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Abstract

Photovoltaic (PV) energy is a promising source of renewable energy which is sturdy and
environmentally friendly. PV generation systems, once installed, produce electricity from
solar irradiance without emitting greenhouse gases. To maximize the output power of PV
systems, the maximum power point tracking system has been employed (MPPT). The
MPPT constitutes a fundamental part of PV systems. In recent years, a large number of
MPPT techniques have been proposed. This paper is set up to critically review some of the
proposed maximum power point tracking (MPPT) techniques to handle the emergence of
multiple MPPs in PV panel characteristics due to the partial shading conditions (PSCs). To
define the working principle and the pros and cons of the different proposed techniques
clearly and sequentially, they are divided into three groups as follows: conventional MPPT
techniques, improved MPPT techniques and artificial intelligence- based MPPT techniques
to deal with PSCs. The paper also critically summarizes the findings in terms of their
performance in capturing the global maximum power point (GMPP) for PV systems
operating under PSCs.
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1. Introduction depends on several factors such as the irradiance level
and ambient temperature and that have limited the

Nowadays, as a result of fossil fuel depletion, the global utilization of the PV system [3] . To overcome

importance of renewable energy has reached an
unprecedented height. The photovoltaic (PV) systems
are considered one of the most distinctive systems
among the resources of renewable energy because they
have many merits, for example, availability, low
maintenance, environmental friendliness and a longer
lifespan [1]. As a result of these advantages, the PV
systems are developing rapidly throughout the world,
where the PV energy generation shows a significant
development compared to other types of renewable
energy sources [2].

However, despite all the successive improvements in
the PV industry, Solar cells still have some drawbacks
such as high manufacturing cost, low efficiency,
degradation of the cells and the fact that the initial
investment cost of the solar system is high compared to
the traditional fossil fuel systems. Moreover, the
nonlinear characteristic of the solar cell (shown in Fig.1)

these drawbacks and increase the efficiency of the PV
system, Maximum Power Point Tracking (MPPT) has
been considered as the main solution [4]. The MPP is the
point on the current-voltage (I-V) curve that indicates the
maximum power that a solar panel can produce under
certain climatic conditions as shown in Fig. 1 [5] [6].
Maximum power point tracker (MPPT): an electronic
device which continuously searches for the MPP of a PV
panel and then makes the operating point of the system
at the MPP. In another word, the main purpose of MPPT
is to oblige the PV system to operate at a point where
maximum efficiency level is obtained. Yet, the strong
dependence of the PV system upon the atmospheric
conditions makes extracting the maximum available
power from its nonlinear characteristics more difficult.
To handle these issues, many of MPPT techniques have
been proposed to make the PV power generation system
operate at the optimal point. The proposed techniques
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vary in several aspects such as convergence speed,
complexity, cost, implementation hardware, sensors
required and range of effectiveness [7]. These techniques
can be divided into conventional MPPT techniques,
improved MPPT techniques and artificial intelligence-
based MPPT techniques to handle the PSCs. In the
following sections, we will provide a reference study on
the most important proposed techniques, along with an
account of their pros and cons.
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Figure 1.1-V and P-V curve of a PV panel

Where:

Vwmre: the voltage at the maximum power point.
Impp: the current at the maximum power point.
Isc: the short circuit current.

Voc: the open-circuit voltage.

2. Conventional MPPT Techniques

Several conventional MPPT techniques have been
proposed and there has been considerable research on
them [8] [9]. Among the conventional techniques
mentioned in these publications are perturbation and
observation (P&0O) [10], [11], hill climbing (HC)
algorithm [12], fractional open circuit voltage and short
circuit current methods [13], switching ripple
correlation [14], sliding mode control [15], incremental
conductance (IC) [16] [17], constant voltage [18] and
some other techniques [19]. Amongst the conventional
MPPT techniques, the P&0 and HC algorithms are
considered the most popular ones due to their ease of
implementation [20]. The working principle of both
algorithms depends on changing the control parameter
by a constant value and exploring whether the MPP has
been captured or not. The direction of changing the
control parameter is determined based on the increase in
the power produced. Besides, the IC algorithm is
considered one of the most used conventional algorithms
due to its high performance. It is based on computing the
differential of the PV power to PV voltage to determine
the location of the operating point, where the differential
is zero at the MPP [21].

Although these techniques can catch the optimal
point of the PV panels under uniform solar irradiance
conditions, they fail to capture the GMPP of the PV panels
operating under PSCs. Under PSCs, the PV panel
characteristics exhibit many local maximum power

points (LMPPs) and one global MPP (see Fig.2) due to the
use of the bypass diodes to handle the hot spot
phenomena [22]. In this situation, to accurately capture
the GMPP, and avoid trapping in one of the LMPPs,
optimized techniques are required.
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Figure 2. Partially shaded PV panel curve
3. Improved MPPT Techniques to Deal with PSCs

