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ABSTRACT

This paper discusses maximum power point tracking (MPPT) methods of PV system for normal and
partial shading conditions (PSC). The selected MPPT methods were classified as artificial intelligent,
hybrid, and other MPPT methods. The comparison of researches on MPPT methods under normal con-
dition and PSC reveals that researchers have concentrated more on shading conditions since the last few
years mainly due to the need of power output and efficiency improvements. It is believed that the in-
formation contained in this piece of work will be of great use for the researchers in the field under
consideration.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction common application in the world. Fluctuation of weather condi-

tions and PSC are proved to be the popular problems for PV sys-
Among the renewable energy resources, solar PV is the most  tems rendering them yielding lower power output. Therefore,
enhanced operation of PV is required to extract maximum power
under these conditions [1]. Statistic and Parallel Testing Proce-
dures have been laid for effective evaluation of the MPPT
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algorithms of PV Systems [2]. Low-power energy harvesting sys-
tems have also been designed with better MPPT techniques to
improve the power output of PV systems [3]. Likewise, the power
output of partially shaded PV systems can also be maximized using
optimization of the interconnections of its modules [4]. Efficient
energy harvesting and MPPT is also possible with the use of
electromagnetic energy transducers and active low-voltage recti-
fication [5]. This ensures improved power levels and wide supply
voltage ranges especially in wireless sensor nodes such as those
applied in medical implants. Another approach to enhance the
power output of the shaded PV array is to arrange the physical
position of modules in totally cross tied configuration, without
altering the electrical connection of the modules in the array, so
that the power output of the PV system increases [6]. In addition,
energy can be recovered from shaded PV modules by applying a
simple energy recovery scheme during PSC [7]. Maximum utili-
zation of power from PV systems is also ensured by employing
energy storage systems that backup energy from the PV array.
Such systems include a compressed air accumulator which is
controlled to enable compression and expansion modes under
maximum efficiency point tracking (MEPT) and at the same time
an MPPT power converter is connected to the PV system [8].

Self-shading losses also affect the output power of the fixed PV
array which is standing freely. The rows formed by the modules in
PV arrays can also shade the rows of the module behind each other.
Parameter modifications based on location-independent experi-
mental equation for the module-to cell width ratio were used to
determine the self-shading losses [9]. Fault diagnosis with dis-
tributed MPPT for PV systems is necessary especially at module
level and micro-inverters. To address this matter, an approach to
diagnose the PV systems faults was presented in [10]. The ad-
vantage of this method is that monitoring of the PV plant para-
meters such as voltage and current at the working power point is
possible.

MPPT has been carried out on different PV system configura-
tions. For stand-alone PV system configurations, an MPPT based
three-point-weighting method and mid-point tracking was con-
ducted [11]. An MPPT control method developed for stand-alone
system was applied to a power conditioning system whereby the
[-V characteristics are scanned with detection interval control at
specified intervals. The effectiveness of this method was demon-
strated for PSCs [12]. Another MPPT technique for stand-alone PV
systems under PSC was introduced to ensure the achievement of
the global MPP for varying PSC [13]. Performance enhancement of
solar PV systems has been achieved by designing a novel MPPT
algorithm that uses short circuit current and open circuit voltage,
sampled from a reference solar PV system. The method was
checked for its performance in local environmental conditions [14].

Some research directed towards the control strategies for the
optimization of distributed MPPT in PV applications is also ne-
cessary for proper operation of PV systems [15]. Therefore, opti-
mum MPPT Controllers for PV systems during PSC can for example
be achieved with conventional proportional integral derivative
(PID) and Fuzzy Logic (FL) [16]. A novel MPPT technique for PV
modules based on power plane analysis of [-V characteristics was
proposed. The power region in the I-V characteristics was de-
termined by examining the effects of the characteristic resistances
of the PV module [17].

