pri-
marily based on ALO supplied worldwide MPP tracking with real-time
manipulate speed and a steady very last value of the output electricity
of a partially shaded PV module.

3.11. Imperialist competitive algorithm (ICA)

ICA is considered as recent and attractive metaheuristic optimiza-
tion approach for solving complicated nonlinear optimization pro-
blems, it was presented by Gargari and motivated from the idea of the
imperialistic competition process. This approach starts with randomly
generating initial population or empire. Every individual in the empire
is named a country and the countries are classified into two kinds;
imperialist states which have the best value of fitness function and
colonies which are pursuing the imperialists [77]. Some of best coun-
tries between populations are chosen to be imperialist and the reminder
of other population is comprised between the mentioned imperialist as
colonies. The lowest empire that cannot maximize its power and also
cannotsucceed in the competition will be excluded from the competi-
tion. As a result, all colonies try to move toward their pertinent im-
perialists according to the competition between empires. Finally, the
breakdown mechanism will hopefully cause all the countries to become
close to a state in which just one empire is existed in the world, and all
the other countries become colonies of the empire. The solution will be
obtained by the robust empire [130]. Fig. 14 Explains the motion of
colonies in random action to the relevant source of imperialist [130].

Fig. 15 presents the pseudo code for imperialist competitive algo-
rithm.

The motion of colonies towards the location of imperialist relies on

the distance (d) between them. The new colony position is calculated by
eqn. (26), this process depends on the distance between the colonies
and their imperialists. The new position of the colony is calculated by
Ref. [131]:
Xl =xk +y.6.d (26)
where xX**7 is the new position of colony at iteration k+1; x* is the
position of colony at iteration k; vy is the assimilation coefficient, § is the
random value in range [0, 1] and d is a vector that denotes the distance
between colony and its imperialist. ICA has been applied to track the
GMPP of PV string under partially shaded condition using different sets
of shadow patterns. The DC-DC converter duty cycle is set for max-
imizing the PV array output power.
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b
Initialize popu]atign)s of ants and antlions,
Calculate the corresponding initial function,
While (k< max_iteration)
Select elite using Roulette wheel,
Generate a random walk of antlions,
Update the positions of ants,
Calculate the corresponding function,
Update the antlions using,
k=k+1,
End
Print the final elite

Fig. 13. (a) Schematic diagram for antlions for hunting behavior; (b) Pseudo code of antlions algorithm.

Imperialist

' New position
of colony

Colony ‘

Fig. 14. Movement of colonies to the relevant source of imperialist in ICA (A)
regular motion toward new location (B) in random action toward new location.

3.12. Radial movement optimization (RMO)

RMO can be considered as swarm based stochastic optimizer that
has numerous resemblances to the most famous evolutionary algo-
rithms like PSO and DE. Such a technique is performed in 2014 by
Rahmani et al. [132,133]. The main difference between evolutionary
algorithms and RMO is that the particles are transferred closely to a
middle position that is brought up to date at every iteration [52]. This
technique produces many merits like its speed-convergence is very high
and it has very high effectiveness. Also, the degree of complexity and
the construction investment are minimal and the balance of attitude in
following up as comparing other metaheuristic algorithms [132]. One
of the advantages that differentiate such technique over another me-
taheuristic methods is the smaller amount of computation memory

required for RMO algorithm. This is because of the position and the
velocity for most particles are not required to be moved between
iterations. In addition, in performing RMO, the random transferring is
searching for the global best blocks of the technique avoiding to be not
located at global optimum [52]. The optimization process of RMO starts
with propagating the particles throughout the search-space that gives
the opportunity for suggesting the solution for the problems. The cost
function in terms of objective function is estimated every step. The
transferring of vector that is produced from particles generation located
on the Ryes; (Radial Best), Gpesc (Global Best) and the random vector of
particles. Like to DE and PSO algorithms, the particle position in search
area is explained with (nPop*nDim) matrix. Where nPop denotes the
particles amount, and nDim denotes the dimensions amount. The par-
ticles’ number is usually selected based on the user. Whereas, the di-
mensions number depends on the variables number that required to be
optimized. The preparing particles in the matrix are illustrated in (27)
[52]. Fig. 16 illustrates the flowchart of the RMO technique.

X1,1 *t X1,nDim
Xij = ..
XnPop,1 *** XnPop,nDim (27)
where i = 1; 2; 3;...; nPop and j = 1; 2; 3;...; nDim
X = Lb + r(Ub — Lb) (28)

where Lb and Ub denote the lower and upper limits in search space and
r denotes a random value.

The particles are dispersed in the form of a straight line from the
center over the radius done according to the velocity vector V;; that
obtained from (29).

Step 5 Carrying out. Reject the weak empires

Step 1 Preparation. Recognize the optimization issue; chose several random fresh place of colonies

Step 2 Colonies Motion. Transfer the colonies on the way to their pertinent-imperialist

Step 3 Imperialist brings up to date. If the fresh colony has lesser cost in comparison with such of imperialist,
interchange the position of such colony and the imperialist

Step 4 Imperialist Rivalry. Select the weakness colony from the most-weak empires and provide it to the

empires, which has the utmost probability to possess it

Step 6 Bringing to an end norm control. Reiterate step 2-5 till the terminating norm is fulfilled

Fig. 15. Pseudo code for imperialist competitive algorithm.
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Fig. 16. Flowchart of radial movement algorithm.