To overcome the drawbacks of the conventional
MPPT techniques and handle the PSCs issue, researchers
have developed new MPPT techniques, some of which
are addressed here. The method introduced in Ref. [23]
is an improved IC algorithm. This method is able to
capture the GMPP by distinguishing all MPPs in the P-V
characteristic. However, a wide range of data, which are
the electrical parameters of the PV panels, is required. In
Ref. [24], to achieve the GMPPT, an extremum seeking
control is proposed. Notwithstanding that this technique
has a rapid dynamic response, it requires more
information about the electrical parameters of the PV
panels. The technique proposed in [25] improved the
transient response of the PV system and increased the
tracking speed by scanning the entail P-V characteristic
of the PV array. However, implementation of this
technique requires a high-performance processor, which
makes the overall PV system cost- inefficient. The
proposed algorithm in [26] is based on the open-circuit
voltage of the PV array to estimate the possible GMPP,
then the P&O algorithm is employed to track the GMPP.
Although this algorithm has a good dynamic tracking
performance, it could fail in finding the GMPP under
complex PSCs. In Ref. [27] & [28], to decrease the
tracking time, a beforehand calculating of the regions of
all MPPs is proposed, which, however, requires a great
deal of data related to the structure of the PV array which
is difficult to obtain or predict. In Ref. [29], a distributed
MPPT (DMPPT) algorithm is proposed in order to
compensate for the energy loss due to PSCs. This
technique requires an increase in the number of
converters used; however, this will increase the cost of
the whole system. To achieve GMPPT, a two-stage
method is outlined in Ref. [30], while Ref. [31] describes
a Fibonacci sequence-based technique. However, they
were not able to find GMPP in all cases. In Ref. [32],
additional sensors are required to implement the
algorithm proposed which increase the implementation
cost. In Ref. [33], to detect the PSC, a method based on
calculating the solar irradiance at two different points is
proposed. The aim of using this technique is to avoid
unnecessary searching for GMPP. The research in Ref.
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[34] introduced innovation technique with the
comparison of power tracked in incremented duty cycle
during GMPPT process. Although effective results were
obtained in this research, the scan and sampling
processes throughout the P-V characteristic are still
required. In Ref. [35], the authors demonstrated that if
the P-V curve has multiple MPPs, the algorithm may be
unable to identify the true MPP. In Ref. [36] & [28], to
improve the performance of the conventional MPPTs, the
authors proposed using the “skipping” mechanism. In
this approach, specified voltage intervals will not be
scanned because the algorithm has already detected that
GMPP is not located in those divisions. In this approach,
the tracking speed is improved as a result of reducing the
search space. Both maximum power trapezium
algorithm (MPT) [36], and voltage window search
algorithm (VWS) [28], are based on skipping mechanism.
In MPT algorithm, during convergence to the GMPP, the
sample of current and voltage are used to update the
following voltage references. Although convergence
speed is improved, the MPT algorithm possibly does not
find GMPP if the chosen voltage step is incorrect.

In Ref. [37], the search-skip-judge approach (SS]) is
proposed. In this method, the section dividing points
(SDP) are determined using the short-circuit current
values of the shaded modules, which in turn determine
the unnecessary voltage periods, so that they can be
overshooted. However, according to Ref. [35], if the
GMPP is located far at the other end of the P-V curve, the
convergence speed of the SS] will be low. In Ref. [38], to
detect the shading, light-detecting resistors (LDRs) were
positioned on each PV module. Once the LDRs are
shaded, the method becomes active for defining shaded
modules; otherwise, the method is ineffective. In Ref.
[39], for better detecting shaded modules, authors
proposed using PV modules' respective analog sensors to
collect their electrical properties. However, the
limitations of analog sensing design with respect to the
PV modules were not properly discussed. Furthermore,
such data can be collected without using analog sensors.

Considering the high cost of analog sensors, authors
in Ref. [40] & [41] proposed a technique based on the
measured voltage (VPV) and measured current (IPV).
The technique starts scanning the P-V curve and its
operation initiates from the far-right region, and the
scanning process stops if the theoretical power of the
next section is less than the practical power of the
current section. However, this method suffers if two
peaks are quite away from each other. In another
technique proposed in ref [42], the power slope of each
section is examined to determine the GMPP. Even though
this technique presented good performance, it cannot
distinguish between regular and PSCs. Arrow Sudoku
puzzle pattern which is one of the reconfiguration
techniques is studied for PV system under PSCs in ref
[43]. To implement such techniques, programmable
power switches are required. However, solid-state
power switches are expensive while mechanical power
switches are slow and may degrade over time. In ref [44],
the authors proposed a technique to estimate the
location of GMPP by using the voltage in various sub-
assemblies of PV modules through determining the
irradiance levels in the sub-assemblies. Although the

technique introduced good performance under PSCs,
implementing this technique requires additional sensors
which makes the system more complex and expensive. In
Ref. [45] authors introduced a GMPP tracking method by
dividing the voltage range of the PV array, and then
samples are taken in each section to narrow down the
search space and determine the optimal section in which
GMPP occurs. However, this technique does not
guarantee to find the GMPP under all partial shading
patterns; furthermore, many samples are needed at
different points to compare with predefined constants to
determine any change in irradiance pattern.

4. Artificial Intelligence-Based MPPT Techniques to
Deal with PSCs

To date, many artificial intelligence- based MPPT
techniques have been proposed to address the PSCs
issue. In this subsection, several pieces of research are
summarized to provide a comparative study of the most
frequently adopted Al-based MPPT techniques.