Similarly, MPPT methods for grid connected PV systems have
been analyzed such as the enhanced MPPT that uses voltage-or-
iented control, which has improved tracking capability under fast
changes in irradiance [18]. Exact MPPT of grid-connected partially
shaded PV systems was introduced using current compensation
concept [19] while an FL based MPPT algorithm was tested for grid-
connected PV system under PSC [20]. Furthermore, some MPPT
methods for three-phase PV system have also been presented in

which a three-phase single-stage PV system with improved MPP
tracker was tested with increased power rating [21].

A method designed for optimal arrangement of PV array with
converterless matching to a given linear load revealed the differ-
ence between MPP matching and MPPT for solar generators. It was
found out that for a pure resistive load, the PV system with MPPT
has undoubted benefits. For a load represented by internal re-
sistance and voltage source, the long term power output from the
system using a practical MPPT operated converter is at the same
level or even lower than a converterless system in term of power
output [22]. In one study, the experimental investigation was
carried out to assess the performance of a global MPPT and to
analyze the effect of geometrical installation parameters of flexible
PV modules, such as the tilt angle, bending angle and orientation,
on the shape of the P-V characteristic [23]. The power loss during
MPP search process was minimized whereas the output power for
the flexible PV array was maximized.

MPPT techniques for PV systems have been classified and
compared by some researchers [24-27]. For example, according to
[25], conventional methods include incremental conductance (IC),
perturb and observe (P&O0), and hill climbing methods. The variant
of these three methods have also been used in literature for MPPT
of solar PV systems. A comparative study on MPPT techniques for
PV systems available until January 2012 details the classification
and description of MPPT techniques [28].

Intelligent methods and their hybrids have also been utilized to
study MPPT of PV under both uniform and non-uniform irradiance.
Intelligent techniques are sometimes referred to as soft computing
(SC) techniques and are known to have the ability and flexibility to
solve non-linear tasks and are suitable for handling different
challenges arising out of adverse environmental conditions like
rapid changes in irradiance and PSC [29]. It has also been observed
that conventional control methods sometimes operate the PV
system at local maxima. Hence, performance enhancement of PV
array may be achieved with the aid of intelligent techniques
especially under non-uniform irradiance conditions [30]. Partially
shaded PV array have been optimized using Fuzzy MPPT which is
inserted in conventional MPPT algorithms to adjust the size of the
perturbed voltage [31]. Authors in [32] performed the analysis and
comparison of stochastic and conventional MPPT methods based
on the real MPP tracker ability, cost consideration, complexity of
design, convergence speed and responsiveness to changing en-
vironmental conditions. Relatively, the artificial intelligence and
stochastic algorithms show excellent tracking performance.

Laboratory prototype for the emulation of PV systems for both
dynamic and PSC plays a significant role in determining the ac-
curacy and efficiency of the proposed methods before they are
practically implemented for commercial applications [33]. Ex-
perimental investigation of partial shading scenarios on different
types of PVs such as mono-crystalline and poly-crystalline is
paramount [34]. Software packages have also been developed that
are being used to study the PV system performance under various
conditions. For example, a CAD package for simulation and mod-
eling of PV arrays under PSC is one of them [35].

The application of PV system in the buildings commonly
known as building integrated PV (BIPV) is also very popular. Re-
search directed towards this field to estimate the performance of
PV arrays under PSC has intensified [36]. For instance, a novel
MPPT algorithm combining the improved P&O and scanning
technique to track the global MPP under PSC for BIPV was devel-
oped [37].

In this paper, a brief review of research work based on the
study of PV parameters will be done followed by a compressive
review of MPPT for PV systems under uniform insolation and PSC.
The emphasis is given to the documentation of the latest research
works on MPPT for PSC.
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2. Solar PV parameterization

PV modeling is very important in studying the behavior and
performance of different types of solar cell and to improve their
efficiency. Investigation of the accuracy of PV modeling for non
standard test conditions (STC) is also important to analyze the
impact of inaccuracies of prediction for real operating conditions
[38]. For these reasons, various researches have been done to
analyze the PV parameters. A PV array model that uses PSpice
proprietary electronic simulation software to represent all mis-
match effects was developed in [39] to deal with non-uniform
irradiance and other non-uniformities across the array. The model
produces various I-V characteristics per simulation. Picault et al.
presented a new method for forecasting the present PV system
power output with changing atmospheric conditions where field
measurement data was used to find the PV parameters [40]. A
simple model to estimate PV arrays shading losses have also been
presented and used directly to calculate the PV power, without
consideration of a full current curve [41].