Xmax(j) — ¥min(j)
k

i=1,2,..,nPop

j=12,..,nDim

Vinax( =
Vi = Vinaxg) =

(29)

where Xnax(), Xming): are the limits of jth dimension.
The inertia weight for RMO is represented with W, and it can be
formulated by the following relation [132,134];

Wmax _ Wmin

Wi = Wipgy — | i _—min
e (Iterationmax

)Iterationk (30)

where, Wpax, Wiin denote the maximum and minimum values of the
inertia weight and.
Iteration,,,, is the maximum number of iterations.

13

Vi = Wi Vinax() (31)

The population is evaluated based on the fitness of each vector. The
radial best (Rpes) Vector is the particle that gives the minimum error of
the current scattering swarm. The new center location is modified based
on the following [78]:

CentreNew = Centre®® + C)(Gpest — Center®®) 4+ Cy(Rpes; — Center©d)
(32)

where C; and C, are two constants that affect Ry, (Radial Best) and
Ghpest (Global Best), respectively.

After the new center point has been obtained, the swarm is then re-
scattered, and the process is repeated. The process of searching is
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continued up until ending condition is reached.

3.13. Multi-verse optimizer (MVO)

MVO is deeming as one of the modern optimization methods that
presented by Mirjalili, who inspired the concept of this technique from
the multi-verse theory [135]. The theory of big bang discussed that the
universe begins with a massive blast. Based on the theory, the source for
everything in the world is a big bang. In general, the multi-verse theory
is considered as famous and recent theory among physicists. This theory
believed that there are more than one big bang and every big bang
causes the universe birth [136,137]. There are three major concepts of
multi-verse optimization algorithm motivation, white holes, worm-
holes, and black holes. White hole, as physicists assumed, is the prime
of universe birth. The black hole has a large gravitational force, which
leads to pull everything including the light. Moreover, the wormholes
are responsible for linking the various parts of the universe together.
The wormbholes in the multi-verse theory behave as time or space travel
tunnels in which the objects are fit to travel from one universe to an-
other [138]. There are two phases of search space for MVO, exploration
and exploitation. Both white and black holes are utilized for exploring
the search spaces. On the other hand, the wormholes help MVO in
exploiting the search spaces. The conceptual model of the multiverse
technique is shown in Fig. 17.

The mathematical representation of MVO can be found in Refs.
[136,137]. The universes are sorted related to their inflation rates and
roulette wheel chooses one to have white holes in each trial. It can be
represented as follows:

xp . xf
U=|: :
xp o xt (33)
, x/  n=<NI(Ui)
x{ =1
x;  n > NI(Ui) (34)

where d is the number of variables to be determined, n denotes the
number of universes, x/ is the jth object in the ith universe, NI (Ui) is
the normalized inflation rate of universe i, x;/ is the jth object in the kth
universe selected by roulette wheel mechanism and ; is a random value.

After that, the objects in every universe attempt to move to the best
universe throughout the wormholes, this process can be explained as
follows:
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}(j + TDR. ((ubj - lbj) y+ lbj) 13<0.5&r, <WEP
)(j — TDR. ((ub] - lbj) o+ lb]) r; > 0.5&r,<WEP
/ r, > WEP

J—
x/ =

x/ (35)
where X; is the jth object in the best universe, ub; and Ib; are the upper
and lower limits of x;/, r, r3, r4 are random number in range between
[0, 1], TDR is the rate of traveling distance rate, and WEP is the
probability of wormholes existence [136,137]. The flowchart for MVO
is shown in Fig. 18.

3.14. Whale optimization algorithm (WOA)

WOA is a recent heuristic optimization approach introduced by
Mirjalili et al. [139]. It is motivated from the social behaviors of the
strategy of whale in hunting process. The hunting process is named
bubble-net feeding method, the favorite prey of the humpback whales is
small fishes located near the water surface. The infectious prey process
is performed through producing bubbles along a circle, these bubbles
are classified into two categories; upward spiral and double-loops. In
the first category, the humpback whale dives down about 12 m and then
produces spiral shaped bubble around the prey, after that, it swims up
to the surface. In the second jockey, three different stages are per-
formed, coral loop, lob tail, and capture loop [139].