To achieve global MPPT, in Ref. [46] & [47] particle
swarm optimization (PSO) and in Ref. [48] the genetic
algorithm (GA) were proposed. Although PSO is simple in
implementation and able to find the optimal point, it is
computationally intensive and time-consuming which
gradually reduces search accuracy. As well GA is complex
and requires a long computation time to capture the
GMPP. In Ref. [49], a modified PSO method is proposed.
In this algorithm, due to the use of many variables with a
random number, more iterations are required to find
GMPP perfectly, and this makes the convergence speed to
GMPP lower than PSO. In the last years, the ant colony
algorithm and simulated annealing algorithm have also
been proposed to achieve the GMPPT [50]. Modified Java
MPPT algorithms were proposed in Ref. [51] & [52], and
this algorithm does not require specific parameters.
According to the experimental results in Ref. [53] & [50],
for increasing the tracking speed of the Al-based MPPT
algorithms, suitable initial parameters are required. By
assigning the initial values of Al-based MPPT algorithms,
the region containing the GMPP can be determined and
thus, the tracking speed can be improved [54], [55], [56]-
Numerous strategies in identifying the region of the
GMPP are documented in Ref. [54], [55] and [56];
however, they required a great deal of information about
PV panels characteristics, and this may increase the
complexity of implementing these algorithms, given the
need to test devices before implementation. In Ref. [57],
a fuzzy logic (FL)- based algorithm is proposed. In this
algorithm, the slope of the P-V characteristic is the input
while the value of the duty cycle is the output. Seven
membership functions are used for both the input and
the output, and the system has a set of seven rules. In this
technique, the whole P-V curve is scanned and the value
of the duty cycle which is corresponding to GMPP is
stored. In Ref. [58], another FL based MPPT with 7
membership functions and 49 rules is proposed. In this
research, error in power and change in error are
considered. These FL based MPPT techniques introduced
high performance rather than conventional techniques;
however, they require more time to converge to the
optimal MPP due to large search space.
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In addition, MPPT methods are implemented
depending on many metaheuristic techniques including
cuckoo search [59], grey wolf optimization (GWO) [60],
and bat algorithm (BA) [61]. To acquire the benefits of
two techniques together, hybrid optimizations were
proposed in some papers [60], [62]. In these proposals,
two different techniques are used together under
different operating conditions. Using these techniques in
MPPT applications was evaluated in Ref. [63]. However,
the inherent problem in metaheuristic techniques is that
they cannot determine the optimal initial value of the
duty cycle. As a consequence, they are unable to improve
the convergence speed and dynamic variation of the
shading patterns. In Ref. [64] BA was proposed as an
MPPT of PV systems supplying synchronous reluctance
motors. The author tested both BA and PSO techniques
under the same conditions and the collected results were
compared. BA presented better performance than PSO;
however, the problems related to the PSCs, or the
dynamic variation of shading patterns were not
discussed. In Ref. [65] & [66], firefly algorithm (FA),
which is one of the nature-inspired techniques is
proposed. It has the advantages of simple computational
processes with low power disturbance. Notwithstanding,
under PSCs, it may not find the GMPP, and be trapped in
one of the LMPPs due to the inherent over-attraction
issue [67]. In Ref. [68], to increase the MPPT speed, a
modified firefly MPPT algorithm was proposed. The
author proposed simplifying the movement rules of
fireflies to increase the convergence speed to GMPP. Even
though this problem was mitigated by the modified FA,
the convergence speed is still slow [69]. Although
simplified FA (SFA), which was proposed in Ref. [65], has
better convergence speed, it has lower accuracy in
capturing GMPP. To deal with this a hybrid approach was
proposed in Ref. [70]. The modified FA is used to identify
the GMPP, then the P&O algorithm is employed to track
it. The results demonstrated that the proposed approach
exhibits high performance in tracking the GMPP and
improves the convergence speed. In Ref. [71], artificial
neural network (ANN) is used to track GMPP under PSCs.
However, this technique needs prior training on the PV
modules being used. In Ref. [72], General Regression
Neural Network (GRNN) was proposed to find the GMPP
under PSCs. This technique showed good performance in
capturing GMPP; however, implementing such a
technique requires a sophisticated embedded system;
moreover, the convergence speed to GMPP is slow. In Ref.
[73], to achieve GMPPT, a hybrid technique was
proposed, which is based on a scanning technique
combined with a fuzzy logic technique. In this technique,
the entail P-V curve is scanned to capture the GMPP.
However, the method on which the scanning depends
was not clear. Furthermore, since the observation stating
the increasing and decreasing trends when moving far
from GMPP cannot be true under all conditions, it was
disagreed by [74]. In the technique proposed in Ref. [74],
the process of scanning the P-V curve and determining
the GMPP was achieved by using a switch in the boost
converter for executing the short-circuiting. Regardless
of the approach seems excellent, a DSP processor and
high-speed ADC are required for sampling the entire
data, which increases the implementation cost.

Additionally, if the scanning is performed repeatedly
under a frequent change in irradiance, then discharging
of energy stored in the input capacitor will reduce the
efficiency of the system.

A combination between P&O algorithm and the
genetic algorithm was proposed in Ref. [54] & [75]. In
this combination, the performance of the P&O algorithm
was improved in PSCs. Practically, the genetic algorithm
identifies the location of GMPP; thereafter, the P&O
algorithm tracks the GMPP of the system. Although the
performance of the P&O algorithm is improved, it
requires much time to track GMPP. Both memory self-
organizing incremental neural network (M-SOINN)
technique and adaptive neuro-fuzzy inference system
(ANFIS) technique were proposed for fault detection [76]
& [77]. However, this strategy requires fine-tuning of the
parameters, which increases the complexity of
programming since more powerful hardware is required
to implement such methods. This in turn, increases the
implementation cost.