Another method based on a two-diode model, as depicted in
Fig. 1, was proposed for accurate modeling of PV system under PSC
[42]. This model requires only four parameters and is known to
have better accuracy at low irradiance level, allowing for more
accurate prediction of PV system performance during PSC.

Using this model, the cell output current is defined as

V+1Rs]

p

I=lpy = Ipg + Ipy = [ )

3. MPPT of PV systems without partial shading

In this section, artificial intelligence and hybrid methods are
analyzed. Meanwhile, converter configurations suggested for using
in PV systems are also discussed.

3.1. Artificial intelligent methods for MPPT under uniform insolation

Intelligent MPPT for PV systems was formulated by optimizing
the Hopfield neural network (HNN) with a fuzzy logic controller
(FLQ). In this approach, HNN was used to tune the FLC membership
functions automatically rather than the application of the trial-
and-error method. It was verified that the optimization of HNN by
FLC enabled PV tracking accuracy and improved efficiency of the
PV system [43].

The MPPT controller using artificial neural network (ANN) al-
gorithm for PV system applications was introduced in [44], as
shown in Fig. 2. The ANN algorithm's accuracy was proved using
different sets of data. The estimates from ANN tracker were used
to regulate the duty cycle of the chopper to an optimum value
required to achieve MPP to the specified load.

The comparison of NN and FL in MPPT for PV systems was done
by authors in [45]. The method results in a good MPP of each type
of PV array with various conditions such as varying temperature
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Fig. 1. Two-diode model of PV [42].
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Fig. 2. MPPT controller using ANN algorithm [44].

and irradiance. The NN controller was observed to provide less
power compared to the FL controller and therefore the FL con-
troller can provide more power than MPPT methods.

Another variant of FL is the polar coordinated FL for real-time
tracking of MPP for the PV system [46]. The approach utilizes FL
and ANN controller by employing polar information. The Fuzzy
rules were applied to operate the PV array at the maximum op-
erating point while ANN were used to find the best operating
voltage for triple junction amorphous silicon, monocrystalline si-
licon and thin-film cadmium telluride solar cells.

In [47], modeling of solar PV module and MPPT using adaptive
neuro-fuzzy inference system (ANFIS) was carried out. The re-
sponse of proposed ANFIS based control system showed high ac-
curacy and fast response. The simulation result reveals that the
MPP is tracked reasonably for varying temperature and irradiance
of PV module. Direct search algorithm was applied to global MPPT
scheme for PV systems and the results indicated that the approach
is fast and robust [48].

A biological swarm chasing algorithm was proposed for MPPT
in which the PV was treated as a particle while the moving target
was the MPP. So, each PV module could follow up the MPP auto-
matically [49]. If compared with a nominal P&0 method, the ef-
ficiency of the proposed tracker was improved about 12.19% in
transient.

3.2. Intelligent MPPT with reconfigurable field programmable gate
array (FPGA) technology

The study of present status and future prospect of MPPT-based
Al techniques for PV systems and their application into FPGA was
performed in [50]. It was observed that the rapid advancement in
programmable logic devices comprising of FPGAs provides an
option to integrate these methods efficiently for real time
implementations.

An intelligent MPPT for PV applications was introduced using
FPGA chip where several intelligent techniques were used in
tracking the MPPT and their possible implementations into a FPGA
platform were compared [51]. The intelligent techniques in-
vestigated in that study include NN, GA, FL, and hybrid systems
(e.g. neuro-fuzzy or ANFIS and FL optimized by GA). The techni-
ques were observed to be effective in terms of accuracy, flexibility,
quick response, simplicity of implementation and power con-
sumption. Most of these methods were seen with rapid response
and better tracking although FPGA controller showed the best
performance when compared to the other techniques.