The humpback whales evaluate the current position of the prey. The
position of the whale is updated until reaching the best search agent,
the updating process can be expressed as follows:

——k —k

CX, —X

—k

—k+1 —
X =X —A.‘

(36)

—k —k
where X, is the vector of prey position at iteration k, X is the position

— -
of the prey at iteration k, A and C are coefficients determined by:

A=23.r-a (37

C=2r (38)

where @ is a vector decreased linearly from 2 to 0 and r is a random
vector in rthe ange [0, 1]. The attack process on the prey is performed
via the bubble-net strategy or called exploration phase, the second
phase followed in WOA is exploitation process in which two approaches
are surveyed via humpback whales, mechanism of shrinking encircling
and the spiral updating position. In the second approach, the distance
between the position of whale and the prey is evaluated, based on this
distance; the whale's position is updated in a spiral path to demolish the
prey. The updating process is performed by the following eqn:

‘ . . O . . Universe (1) ‘ .
. . . . O . Universe (2) . ‘ <
. O . . . . Universe (3) . . :
Whom hole tunnel
Best Universe
— White/black hole tunnel
‘._‘
‘ . . . . O Universe (n-1) . :—~
C B HIONE B BK Sy ::

Fig. 17. Conceptual model for multi-verse optimization algorithm.
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Fig. 18. Flowchart for multi-verse optimizer algorithm.

—k
=X, +

—k+1 —k

—k
X, —X |. et cos(2nl)

(39

where b is a constant denotes the shape of logarithmic spiral, [ is a
random value in the range [-1, 1]. A probability index, Prob, is placed to
discriminate between the two stated phases, in case of Prob less than
0.5, the first phase is taken place else the second one is executed.

The prey searching process is named exploration phase, this process
is performed in a random manner, therefore, the vector A is randomly
selected greater than 1 or less than —1 to oblige the search agent to
move out of the reference whale. In case of selecting the vector A
greater than unity, the position is updated by:

—k+1 k

k — —k
= Xyga —A. C.Xp - X

(40)

In WOA based MPPT, the design variable is duty cycle fed to the DC-
DC converter while the objective function is the power extracted from
the PV array.
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3.15. Sine Cosine Algorithm (SCA)

Mirjalili presented an optimization approach named Sine Cosine
Algorithm (SCA) [140]. The SCA algorithm produces a minor popula-
tion and goes to the most suitable solution. For exploration and search
area exploitation confirmation, the formulas of renew positions are
written as follows [141]:

r<0.5

K+ = X!+ n x sin(n) X [Pl — X}|
' 1> 0.5

X! + n x cos(n) X P — X/| 41)
where X' is considered as the solution placement at iteration t. The
parameters ry, 'z, 's, and r4 are random quantities that are ranged from
0 to 1. The P; is the destination-placement. From eqn. (41), the para-
meter r; indicates the subsequent placement areas that possibly will be
located at the space within the solution and target or outgoing it. The
parameter r, describes how away the moving to be in the path of or
away from the target. The parameter r; provides random weights for
gap point as a way to be randomly emphasized (r3 > 1), or de-em-
phasized (r; < 1) in recognizing the space. The parameter r, is con-
sidered as the switches between the sine and cosine additions. The
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Fig. 19. The SCA main steps.

trajectory direction of the SCA population is given in Fig. 18. . The
objective-function movements have to be towards the global optimum
solution, and the algorithm utilizes the seeking area [140]. On the other
hand, out of [-1, + 1] range, the fitness characteristic moves away from
the global optimum, and the technique explores the seeking area. Ac-
cording to converge the optimal global results, stabilizing operations
among exploration and exploitation would be confirmed. Consequently,
the sine and cosine variety is renewed adaptively using the following
formula:

a
n=a-ip (42)
where a is a constant, t denotes current iteration andT denotes the total
number of iterations. Fig. 9 shows the major operations of SCA.

The SCA based MPPT has been presented based on sensor for battery
charging purpose. Additionally, it has been presented in a partially
shaded condition of PV array via controlling the converter duty cycle.

3.16. Gravitational Search Algorithm (GSA)

Rashedi et al. [142] presented GSA; it has been motivated from the
law of gravity [143]. In such approach, agents are taken into con-
sideration as objects, and their overall performances are measured via
their masses. Most of these items appeal to each different by the gravity
force, and this force causes a global motion of all objects in the direc-
tion of the gadgets with heavier masses. For this reason, masses co-
operate using right away the shape of conversation, through
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gravitational force. The heavy masses, which correspond, to appro-
priate solutions flow more slowly than lighter ones, this ensures the
exploitation step of the approach. Four items characterize each agent;
position, mass, active, and passive gravitational masses. The mass po-
sitions are considered as problem solutions, while the objective function
determines the others. By interval of time, it is expected that the masses
will be attracted using the heaviest one which represents the best so-
lution inside the search space.

Where G(t) is the gravitational constant at time t, M,; and M), are
the active and passive gravitational masses of jth and ith agents, ¢ is
tolerance and R;; (t) is the Euclidian distance between ith and jth agents
defined as follows:

Ry (1) = IX;(0), X;(O)I? (43)

The total force applied on ith agent can be expressed as follows:

Fi(k) =Y rand; Fi(k)j = 1,j # iN Y, (44)

where rand; is a random value in the range of [0, 1]. The agents' ac-
celerations are calculated by dividing the total force on ith agent by the
agent internal mass,

Ff (k)

d _
a0 =3

(45)

During the optimization process, the agents update their positions
based on the updated velocities and current positions.