Advanced intelligent algorithms such as Ant Colony
Optimization (ACO) [78], Artificial Bee Colony (ABC)
[79], Grey Wolf Optimization (GWO) [80] and Simulated
Annealing (SA) [81] were adopted to achieve GMPPT.
Although these optimizations presented good
performance in identifying and capturing GMPP under
PSCs, complex processes are needed to fine- tuning of
their parameters. Furthermore, to implement such
algorithms, sophisticated embedded systems are
required, which in turn increases the implementation
cost. In addition, these algorithms require a significant
number of samples to identify the GMPP which reduces
the convergence speed.

It seems clear from the literature that the algorithms
using two phases to achieve GMPP are the most effective.
Firstly, the section containing the GMPP is identified,
then one of the conventional algorithms such as P&O or
ICis used to track the optimal point [39] & [70]. Including
most of the above details, a detailed analysis of MPPT
techniques is given in Table 1.

5. Conclusion

This paper provided a summary of the proposed
MPPT techniques to deal with the formation of multiple
MPPs in the PV panel characteristic as a result of the
PSCs. The information mentioned in the previous studies
was used to identify the features of the proposed
techniques, and to evaluate their performance in
reaching the GMPP. In short, all the proposed techniques
were able to deal with the multiple MPPs condition and
to determine and reach the GMPP. Depending on this
study, researchers can identify the appropriate
technique to use in their applications. The weighting in
selecting the appropriate technique is related to the
features that are important in the application, for
example, when a high convergence speed is required, it is
preferable to use the skipping mechanism technique or
modified firefly algorithm. When simplicity and
flexibility of the implementation are the most important,
it is more likely to use PSO, while if the accuracy is the
most important, it is preferable to use ABC or GWO.
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MPPT technique

Features

Perturbation and Observation (P&O0)
Hill climbing (HC)

Fractional open circuit voltage
Fractional short circuit current
Switching ripple correlation

Sliding mode control

Incremental conductance (IC)
Constant voltage

Conventional MPPT techniques.

Low complexity.

Able to find MPP under uniform radiation conditions.
Not able to find GMPP under PSCs.

Improved IC algorithm

Able to capture the GMPP under PSCs.
A wide range of data, which are the electrical parameters of the PV
panels, is required.

Extremum seeking control technique

Has a rapid dynamic response.
Requires more information about the electrical parameters of the PV
panels.

Distributed MPPT (DMPPT)

Compensation for power loss due to PSCs.
Requires an increase in the number of converters

Fibonacci sequence-based technique

Low complexity.
Not able to find GMPP in all cases.

Trapezium algorithm

Improve the convergence speed.
Possibly does not find GMPP if the chosen voltage step is incorrect.

Voltage window search algorithm

High convergence speed.
Not able to find GMPP in all cases.

Search-skip-judge approach (SSJ)

Able to capture the GMPP under PSCs.
Low convergence speed.

Particle swarm optimization (PSO)

Able to capture the GMPP under PSCs.
Low complexity.
Computationally intensive and time-consuming.

Genetic algorithm (GA)

Able to capture the GMPP under PSCs.
Complex and requires a long computation time to capture the GMPP

Modified PSO method

Able to capture the GMPP perfectly under PSCs.
Convergence speed to GMPP lower than PSO.

Ant Colony Optimization (ACO)
Artificial Bee Colony (ABC)
Grey Wolf Optimization (GWO)
Simulated Annealing (SA)
Simulated annealing algorithm

Able to capture the GMPP under PSCs.

High convergence speed.

Suitable initial parameters are required

Complex processes are needed to fine-tune their parameters.

Fuzzy logic (FL)

Able to capture the GMPP under PSCs.
High performance.
Low convergence speed.

Cuckoo search
Grey wolf optimization
Bat algorithm (BA)

Able to capture the GMPP perfectly under PSCs.
High convergence speed.
High complexity.

Firefly algorithm (FA)

Simple computational processes with low power disturbance.
Low complexity.
May not find the GMPP.

Modified firefly algorithm

Able to capture the GMPP under PSCs.
Low complexity.
Medium convergence speed.

Hybrid algorithm based on modified firefly

and P&O algorithms

Able to capture the GMPP perfectly under PSCs.
High performance.
Good convergence speed.

Artificial neural network (ANN)

Able to capture the GMPP under PSCs.
Needs prior training on the PV modules being used.

General Regression Neural Network (GRNN)

Able to capture the GMPP perfectly under PSCs.
High performance.

Requires a sophisticated embedded system
Low convergence speed

77



Turkish Journal of Engineering - 2023, 7(1), 73-81

Author contributions

Fuad Alhaj Omar: Coordination, preparing literature
review, Analyzing, Formatting, and Writing. Nihat
Pamuk: Checking references, Auditing, and Preparing
the structure. Ahmet Afsin Kulaksiz: Supervising and
Writing-Reviewing.

Conflicts of interest

The authors declare no conflicts of interest.