In another work [52], real time application of MPPT based on
FPGA for PV Systems was simulated using P&O algorithm. It was
designed using the very high-speed description language (VHDL)
and implemented on Xilinx Virtex-1I-Pro(xc2v1000-4fg456) FPGA.
The major advantages associated with this MPPT algorithm are
inexpensive, good velocity, easy implementation, good reliability
and efficiency of 96%. Uninterestingly, with rapid changes in irra-
diance, the method is likely to fail to track the MPP. An MPPT
method based on FPGA for PV array operating under PSC has been
proposed [53]. This method is centered on sensing the current and
voltage values of a capacitor connected to the PV array output
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during charging times. Then, it compares instantaneous power
values to maximum power, and estimates maximum power value
and corresponding voltage value. Implementation of FPGA based
MPPT Controller of PV system was done based on PV system
output voltage [54]. It was indicated that the designed system has
the capability to successfully extract the MPP when evaluated in
sunny day and PSC.

Dounis et al. [55] proposed an adaptive neural control to im-
prove the performance of conversion efficiency of PV systems. The
partial derivative of the PV power with respect to the PV voltage is
considered as the controlled variable. The basic aim was to im-
prove the dynamic performance of the MPPT system by the
learning capability of a single neuron using a fast online learning
approach. The results revealed that single neuron based learning
was sufficient enough to adequately track the maximum point and
hence, it does not require any complicated NN topology.

3.3. Hybrid methods used for MPPT of PV system under normal
insolation

Two high performance and simple MPPT algorithms were
proposed in [56]. These algorithms are modified P&0 and IC al-
gorithms. These modified algorithms are capable of tracking MPP
under fast changing atmospheric conditions with higher accuracy
than the conventional methods. With these hybrid systems, the
harvested power from PV array is increased and the MPPT algo-
rithm efficiency is improved.

Murtaza et al. presented a variable size P&0O MPPT with the use
of FL and non-switching zone schemes for implementation of the
perturbations of variable sizes to improve the steady-state and
transient responses. A reduced fuzzy P&O algorithm at the MPP
region was optimized for small variations and applied to reduce
the oscillations and improve the power output during steady-state
[57].

The performance of P&0O and IC MPPT method under changing
weather conditions was analyzed by Punitha et al. [58]. The work
was conducted on European Efficiency Test, EN 50530, which is
specifically devised for the dynamic performance of PV system.
The study revealed that both techniques output nearly the same
dynamic MPPT efficiency though the performance of IC method
was found to be slightly better at 98.5% efficiency compared to
98.3% for P&O.

Experimental analysis was carried out to investigate the impact
of the four common MPPT techniques for including IC and P&O
employed like tracking step constant whereas improved FL and
P&O based MPPT algorithms used as variable tracking step [59]. By
employing four similar PV arrays with identical set of meteor-
ological and technical conditions, the four techniques produced
nearly the same energy output but with a small improvement for
the enhanced P&0O method. Coupled-inductor with interleaved
boost converter based MPPT for PV was proposed based on NN and
FL controllers. A feed forward MPPT arrangement was formulated
using a fuzzy controller. The analysis showed that the FL has better
tracking performance [60].

A hybrid method for MPPT in PV systems was proposed under
uniform irradiance [61]. This technique combines the online and
offline techniques purposely to determine the duty cycle for the
converter in tracking the MPP. Radiation intensity and tempera-
ture were taken as the inputs of the system during offline for es-
timation of the approximate maximum power with the applica-
tion of analytical equations developed for solar cell. Adaptive hy-
brid MPPT method based on adaptive perturbation size for a PV
system was formulated [62]. It was proved that by employing this
method, a better performance is achieved and the power delivered
at steady state increases by a factor of 7.31% compared with con-
ventional methods.