The GSA is considered as a remoted machine of masses. It is like a
small synthetic international of loads obeying the Newtonian laws of
gravitation and movement; law of gravity and law of motions. The first
step in GSA is initializing N-dimension search agent as follows:

Xi =[x}, x2, . xf (46)

where N is the search agents' number, d is the problem dimension and
xis ith agent in the dth dimension. During the implementation of GSA,
there is mutual force between agent j on agent i at iteration t defined by:

Mpi (t) X Maj (t)

Fi(0) = G(t)( )(x;-’(t) - xt ()

Rj(H) +¢ 47
vid (t + 1) = rand; X vid(t) + aid(t) (13)
Xt +1) = x(0) + vt + 1) (14

where rand; is a random variable in the range [0, 1]. In GSA, the best
agent has heavier mass with slow motion, the gravitational and internal
masses can be updated as follows:

Mai = Mpi = Mi = M i= 1,2,‘“,N (48)
N fit;(£) — worst (t)
mit) = best (t) — worst (t) (49)
m; (1)
M) =
im0 (50)

where fit;(t) is the ith agent fitness function at iteration t, worst(t) and
best(t) can be defined as follows:

best(t) = min fit;(t)
Jjell,...,N}

worst (t) = jsgrll’ziicmﬁt](t) 1)

The flowchart of GSA is given in Fig. 21(see Fig. 20). In GSA, three
duty cycles are transmitted to the boost converter. These values serve as
the best values for the first iteration. In the next iteration, the resulting
mass is simplest due to the best and the worst values. This results in
zero space and the duty cycle remain unchanged. A small perturbation
in duty cycle is done. After that, all of the duty cycles reache the MPP.
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Fig. 20. GSA flowchart.

3.17. Cuckoo search (CS)

Cuckoo Search is executed depending on the proliferation plan of
Cuckoo-Bird (CB) [144]. The numerous kinds of cuckoos (Cuc.) are
executed by locating the CB eggs into the nest of steward-birds (SB)
where they are hatching earlier. The SB will throughout the unfamiliar
eggs once they are discovered or goes far from its position and rebuild a
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new nest at another place. When the SB can't recognize the Cuc. eggs
that are hatching a little bit once upon a time than the original-eggs,
steward eggs, the hatched Cuc. eggs will reject the original-eggs from
their place ensuring supplying food through the original-eggs. How-
ever, the suitable resolution of CS issue can be characterized by each
egg in the nest, also a novel solution is introduced by cuckoo-egg, and
the destination can be realized by taking out the most suitable new
solutions for exchanging the unacceptable others in the nests. The main
operation points of the CS optimizer are deduced as:

- It Preparation. Introduce the primary nets;
- II: Bring the Cuc. nets up to date. Using updating formula, the novel
solution x**! for i of CB can be formulated as [145]:

xHl=x! + a @ Lévy (1) (52)

where x{ represents the eggs at i egg number at t iteration anda denotes
step size (a > 0).
A Lévy distribution is represented as (53)

Lévy (1) =t (53)

where t denotes length of flight and\ denotes the variance.
A simplified scheme of the Lévy distribution is formulated as (54)
according to Mantegna's algorithm [101]:

u

s = oo (Xpest — Xi) @ Lévy (1) = K(lvl—l/ﬁ)(xbest - Xp) (54)

where f3 is equal to 1.5, a, denotes the initial step change, K is the
multiplying factor of Lévy, u and v denote random values as in (55)

urN(0,g);v~N(©,0) (55)
The o, and o, are variables formulated as follows:
. 1/8
o, = I'(Q + B) x sin (7 X B/2) Cand o, =1
T((1 + B)/2) x B x 26-1r2 (56)

where I' denotes the integral gamma function.

According to the issue of MPPT, the iterations will be stopped in the
case of all samples find the last MPP. In Ref. [51], CS via MPPT is
implemented. The produced voltage of the PV system can be considered
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Fig. 21. The voltage against power curves of PV system with different shadowing scenarios.
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as samples. The produced power of PV panels can be represented as
fitness function. The performance of the CS via MPPT is constructed
using an emulation scheme via buck-boost converter. The results con-
firmed that, CS is superior and fast with high performance as compared
with P&O and PSO.

3.18. Firefly optimization algorithm (FA)

FA is based on the behavior and flashing of fireflies [146,147]. It has
three major presumptions. First of all, any firefly will be attracted to the
brighter one. In the second presumption, based on the space between
fireflies itself and any other fly, the attractive one is referred to its
brightness. Lastly, given fireflies will move randomly in the case of
there is no brighter one. Therefore, for a given issue, the brightness of
firefly can be considered as the objective function. The basic steps of FA
are performed in the following steps:

- I: Initialization. Initialize the population of fireflies, x;, Determine
the corresponding fitness function,

- II: Determine brightness/assimilation coefficient (Update func-
tion). According to the increase in the distance between two flies,
the attractiveness decreases because of the light absorption in air.
FA uses the exponential decay through a medium rather instead of
using the inverse-square law regarding to distance from the source.
The attractiveness (or brightness), f3, of each firefly can be written as
follows:

B(r) =Byexp (—=yr™), m =1 (57)

where the space between fireflies is represented by r, g is the primary
attraction at zero distance, y is an assimilation coefficient and m is a
constant. The target of the assimilation coefficient is to control the
mitigation of the strength of the light. Eqn. (7) introduces the Euclidean
distance between fireflies i and j at placements X;, x; as follows:

| d
=l — xll = | Y Qg — xj0)?
k=1 (58)
where d is the dimension of a given issue and x; (xjx) can be con-
sidered as the locative coordinates of kth component of ith (jth) firefly.