References

1. Burrett, R, Clini, C, Dixon, R, Eckhart, M., El-Ashry, M.,
Gupta, D., ... & Ballesteros, A. R. (2009). Renewable
Energy Policy Network for the 21st Century.

2. Jager-Waldau, A. (2019). PV status report 2019.
Publications Office of the European Union:
Luxembourg.

3. Cheng, P.C, Peng, B.R,, Liu, Y. H,, Cheng, Y.S., & Huang,
J. W. (2015). Optimization of a fuzzy-logic-control-
based MPPT algorithm using the particle swarm
optimization technique. Energies, 8(6), 5338-5360.

4. Alhajomar, F. Gokkus, G., & Kulaksiz, A. A. (2019).
Rapid control prototyping based on 32-Bit ARM
Cortex-M3 microcontroller for photovoltaic MPPT
algorithms. International Journal of Renewable
Energy Research-IJRER.

5. Mule, S., Hardas, R., & Kulkarni, N. R. (2016, March).
P&O, IncCon and Fuzzy Logic implemented MPPT
scheme for PV systems using PIC18F452. In 2016
international conference on wireless
communications, signal processing and networking
(WiSPNET) (pp. 1320-1325). IEEE.

6. Anwer, A. M. O, Omar, F. A, & Kulaksiz, A. A. (2020).
Design of a fuzzy logic-based MPPT controller for a PV
system employing sensorless control of MRAS-based
PMSM. International Journal of Control, Automation
and Systems, 18(11), 2788-2797.

7. Mohanty, P., Bhuvaneswari, G., Balasubramanian, R,
& Dhaliwal, N. K. (2014). MATLAB based modeling to
study the performance of different MPPT techniques
used for solar PV system under various operating
conditions. Renewable and Sustainable Energy
Reviews, 38, 581-593.

8. Rezk, H., & Eltamaly, A. M. (2015). A comprehensive
comparison of different MPPT techniques for
photovoltaic systems. Solar energy, 112, 1-11.

9. Ram, ]. P, Babu, T. S, & Rajasekar, N. (2017). A
comprehensive review on solar PV maximum power
point tracking techniques. Renewable and
Sustainable Energy Reviews, 67, 826-847.

10.Kwan, T. H., & Wu, X. (2017). High performance P&O
based lock-on mechanism MPPT algorithm with
smooth tracking. Solar Energy, 155, 816-828.

11.0mar, F. A, Gokkus, G., & Kulaksiz, A. A. (2019).
Sebekeden bagimsiz FV sistemde maksimum gii¢
noktasi takip algoritmalarinin degisken hava sartlar
altinda Kkarsilastirmali analizi. Konya Miihendislik
Bilimleri Dergisi, 7(3), 585-594.

12.Elgendy, M. A. (2016, March). Comparative
investigation on hill climbing MPPT algorithms at
high perturbation rates. In 2016 7th International
Renewable Energy Congress (IREC) (pp- 1-6). IEEE.

13.Shebani, M. M,, Igbal, T., & Quaicoe, ]. E. (2016,
October). Comparing bisection numerical algorithm
with fractional short circuit current and open circuit
voltage methods for MPPT photovoltaic systems. In
2016 IEEE Electrical Power and Energy Conference
(EPEC) (pp. 1-5). IEEE.

14.Paz, F., & Ordonez, M. (2016). High-performance solar
MPPT using switching ripple identification based on a
lock-in amplifier. IEEE Transactions on Industrial
Electronics, 63(6), 3595-3604.

15.Moijallizadeh, M. R, Badamchizadeh, M.,
Khanmohammadji, S., & Sabahi, M. (2016). Designing
a new robust sliding mode controller for maximum
power point tracking of photovoltaic cells. Solar
Energy, 132, 538-546.

16.Kamarzaman, N. A, & Tan, C. W. (2014). A
comprehensive review of maximum power point
tracking algorithms for photovoltaic systems.
Renewable and Sustainable Energy Reviews, 37, 585-
598.

17.Anwer, A. M. 0., Omar, F. A., Bakir, H., & Kulaksiz, A. A.
(2020). Sensorless Control of a PMSM Drive Using
EKF for Wide Speed Range Supplied by MPPT Based
Solar PV System. Elektronika ir Elektrotechnika,
26(1), 32-39.

18.0bukhov, S. G., Plotnikov, I. A, & Sheryazov, S. K.
(2016, May). Methods of effective use of solar power
system. In 2016 2nd International Conference on
Industrial Engineering, Applications and
Manufacturing (ICIEAM) (pp. 1-6). IEEE.

19.Husain, M. A, Tariq, A.,, Hameed, S., Arif, M. S. B., & Jain,
A. (2017). Comparative assessment of maximum
power point tracking procedures for photovoltaic
systems. Green Energy & Environment, 2(1), 5-17.

20.Liuy, F, Kang, Y., Zhang, Y., & Duan, S. (2008, June).
Comparison of P&O0 and hill climbing MPPT methods
for grid-connected PV converter. In 2008 3rd IEEE
Conference on Industrial Electronics and Applications
(pp- 804-807). IEEE.

21.Shah, K. B, & Joshi, L. P. (2013, November).
Comparative analysis of incremental conductance
base MPPT for multi-string photovoltaic system. In
2013 Nirma University International Conference on
Engineering (NUiCONE) (pp. 1-6). IEEE.