3.4. Other MPPT methods under normal insolation

A testing standard based MPPT algorithm was proposed in
which ramp and step variations in irradiance were considered. The
effect of converter losses on MPPT were monitored and it was
observed that the effects are minor so long as these losses are not
excessive [63]. An MMPT scheme for solar heating system was
developed to minimize the power consumption. The MPPT control
system was verified to be able to reduce the energy consumption
with optimal solar heat collection [64].

A fast and energy efficient MPPT circuit was implemented
based on successive approximation register in an 800-pW PV
energy harvester prototype consisting of analog-based circuits
[65]. The tracking time was decreased by 69.4% whereas energy
stored was raised by 31.4% when compared with the hill climbing
method for indoor conditions.

A sliding mode control strategy was employed for MPPT with
high tracking efficiency [66]. The fast dynamics and stability are
achieved by a sliding mode control and high tracking efficiency is
attained by MPPT algorithm with fine step. A stable convergence
across the PV curve was demonstrated from short-circuit to open-
circuit.

An adaptive control design for MPPT in PV systems was in-
troduced to deliver the maximum available power to the load
under changes of solar insolation and ambient temperature [67].
The method was developed with two control levels; ripple cor-
relation control (RCC) and model reference adaptive control
(MRAC). By decoupling the two control algorithms, the system
achieves MPPT with complete system stability. Results proved that
the control algorithm allows the system to converge to the MPP in
milliseconds.

A variable scaling factor based MPPT control technique was
designed for PV system [68]. The developed MPPT technique de-
termines the MPPT loop gain changes with regard to the operating
point of the PV and the MPP is tracked based on nonlinear PV array
output characteristics.

A rapid MPPT algorithm of PV systems was analyzed in which
an early estimate of MPP is attained with the use of a variable step-
size [69]. The robustness of the algorithm in the tracking of a
transitional variable does not have a near association with the duty
cycle. Another dynamic and rapid method used for MPPT uses the
ripple correlation control. The method uses the significance of the
signal ripple present normally in power converters which is un-
derstood as a perturbation through which the optimization of
gradient ascent is achieved with a simplified circuit [70].

A real time optimization digital method called discrete time
ripple correlation control (RCC) was applied to MPPT for PV system
[71]. This digital technique is more flexible, less expensive and
known its robustness than analog techniques. Applying simple
modifications can make the RCC technique an abridged sampling
problem i.e. if the suitable variables are sampled at the right times,
MPPT algorithm can quickly get the MPP.

Geometrical prediction of MPP for PV array is another method
worth mentioning. The method estimates the MPP parameters
with high accuracy for any kind of PV technologies with different
environmental conditions. This method is also suggested to act as
a guide line to construct control scheme for real-time MPPT
tracking in the PV system [72].

Time-domain array-reconfiguration (TDAR) based MPPT for
solar cell arrays was presented that considers two-dimensional PV
cells array to a single string of PV Cells which are more relevant for
portable applications. It is suggested that the reduced complexity
of the TDAR method renders it a scalable approach that can be
applied to array reconfiguration in portable systems such as
phones and laptops [73].

In [74], the authors brought two aspects while tracking the
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MPP in PV system; to precisely discover the position of the MPP by
means of the centered differentiation and to decrease the oscil-
lation near the MPP in steady through the control of active per-
turbations. The steepest descent method is also adopted for
smoother steady state and quicker dynamic response unlike the
hill climbing technique.

A classical root-finding method was analyzed for application to
digital MPPT for sustainable PV system. The method was found out
to be faster in convergence to the MPP, conclusion drawn based on
practical perspective and theoretical analysis to support the ob-
servations [75]. The feasibility of parabolic prediction to MPPT for
PV array was consolidated after carrying out the performance
evaluation of the approach under different atmospheric conditions
[76]. Highly efficient and compact analog MPPT have also been
studied for the PV system [77]. Combined with other MPPT
methods, this approach is accurate and fast in tracking perfor-
mance and has the capability to be incorporated to grid-connected
inverter to supply ac power.