- III: Attracted fireflies. The fireflies that have lower brightness are
moved towards, thus attracted, brighter one. The movement of
firefly is formulated as:

k

xf = x,«k + B, exp (—yrij’-")(xj‘-‘ - xi“) + a(randn — 0.5) (59)

where randn is the random number and « is the motion factor con-
sidered random values («x€ [0, 1]). After the motion, the value of fitness
of the novel placements are determined and the strengths of the light
are updated.

- IV: The superior solution. In accordance to all fireflies are moved,
they should be arranged, and detect the superior solution;

- V: End. When the ending condition is achieved. Else, boost the nest
iteration and start from III.

According to Ref. [85], FA was satisfied to PV system for MPPT
under PSC. In this situation, the d in eqn. (58) is equal to unity.

In the standard FA, each comparison between each firefly outcomes
a series step of moving toward the attracted fireflies. Nevertheless, the
tortuous path of a huge number of attracted flies cause an exceedingly
long tracking time via very complicated computation. To overcome this
issue, a modified FA (MFA) is implemented in Ref. [86]. The MFA
considers the median of all attracted fireflies that are considered as
strength point. In this regard, the firefly is going to such point. Ac-
cording to that, the updating eqn. (59) is renewed where the ry; is
changed to 7y, q, as follows [86]:
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k

X; k

+1 = xl-k + B, exp (—}/ri}'_‘avg)(xj_m,g - xl-k) + a(randn — 0.5)

(60)

The median coordinate of the attracted fireflies can be written as:

1 L
Xjavg = — Z Xj

L= (61)
where L is the total of attracted flies. Consequently, x; is updated ac-
cording to the median of all the attracted flies that decreases the
amount of evaluation time and increases the acceleration of search
operation. The results of the simulation scheme illustrated that, the
MFA has been very effective with high performance to track the global
MPP.

3.19. Genetic algorithm (GA)

GA is created on the basis of the operation of the natural-part in the
theoretical determination of Darwin. GA is prepared to deduce the most
suitable results to the nonlinearity of the several issues of optimizers.
Each solution is decoded as a binary matrix that defined in terms of
chromosome. The quality of these agents, population solution, is raised
bringing their amounts of fitness up to date. The major operation points
of GA can be deduced from Refs. [148,149].

Actually, GA is regularly not immediately applied to the MPPT issue
due to its low speed to track the MPP. As an alternative, GA is utilized to
be optimized other global MPP techniques to track the MPP very fast
with high accuracy as follows. In Ref. [87], depending on the MPPT,
fuzzy logic control (FLC) parameters optimized by GA. In the same way,
the GA is executed to train the artificial neural network (ANN) for
predicting the optimum voltage and current at the MPP of PV array
[88]. Moreover, GA has been implemented to be stratified in the eco-
nomic design of PV array with various inverters [89]. This work has
been produced by realizing the net present value (objective-function)
and the adjusted electric restrictions as the restrictions of GA.

3.20. Jaya Algorithm (JA)

JA is inspired by victory i.e. the act of overcoming the contender
enemy in a battle or competition or driving out the hindrance from the
craved way [150]. JA only necessitates the joint dominance parameters
to detect the most suitable solution staying away from the worst. The
JA always try to be victorious by detecting the most suitable solution
and refuse the worst (Jaya means victory). JA works only in one phase
to get the optimal solution. JA can be considered as a superior tech-
nique to be applied for the MPPT of PV systems, due to the fact that JA
is simple to be constructed, flexible, fast, and has high performance. A
stepwise operation of JA can be given as [150]:

- I Initialization. Initialize the population size (ps = 1, 2, ..., nc)
where nc is the number of candidate solutions, designing elements
number (de), and s iteration numbers; f (x) is the fitness function
(objective);

- II: Evaluation. Evaluate the different values of f (x) in the entire
candidate solutions;

- III: Update (Modify) solution. Assuming the random variables (r;
and rp) within the range [0:1], the design variables value are re-
newed based on the following formula:

X{,s,i = )(j,s,i + ﬁj,i()(j,best,i - |Xju|) - rl,j,i(}(j,worsl,i -

¢ X5, 1) (62)

where, Xj e ; and Xj ors..; are the values of factor j for the most suitable
(best) and worse solutions respectively. The term r7;; ((Xj pesti- |Xj,s,i | )
and r3; (X worst,i- |X is,i | ) specify the inclination of the solutions to go
near to the most suitable one and avert the worse one respectively. X] ;;
indicates the updated result of X; ;; and it considered as acceptable with
better results;

- IV: All the acceptable results at the ending of the iteration are
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Table 2
The update equations and the tuning parameters for deferent optimizers.