22.Seyedmahmoudian, M., Horan, B. Soon, T. K,
Rahmani, R,, Oo, A. M. T., Mekhilef, S., & Stojcevski, A.
(2016). State of the art artificial intelligence-based
MPPT techniques for mitigating partial shading
effects on PV systems-A review. Renewable and
Sustainable Energy Reviews, 64, 435-455.

23.]i, Y. H, Jung, D. Y, Kim, J. G, Kim, J. H,, Lee, T. W,, &
Won, C. Y. (2010). A real maximum power point
tracking method for mismatching compensation in PV
array under partially shaded conditions. IEEE
Transactions on power electronics, 26(4), 1001-
1009.

24.Lei, P, Li, Y., & Seem, J. E. (2011). Sequential ESC-
based global MPPT control for photovoltaic array

78



Turkish Journal of Engineering - 2023, 7(1), 73-81

with variable shading. IEEE Transactions on
Sustainable Energy, 2(3), 348-358.

25.Ghasemi, M. A., Foroushani, H. M., & Parniani, M.
(2015). Partial shading detection and smooth
maximum power point tracking of PV arrays under
PSC. IEEE Transactions on Power Electronics, 31(9),
6281-6292.

26.Patel, H., & Agarwal, V. (2008). Maximum power point
tracking scheme for PV systems operating under
partially shaded conditions. IEEE transactions on
industrial electronics, 55(4), 1689-1698.

27.Nguyen, T. L., & Low, K. S. (2010). A global maximum
power point tracking scheme employing DIRECT
search algorithm for photovoltaic systems. IEEE
transactions on Industrial Electronics, 57(10), 3456-
3467.

28.Boztepe, M., Guinjoan, F. Velasco-Quesada, G,
Silvestre, S., Chouder, A., & Karatepe, E. (2013). Global
MPPT scheme for photovoltaic string inverters based
on restricted voltage window search algorithm. IEEE
transactions on Industrial Electronics, 61(7), 3302-
3312.

29.Femia, N,, Lisi, G., Petrone, G., Spagnuolo, G., & Vitelli,
M. (2008). Distributed maximum power point
tracking of photovoltaic arrays: Novel approach and
system analysis. I[EEE Transactions on Industrial
Electronics, 55(7), 2610-2621.

30.Kobayashi, K., Takano, 1., & Sawada, Y. (2006). A study
of a two-stage maximum power point tracking control
of a photovoltaic system under partially shaded
insolation conditions. Solar energy materials and
solar cells, 90(18-19), 2975-2988.

31.Miyatake, M., Inada, T., Hiratsuka, 1., Zhao, H., Otsuka,
H., & Nakano, M. (2004, August). Control
characteristics of a fibonacci-search-based maximum
power point tracker when a photovoltaic array is
partially shaded. In The 4th International Power
Electronics and Motion Control Conference, 2004.
IPEMC 2004. (Vol. 2, pp. 816-821). IEEE.

32.Kazmi, S. M. R,, Goto, H., Ichinokura, 0., & Guo, H. J.
(2009, September). An improved and very efficient
MPPT controller for PV systems subjected to rapidly
varying atmospheric conditions and partial shading.
In 2009 Australasian Universities Power Engineering
Conference (pp. 1-6). IEEE.

33.Ahmed, ], & Salam, Z. (2017). An accurate method for
MPPT to detect the partial shading occurrence in a PV
system. IEEE transactions on industrial informatics,
13(5), 2151-2161.

34.Koutroulis, E., & Blaabjerg, F. (2012). A new technique
for tracking the global maximum power point of PV
arrays operating under partial-shading conditions.
IEEE journal of photovoltaics, 2(2), 184-190.

35.Kermadi, M., Salam, Z., Ahmed, J., & Berkouk, E. M.
(2018). An effective hybrid maximum power point
tracker of photovoltaic arrays for complex partial
shading conditions. IEEE Transactions on Industrial
Electronics, 66(9), 6990-7000.

36.Furtado, A. M., Bradaschia, F., Cavalcanti, M. C., &
Limongi, L. R. (2017). A reduced voltage range global
maximum power point tracking algorithm for
photovoltaic systems under partial shading

conditions. IEEE Transactions on Industrial
Electronics, 65(4), 3252-3262.

37.Wang, Y, Li, Y, & Ruan, X. (2015). High-accuracy and
fast-speed MPPT methods for PV string under
partially shaded conditions. IEEE Transactions on
Industrial Electronics, 63(1), 235-245.

38.Bayod-Rujula, A. A, & Cebollero-Abian, J.A. (2014). A
novel MPPT method for PV systems with irradiance
measurement. solar energy, 109, 95-104.

39.Chen, K, Tian, S., Cheng, Y., & Bai, L. (2014). An
improved MPPT controller for photovoltaic system
under partial shading condition. IEEE transactions on
sustainable energy, 5(3), 978-985.

40.Manickam, C., Raman, G. P., Raman, G. R., Ganesan, S.
I., & Chilakapati, N. (2016). Efficient global maximum
power point tracking technique for a partially shaded
photovoltaic string. IET Power Electronics, 9(14),
2637-2644.