A modified differential evolution (DE) algorithm was used for
MPPT of PV system in [78]. The standard DE was modified to deal
with dynamic objective function problem to correspond with the
nonlinear time-varying MPPT nature. The performance of the al-
gorithm was evaluated under large and rapid fluctuations of irra-
diation and results indicated that this approach ensures faster and
accurate convergence to MPP.

In [79], a nonlinear relation between environmental para-
meters (temperature and insolation) and the PV voltage at MPP is
proposed. It is found that the voltage at MPP is robust to irradiance
in a certain range, and this directs the choices of irradiance in
experiments. Using this relationship, various MPPT control rules
have been devised to track the MPP in a minimum possible time.

A sliding mode control (SMC) strategy is proposed in [80] to
harvest the maximum energy from PV array, featuring fast track-
ing speed and reduced oscillation at steady state. Unlike the con-
ventional schemes, which require both voltage and current as a
feedback signal, this method only requires current signal to gen-
erate control actions. The obtained results were shown to exhibit
faster tracking speed and up to 5% more MPPT efficiency can be
achieved to that of conventional P&O.

Another SMC method is proposed in [81]. The control strategy
is based on the admittance of the PV module to follow a reference
provided by an external MPPT algorithm. Their proposed method
also mitigates the perturbations generated by the load. The SMC is
mathematically analyzed, and a design process is proposed to
ensure the desired performance in all the operation range. The
flowchart of their proposed SMC is given in Fig. 3.

3.5. Converter configuration used for MPPT treatment

A battery-integrated boost converter using distributed MPPT
configuration for PV systems was introduced where the MPPT is
unaffected by input power from PV load demand notably because
of the use of battery and the proposed topology [82]. Conventional
interleaved boost converter with implantation of two different
topologies have been used for MPPT with IC method [83].

Single stage low cost micro-inverter with MPPT for grid con-
nected schemes was developed with a new modulation and con-
trol technique [84]. The step time response of the system was
enhanced by employing double analog control loops: a voltage
loop and a hysteresis current mode control loop on the input
voltage of the solar panel. A power loop for MPPT was introduced
purposely for maximum power extraction from the solar panel
with improved simulation times.

Current source inverter in place of voltage source inverter was
used for MPPT during system prototyping and evaluation. The
experimental results confirmed that the total output power
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Fig. 3. The flowchart of the proposed SMC method [81].

captured the sum of each maximum value of PV under PSC [85].

An MPPT control strategy with variable weather parameter and
non-DC/DC converter for PV systems known as inductance-capa-
citor-diode (LCD) was presented [86]. Using LCD in place of a DC/
DC converter ensured that the MPPT performance is not influ-
enced by the choice of DC/DC converter topologies and the PV
configuration is simplified. A switched capacitor based boost
converter structure was also used for a non-conventional MPPT
method which has the capacity for tracking the absolute MPP of
the PV system [87].

Current sensorless MPPT methods for PV module integrated
converter was modeled using Zigbee wireless network [88]. This
approach enables MPP tracking with the use of voltage informa-
tion from the converter output in place of PV power calculation.
This greatly simplifies the sensor network by eliminating the
current sensor. Also important to note, by using central inverters,
the most efficient connection scheme with PSC was developed
based on the PV system operating conditions [89].

Unlike in the popular converter configurations such as string,
micro and central converter for PV systems, different converter
configurations were used in [90] for analysis of the impact of
shading and bypass diode on energy extraction of PV arrays. It was
established that the central converter PV systems with large-scale
distributed bypass diode connections can act as an economic so-
lution to improve PV system reliability, efficiency and performance
especially in large scale utility PV generators unlike micro-
converters.

An interleaved dual boost (IDB) converter instead of a con-
ventional boost converter was used for matching the load to the
PV system and to track the MPP for the solar cell [91]. The effec-
tiveness of load voltage for tracking was confirmed and the results
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Fig. 4. (a) PV array configuration under PSC (D1=bypass diode, D2 =blocking diode). (b) P-V curves of each group. (c) The P-V curve of whole array [102].

revealed that IDB converter is capable of reducing the ripple
content in both source and load sides and therefore IDB converter
based PV systems need small values of array input capacitance.
Voltage-based MPPT control of PV system are incorporated with
current sensorless peak power tracking to ensure tracking effec-
tiveness [92].