Optimizer

Update equation for step size

Tuning parameters

Particle swarm
optimization

Differential Evolution

Flower Pollination

Teaching-learning-
based optimization

Grey wolf optimization

Water cycle algorithm

Mine blast algorithm

Dragonfly Algorithm

Antlions optimizer

Imperialist Competitive
Algorithm

Radial movement
optimization

Multi-verse optimizer

Slap swarm algorithm

The whale optimization
algorithm

Sine Cosine Algorithm
(SCA)

Gravitational Search
Algorithm

K1 = wok + kir{by — XK} + kar2{Gy — X9

dv; = Dpest + F X (drl - drz)
Xt =x! + L), — xH)

Aiffipean i = Ti % (Mnew + T * M)

D=1C. X0 -XOXt+1)=X0—-4.D)

(41 _ oL ¢ ¢ (+1 _ ot t ¢
XSiream = Xstream + ¥ and X C X (Xiver = XStream)XRiver = XRiver + rand X C X (XSeq = XRiver)

k_ V-1
" (k)
exp|—

o

AXi(k + 1) = sSi(k) + aA;(k) + cCi(k) + fF; (k) + eEi(k) + wAX;(kK)X;(k + 1) = X;(k) + AX;(k + 1)

RK +RK
Antf=ATTE

xktl=xk 4y 5.d

CentreNew = CentreOd 4+ G (Gpesy — Center®d) + Cy(Rpest — Center©d)

Xj + TDR. ((ubj — Ibj). 14 + 1bj) r3<0.5&r,<WEP
x/ = { Xj — TDR. ((ubj — Iby). 14 + Ib) 13 > 0.5&r,<WEP
x/ > WEP

r3>0

. {Fj + r((ubj — Ib)rz + Iby),
o=

T\ B+ riuby — b, + ), r3<0

—2k+l —k o> |o—k ok
=X, —A.|C.X, —-X

r <0.5

K+ = X! + r1x sin (r2) x |r3P! = X} |
! B> 0.5

X+ 11 x cos (r2) X |rsPf — X{|

vl-d (t+ 1) =rand; X vl-d 1) + aid(t)x,-d (t+1) = x,-d(t) + vl-d(t +1)
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ky, Iy : coefficient of acceleration

w: inertia weight

r1 , rp: random value between 0 and 1

Ppese: local best

Ghest: global best

r; and r,: randoms

F: scaling factor d;; d;». two vectors chosen
randomly between population

Dhest: the best value of duty cycle

x{*1: pollen for same kind of flower at iteration ¢
g the best value of duty cycle

y : scaling factor

L(A) : Lévy flights

M;: mean rate of learners

Myey: new mean rate of leaners

r; : random number between [0,1]

diffyyeqn o difference between the present and
desirable mean

Ty: teacher factor that may equal 1 or 2

t:is the current position

g Py
Xp: the position vector of prey

- - -
X : the postion vector of grey wolvesA and C
indicate the coefficient vectors

Xstream's Xriver and Xsq " a: the positions of
streams, rivers and sea at iteration number t,
rand: random value

C: constant value

a:reduction constant

VJ’-‘: indicated the distance pf produced shrapnel
pieces for each iteration k

X and AX : the location and step vector of a
search agent at iteration k

w :is the inertia weightS;, A;, Cj, F;, and E;: the
behaviors fitness values of search agent i
w, a, ¢, f,and e:the weights of the behaviors

RX: denote the random walk beside the antilions

RE: denote the random walks around elite at
iteration i.

x**1: new position

x*: position at iteration k

v: assimilation coefficient

§: random d: distance between colony and its
imperialist.

C; and C, are two coefficients

Rpest: Radial Best

Ghpesr:Global Best

Centre9d : old value of center

Xj: the jth object in the best universe ub; and Ib;:
upper and lower boun

ra, I's, T4: random values

TDR: traveling distance rate

WEDP: probability of worm holes in the universes
confirming the exploitation.

X} :is the position of the leader in the j-th
dimension

Fj: is the place of food source in the j-th
dimension

ubj, Ib; : are the upper an and lower bound of j-
th dimension receptivityr;, r;, and
random number

ry are

-k s . .
Xp : vector of prey position at iteration k

—k — -
X : position of the prey at iteration kA and C:
coefficients

X" the current solution position at iteration t ;,
ra, r3 and ry: random values

P;the destination point position.

x(0): the position of ith agent in d-dimensional
search space at iteration t

v(®): the velocity of ith agent in d-dimensional

(continued on next page)
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Table 2 (continued)
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Optimizer Update equation for step size

Tuning parameters

Cuckoo search x/*l=x! +a @ Lévy (1)

k

Firefly algorithm X} = xF + By exp(—y(xF — xF) + a(randn - 0.5)

Genetic Algorithm __ &

Jaya Algorithm

Xjsi = Xjsi + 11, X pest,i = 1Xjis,il) = 11,i Kjworst,i — 1Xj.5,i1)

search space at iteration t

rand;: a random variable in range [0, 1].

x}*1: new solution for cuckoo bird i;

x!: is the samples (eggs);

a: is the step size and is > 0;

@: refers to entry-wise multiplication;

Lévy (1): is a simplified Lévy distribution.