41.Manickam, C., Raman, G. R,, Raman, G. P., Ganesan, S.
I, & Nagamani, C. (2016). A hybrid algorithm for
tracking of GMPP based on P&0O and PSO with
reduced power oscillation in string inverters. IEEE
Transactions on Industrial Electronics, 63(10), 6097-
6106.

42.Balasankar, R, Arasu, G. T, & Raj, J. C. M. (2017). A
global MPPT technique invoking partitioned
estimation and strategic deployment of P&O to tackle
partial shading conditions. Solar energy, 143, 73-85.

43.Tatabhatla, V. M. R, Agarwal, A, & Kanumuri, T.
(2019). Performance enhancement by shade
dispersion of Solar Photo-Voltaic array under
continuous dynamic partial shading conditions.
Journal of cleaner production, 213, 462-479.

44.Kouchaki, A., Iman-Eini, H., & Asaei, B. (2013). A new
maximum power point tracking strategy for PV arrays
under uniform and non-uniform insolation
conditions. Solar Energy, 91, 221-232.

45.Liy, Y. H, Chen, ]. H,, & Huang, ]. W. (2014). Global
maximum power point tracking algorithm for PV
systems operating under partially shaded conditions
using the segmentation search method. Solar Energy,
103, 350-363.

46.Seyedmahmoudian, M., Rahmani, R., Mekhilef, S., Oo,
A. M. T, Stojcevski, A., Soon, T. K,, & Ghandhari, A. S.
(2015). Simulation and hardware implementation of
new maximum power point tracking technique for
partially shaded PV system using hybrid DEPSO
method. IEEE transactions on sustainable energy,
6(3),850-862.

47.Liu, Y. H,, Huang, S. C,, Huang, ]. W,, & Liang, W. C.
(2012). A nparticle swarm optimization-based
maximum power point tracking algorithm for PV
systems operating under partially shaded conditions.
IEEE transactions on energy conversion, 27(4), 1027-
1035.

48.Daraban, S., Petreus, D., & Morel, C. (2014). A novel
MPPT (maximum power point tracking) algorithm
based on a modified genetic algorithm specialized on
tracking the global maximum power point in
photovoltaic systems affected by partial shading.
Energy, 74, 374-388.

49.Efendi, M. Z.,, Murdianto, F. D., & Setiawan, R. E. (2017,
September). Modeling and simulation of MPPT sepie

79



Turkish Journal of Engineering - 2023, 7(1), 73-81

converter using modified PSO to overcome partial
shading impact on DC microgrid system. In 2017
International Electronics Symposium on Engineering
Technology and Applications (IES-ETA) (pp. 27-32).
IEEE.

50.Lyden, S., & Haque, M. E. (2015). A simulated
annealing global maximum power point tracking
approach for PV modules under partial shading
conditions. IEEE Transactions on Power Electronics,
31(6),4171-4181.

51.Kumar, N., Hussain, 1., Singh, B., & Panigrahi, B. K.
(2017). Rapid MPPT for uniformly and partial shaded
PV system by using JayaDE algorithm in highly
fluctuating atmospheric conditions. IEEE
Transactions on Industrial Informatics, 13(5), 2406-
2416.

52.Huang, C., Wang, L., Yeung, R. S. C,, Zhang, Z., Chung, H.
S. H., & Bensoussan, A. (2017). A prediction model-
guided Jaya algorithm for the PV system maximum
power point tracking. IEEE Transactions on
sustainable energy, 9(1), 45-55.

53.Sundareswaran, K. Vigneshkumar, V., Sankar, P,
Simon, S. P, Nayak, P. S. R, & Palani, S. (2015).
Development of an improved P&O algorithm assisted
through a colony of foraging ants for MPPT in PV
system. IEEE transactions on industrial informatics,
12(1), 187-200.

54.Lian, K. L., Jhang, ]. H., & Tian, I. S. (2014). A maximum
power point tracking method based on perturb-and-
observe combined with particle swarm optimization.
IEEE journal of photovoltaics, 4(2), 626-633.

55.Ishaque, K., & Salam, Z. (2012). A deterministic
particle swarm optimization maximum power point
tracker for photovoltaic system under partial shading
condition. IEEE transactions on industrial electronics,
60(8),3195-3206.

56.Kollimalla, S. K., & Mishra, M. K. (2014). A novel
adaptive P&0O MPPT algorithm considering sudden
changes in the irradiance. IEEE Transactions on
Energy conversion, 29(3), 602-610.

57.Shah, N., & Chudamani, R. (2012, December). A novel
algorithm for global peak power point tracking in
partially shaded grid-connected PV system. In 2012
IEEE International Conference on Power and Energy
(PECon) (pp. 558-563). IEEE.

58.Mahamudul, H., Saad, M., & Ibrahim Henk, M. (2013).
Photovoltaic system modeling with fuzzy logic based
maximum power point tracking algorithm.
International Journal of Photoenergy, 2013.

59.Ahmed, ], & Salam, Z. (2014). A Maximum Power
Point Tracking (MPPT) for PV system using Cuckoo
Search with partial shading capability. Applied
energy, 119, 118-130.

60.Eltamaly, A. M., & Farh, H. M. (2019). Dynamic global
maximum power point tracking of the PV systems
under variant partial shading using hybrid GWO-FLC.
Solar Energy, 177, 306-316.