Coupled inductor interleaved boost (CIIB) converter based
MPPT for PV system were developed that uses load voltage in-
formation to eliminate the array current detection [93]. Unlike the
non-coupled two-all interleaved converters, CIIB converter has
low ripple content both on the load and source side, reduced
switch stress and improved efficiency.

Multi-stacked buck-boost converters that make use of a single-
switch voltage equalizer was proposed to deal with partial-shad-
ing issues of PV modules [94]. The use of single-switch topology
ensures a simplified circuitry unlike the conventional equalizers
that require multiple switches depending on the amount of PV
modules/substrings.

A fourth-order buck converter is also one of the converters
used for MPPT applications [95]. It was noted that the switch-
mode dc-dc converters and the buck topology with an input L-C
filter are popularly used for MPPT applications that have in-
sufficient damping and therefore may show undesirable oscilla-
tions or operate at suboptimal power points for some solar in-
solation. Hence, fourth order buck converters are employed to
eliminate this problem.

Flyback configuration based micro-inverter with distributed
MPPT is also used for partially shaded PV module and energy re-
covery scheme. Proper tracking of MPP is achieved by in-
corporating a novel equalization circuit across the module that is
also capable of energy recovery from the primary side leakage
inductance, when the main switch is turned off [96].

Switched capacitor dc-dc converter based current equalization
scheme for maximum power extraction from PV modules also
operates without bypass diodes [97]. Though the bypass diodes
are used for preventing the series connected PV modules from
being damaged, for PV under PSC, they lead to completely loose
power out of the shaded modules. Maximum power extraction
from a PV array under PSC is also possible with shunt series
compensation [98]. The method involves respective compensation
of modules and strings with shunt (current) and series (voltage)
compensators.

In another development, a one-cycle controller for the single
stage inverter was designed for PV system. The design was made
with the aid of a multi-objective strategy that optimizes the per-
formance of the inverter at low and high insolation levels [99].
Useful information is also obtained from the optimization

algorithm, regarding the sensitivity of the system to every con-
troller parameter and this permits the design of an MPPT P&O
controller that meaningfully improves the inverter performance.

A boost-half-bridge micro inverter designed for grid-connected
PV system was also designed using MPPT tracking and repetitive
current control [100]. The converter uses minimal devices and was
applied to achieve easy control, low cost, high reliability and high
efficiency.

In [101], a new two-loop control strategy for a particular sys-
tem was presented where bidirectional Cuk dc—-dc converters were
placed as bypass converters and a terminal Cuk boost operates as
the entire system power conditioner. The proposed system was
proved to have the ability to increase generated power of about
30% when compared with the conventional bypass diode
structure.

4. Partial shading condition

It is always necessary to access the impact of PSC on the PV
system so as to identify the correct solution. The impact of shading
on a PV array is illustrated in Fig. 4.

Fig. 4(a) shows a configuration of series-parallel PV array op-
erated under PSC. As group 1 and 2 modules are subjected to
shading, they receive lower insolation. As a result, group 1 and
2 are characterized by two global peaks, Pg; and Pg,, which are
lower than global peak of group 3, Pg3 (Fig. 4(b)). As shown in
Fig. 4(c), Pg2, Pgo, and P, gives three local peaks LP;, LP, and LPs.

Numerous researchers have studied the PSC effects on the
characteristics of PV array through PV modeling [103-106]. For
instance, in-depth examination of effects of PSC on PV was done in
[109] while modeling, prediction, and experimental validations of
power peaks of PV arrays under PSC has been accomplished in
[107]. The effects of PSC on MPP were analyzed and it was in-
dicated that the local MPPs may be categorized into high and low
voltages MPPs based on the operating point of the PV system. Also,
depending on the MPP voltage and current, it is quite possible to
recognize the local and a global MPP at high voltages [108]. The
influence of shadow on the performances of PV system for do-
mestic water pumping system was done in North Algeria [109].
The analysis of partial shading problem in monolithically in-
tegrated thin-film PV modules demonstrated that the shape and
size of the shadows also dictate their performance and reliability
[110]. It was therefore noted that external bypass diodes could not
protect the individual cells from shadow-induced reverse stress,
but can only limit the string power output loss for larger shadows.