X;, x;: are the positions of fireflies between two
flies i and j; k: is the iteration number;

w»

By: is the primary attraction at zero “r” distance;
y: is presented as an assimilation coefficient
managing the decreasing of the light strength;
m: is an constant;

randn: is random number;

a: is the motion factor considered random
values within range (0: 1).

p;: probability of selecting the of fitness
proportionate selection;

fi: is the fitness of an individual i

Njpg: individuals.

Xj pest,i is the most suitable selection of the
variable j;

Xj worst,i: is the worse selection;

X},s,ii considers the updating of X;s;; r; and r:
are random values.

Table 3

PV module specifications.
Maximum power, Py 135W
Open circuit voltage, V,. 221V
Short circuit current, I, 9.37 A
Temperature coefficient of current, k; 5.02e 3 A/°C
Temperature coefficient of voltage, k, -8e2V/°C
Reference temperature, Ter 25°C

Table 4
The voltage, current and power of PV system with different shading scenarios.
Scenario  Solar irradiance Voltage Current Power at  Position
Levels (W/m?) at MPP, V. at MPP,A MPP, W of GMPP
1 100,800,600 54.90 4.66 255.70 Right
2 100,600,200 37.14 4.61 171.18 Center
3 900,700,400,200 36.26 5.42 196.41 27 left
4 1000,800,600,400 54.91 4.66 255.636 2™ right

preserved, and these results are represented as the input to the next
iteration. In this regard, f (x) is estimated and compared with the
previous values and it is updated via values of designing factors at
the ending of i-th iteration depending on their fitness.

V: Selection. After updating f (x), the most suitable and worse so-
lutions are elected. For the next iteration, the most suitable and
worse selection are considered. Thus, after the selection of the novel
values for random variables, the designing factors are renewed ac-
cording to III and IV.

VI: End. When the stopping condition is achieved. Else boost the
operation and repeat again from III.

In JA technique, the updating of the selected solutions can be
managed by random values r; and r, to confirm perfect exploration of
the solution space. Whatever this random operation is not enough to
assure perfect MPPT for PV schemes. To overcome this problem and
increase such attitude from the point of view of effectiveness, rapid
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concourse and inferior fluctuation, natural cubic spline (NCS) de-
pending on PV power output prognosis scheme has been combined into
the iterative solution renew of the JA that named NCS S-Jaya by Ref.
[90]. The employing of the NCS scheme in the iterative operation of the
S-Jaya can avert the worst updates reducing negative solutions via
improving the attitude of the MPPT. At the same time, the NCS scheme
can be renewed online to keep its prognosis precision and deduce right
decisions of novel solutions.

Based on section three, it can be said that the main difference be-
tween the optimizers are the updating equation of step size and the
number of tuning parameters. Accordingly, Table 2 summarizes the
update equations and the tuning parameters for different optimizers.

4. Results and discussion

The PV system that studied in this research consists of PV array, DC-
DC boost converter, and battery bank of 120 V. The parameters of the
converter are 1 mH, 47 uF and 47 pF for the input inductance, input
capacitor, and output capacitor respectively. The sampling time of
MPPT is 0.01s. The specifications of the solar panel are tabulated in
Table 3.

A comprehensive comparison through an extensive statistical ana-
lysis of different considered algorithms is carried out. For evaluating
and testing the performance of considered optimizers, each algorithm
had been executed 50 times. Four different shading scenarios have been
investigated. Change shading scenario is used to transfer the position of
the global peak from left to right or middle for measuring the response
of every algorithm with different conditions. Table 4 and Fig. 21 show
the details of the considered scenarios. Two different PV systems have
been studied. The first system (3SPVS) comprises three solar panel
series connected and the other system (4SPVS) includes four series-
connected solar panels. The first and second shading patterns were used
with 3SPVS, whereas the third and fourth patterns were used with
4SPVS. The intensities of the solar radiation are 1000, 800, 600 W/m?
for first, second, and third PV panels, respectively, in the first shading
pattern. For this case, there are three MPPs. The global peak of 225.7 W
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Fig. 22. Comparison among various algorithms and ideal case according to six statistical metrics.
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Fig. 23. The cost function variation for TLBO (the best optimizer) in case of first PSC scenario for each run.
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is located at the right of the power-voltage curve. The details of other
shading patterns are illustrated in Fig. 21.