61.Kaced, K., Larbes, C., Ramzan, N., Bounabi, M., &
elabadine Dahmane, Z. (2017). Bat algorithm based
maximum power point tracking for photovoltaic
system under partial shading conditions. Solar
Energy, 158, 490-503.

80

62.Priyadarshi, N.,, Padmanaban, S., Maroti, P. K, &
Sharma, A. (2018). An extensive practical
investigation of FPSO-based MPPT for grid integrated
PV system under variable operating conditions with
anti-islanding protection. IEEE Systems Journal,
13(2),1861-1871.

63.Eltamaly, A. M., Farh, H. M., & Al-Saud, M. S. (2019).
Grade point average assessment for metaheuristic
GMPP techniques of partial shaded PV systems. IET
Renewable Power Generation, 13(8), 1215-1231.

64.0shaba, A. S, Alj, E. S, & Abd Elazim, S. M. (2015).
MPPT control design of PV system supplied SRM
using BAT search algorithm. Sustainable Energy,
Grids and Networks, 2, 51-60.

65.Li, G, Jin, Y., Akram, M. W,, Chen, X,, & Ji, ]. (2018).
Application of bio-inspired algorithms in maximum
power point tracking for PV systems under partial
shading conditions-A review. Renewable and
Sustainable Energy Reviews, 81, 840-873.

66.Sundareswaran, K., Peddapati, S., & Palani, S. (2014).
MPPT of PV systems under partial shaded conditions
through a colony of flashing fireflies. IEEE
transactions on energy conversion, 29(2), 463-472.

67.Huang, Y. P, Ye, C. E., & Chen, X. (2018). A modified
firefly algorithm with rapid response maximum
power point tracking for photovoltaic systems under
partial shading conditions. Energies, 11(9), 2284.

68.Teshome, D. F, Lee, C. H,, Lin, Y. W,, & Lian, K. L.
(2016). A modified firefly algorithm for photovoltaic
maximum power point tracking control under partial
shading. IEEE Journal of Emerging and Selected
Topics in Power Electronics, 5(2), 661-671.

69.Wang, H., Wang, W., Zhou, X,, Sun, H., Zhao, ], Yu, X, &
Cui, Z. (2017). Firefly algorithm with neighborhood
attraction. Information Sciences, 382, 374-387.

70.Alhaj Omar, F., & Kulaksiz, A. A. (2021). Experimental
evaluation of a hybrid global maximum power
tracking algorithm based on modified firefly and
perturbation and observation algorithms. Neural
Computing and Applications, 33(24), 17185-17208.

71.Gupta, A., Chauhan, Y. K,, & Pachauri, R. K. (2016). A
comparative investigation of maximum power point
tracking methods for solar PV system. Solar energy,
136, 236-253.

72.Chuang, S.].,, Hong, C. M., & Chen, C. H. (2016). Design
of intelligent control for stabilization of microgrid
system. International Journal of Electrical Power &
Energy Systems, 82, 569-578.

73.Boukenoui, R, Salhi, H., Bradai, R., & Mellit, A. (2016).
A new intelligent MPPT method for stand-alone
photovoltaic systems operating under fast transient
variations of shading patterns. Solar Energy, 124,
124-142.

74.Kotti, R., & Shireen, W. (2015). Efficient MPPT control
for PV systems adaptive to fast changing irradiation
and partial shading conditions. Solar Energy, 114,
397-407.

75.Sundareswaran, K., Sankar, P., Nayak, P. S. R., Simon,
S. P, & Palani, S. (2014). Enhanced energy output
from a PV system under partial shaded conditions
through artificial bee colony. IEEE transactions on
sustainable energy, 6(1), 198-209.



Turkish Journal of Engineering - 2023, 7(1), 73-81

76.Kow, K. W,, Wong, Y. W., Rajkumar, R., & Isa, D. (2018).
An intelligent real-time power management system
with active learning prediction engine for PV grid-tied
systems. Journal of cleaner production, 205, 252-265.

77.Kaid, 1. E., Hafaifa, A, Guemana, M. Hadroug, N.,
Kouzou, A., & Mazouz, L. (2018). Photovoltaic system
failure diagnosis based on adaptive neuro fuzzy
inference approach: South Algeria solar power plant.
Journal of Cleaner Production, 204, 169-182.

78.]Jiang, L. L., Maskell, D. L., & Patra, ]. C. (2013). A novel
ant colony optimization-based maximum power point
tracking for photovoltaic systems under partially
shaded conditions. Energy and Buildings, 58, 227-
236.

79.Soufyane, B. A., Chouder, A., Kara, K., & Silvestre, S.
(2015). Artificial bee colony-based algorithm for

maximum power point tracking (MPPT) for PV
systems operating under partial shaded conditions.
Applied Soft Computing, 32, 38-48.

80.Mohanty, S., Subudhi, B., & Ray, P. K. (2015). A new
MPPT design using grey wolf optimization technique
for photovoltaic system under partial shading
conditions. IEEE Transactions on Sustainable Energy,
7(1),181-188.

81.Lyden, S., & Haque, M. E. (2015). A simulated
annealing global maximum power point tracking
approach for PV modules under partial shading
conditions. IEEE Transactions on Power Electronics,
31(6),4171-4181.

@ @ @ © Author(s) 2023. This work is distributed under https://creativecommons.org/licenses/by-sa/4.0/

81


https://creativecommons.org/licenses/by-sa/4.0/