A descriptive statistical analysis is introduced to evaluate, organize,
and summarize the results obtained from the proposed algorithms.
Moreover, sensitivity analysis is introduced to test the performance
stability of these algorithms. The worthy six statistical metrics for this
evaluation are, Relative Error (RE), Root Mean Square Error (RMSE),
Mean Absolute Error (MAE), Standard Deviation (StD), Successful Rate
(Suc.Rate), and efficiency. These metrics can be estimated as follows:

o (Povei — B
RE = 21:1( PVe,i pvt) * 100%
By (38)
MAE = Z:’;l (PPVB,i - va[)
n, 39
-
RMSE = \/zln;l (PPVe,i - vat)
I (40)
SID = 5“2:11 (vat - vat)
\ n, (41)

Where n, represents the no. of runs of the SIMULINK model. The
successful rate (Suc.Rate) is identified as the fraction of no. of achieving
the correct global peak into summation of iterations. To analyze and
evaluate the performance of each considered algorithm, the general
parameters are unified; population size = 5, no. of iterations = 10, and
no. of executions for every optimizer algorithm = 50. The specific input
parameters for every algorithm are displayed in Appendix A (Table A1).
Table A2 illustrates the statistical performance evaluation for every
algorithm with changing shading scenarios.

A comparison among various considered algorithms and ideal case
according to six statistical metrics are shown in Table A3 in Appendix A
and Fig. 22. Based on this comparison, it can be concluded that, TLBO
and GWO have higher success rate of 98% and 97% respectively. On
contrary, HS and GSA have the lowest SR of 46% and 49% respectively.
The StD changes between 2.05 and 18.3. The biggest value for ALO
optimizer and the smallest for GWO. TLBO has a good level of StD of

Renewable and Sustainable Energy Reviews 115 (2019) 109372

2.96 in comparison of with other optimizers. The relative error level is
very small in case of TLBO and GWO not more than 0.3 in both. RMSE is
ranged between 2.13 and 22.69. The lowest value for ALO optimizer.
Regarding the tracking efficiency, most of the optimizers have an effi-
cacy greater than 95% except ALO has 93.6%. TLBO has the highest
efficiency rate of 99.75% followed by GWO. Ultimate, it can be con-
cluded that GWO and TLBO are the top algorithms compared with the
others. ALO has the lowest performance.

The detailed performance of every algorithm for the first PSC sce-
nario are shown in Table A4 in Appendix A. The cost function variation
for TLBO algorithm in case of first shading scenario for each run is
depicted in Fig. 23.

5. Conclusion

This paper presents a review on the state-of-the-art global maximum
power point tracking (MPPT) techniques based on modern optimization
algorithms for PV system under shadowing condition. These algorithms
have been surveyed, and their advantages and disadvantages were
compared based on extensive statistical analysis. Six statistical metrics
are employed to evaluate the performance of considered algorithms.
According to this comparison, it can be seen that TLBO and GWO have
the highest success rate of 98% and 97% respectively. On contrary, HS
and GSA have the lowest SR of 46% and 49% respectively. The StD
varies between 2.05 and 18.3. The biggest value is obtained via ALO
optimizer and the smallest one is due to GWO. TLBO has a good level of
StD of 2.96 in comparison of with other optimizers. The relative error
level is very small in case of TLBO and GWO not more than 0.3 in both.
RMSE is ranged between 2.13 and 22.69, the lowest value for ALO
optimizer. Regarding to the tracking efficiency, most of the studied
optimizers have efficiency higher than 95% except ALO has 93.6%.
TLBO has the highest efficiency rate of 99.75% followed by GWO.
Ultimate, it can be concluded that, GWO and TLBO are the best opti-
mizers compared with the others while ALO has the lowest perfor-
mance. This study is expected to provide very beneficial tool to all the
researchers working on the PV system and to all the industries excelled
in generating efficient, clean and sustainable energy to the humankind.

Appendix A

Table Al

input parameters for each optimizer
FPA
Probability switch 0.7
beta 1.5
TLBO
Teaching Factor randi([12])
i random value [0 1]
ICA
Assimilation Coefficient 1.5
Revolution Probability 0.05
Revolution Rate 0.1
Colonies Mean Cost Coefficient 0.2
SCA
a constant 2
ra random value 2pi*rand
r3 random value 2*rand
T4 random value [01]
HAS
number of new harmonics 5
Harmony Memory Consideration Rate 0.9
Pitch Adjustment Rate 0.1
Fret Width Damp Ratio 0.995
MBA
Reduction factor 0.8
RMO
Global Learning Coefficient 0.7
Personal Learning Coefficient 0.8

DE

F mutation ratio 0.6

CR crossover ratio 0.67

CS

B beta factor 1.5

k Multiplying factor 0.1

GA

Crossover Percentage 0.8
Mutation Percentage 0.1

PSO

w inertia weight 0.4

ra random value [01]

r3 random value [01]

ky coefficient of acceleration 1

ko coefficient of acceleration 1

GWO

i number of iteration

Mc variable 0.1-0.02i

S Separation weight 2*rand*Mc
A Alignment weight 2*rand*Mc
C Cohesion weight 2*rand*Mc
F Food attraction weight 2*ran

E Enemy distraction weight Mc

SCA

ry random value (2*pi)*rand()
r3 random value 2*rand
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