Regarding losses resulting from PSC, various works are
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reported. A simple model for accurately computing the power
losses resulting from a shaded PV system was proposed in [111].
Power losses resulting from diverse range of PV systems for var-
ious shading scenarios were calculated in comparison with those
obtained with a detailed model based on solving the whole cur-
rent-voltage curve. The results from the proposed model agreed
with those from the detailed model. Authors in [112], introduced a
generalized, quick and simple method for modeling and simulat-
ing the electrical behavior of PV installations under any shading
situation which is mainly based on the Bishop modeling. So, the
proposed method models PV-systems by discretizing currents and
voltages in PV solar cell which are arranged in parallel and series
associations (PV-cells, PV-groups, PV-modules, PV-strings and PV-
array). The proposed method is used to provide a complete ana-
lysis of current, voltage and power in several PV systems under
PSC. Power compensation system based on voltage are also used
for PV system with PSC for complex unchanging insolation con-
ditions [113]. The system results into better operation for non-
shaded PV modules at normal MPP.

Proper configuration of PV array is also of utmost importance in
handling PSC. Some methods to reconfigure the PV array under
PSC have been proposed [114]. Optimal PV system reconfiguration
reduces losses due to partial shading where a mathematical for-
mulation in [115] suggests an equal or non-equal number of PV
modules per row. Multi-input PV topologies for single and three
phase stand-alone applications are also suggested to mitigate the
effects of partial shading [116]. It is also noted by the researchers
in [117] that the partial shading losses are less proportional to the
shaded area but are determined by the array configuration, phy-
sical location of shaded modules in the array and shading pattern.
Therefore they presented a technique for arrangement of the
modules within the array in order to improve the PV output
power. The outcome of the analysis indicated that positioning the
modules according to “Su Do Ku” puzzle pattern results into en-
hanced performance for PSC.

Another problem that exists in partially shaded PV module is
formation of hot spots [118]. Therefore, hot-spot suppression is a
technique adopted to drive the PV to prevent the creation of hot
spots without the need to use the bypass diodes. This method
operates in connection with a model-based MPPT algorithm to find
the best MPP while restricting the stress on shaded cells of the
solar module.

5. MPPT for partial shading treatment
5.1. Artificial intelligent techniques for MPPT under PSC

It is well known that conventional MPPT techniques perform
better with uniform irradiance [119]. However, with PSC, these
MPPTs sometimes fail to track the MPP due to the presence of
many local maxima that are formed on the PV characteristic
curves. Therefore, Al methods have gained attention from the re-
searchers to study the MPPT of PV systems under PSC because they
are effective in this work. Several works have been done and are
worth discussing in this section.

One of the intelligent MPPT methods for partially shaded PV
system is the modified Fibonacci search (FS) method with FL. The
MPPT using the actual FS fails to track the GMPP under PSC. The
proposed approach enhances the technique with the use of wide
search range and power ripple so that the GMPP is tracked for all
conditions [120]. Adaptive fuzzy controllers for PV system under
variable atmospheric and PSC were developed in conjunction with
a modified IC MPPT algorithm [121].

A novel MPPT control strategy for PV modules using various
partial shading and atmospheric was designed for constant solar

irradiation and PSC [122]. The aim was to attain proper tracking of
MPP for PV system regardless of the variation of ambient tem-
perature, characteristics of PV and solar irradiation.

An MPPT for PV system using Cuckoo search (CS) with partial
shading capability was presented in [123]. In addition to reduced
power loss of only 0.000008% in steady state due to MPP mis-
match, CS is capable of tracking MPP within 100-250 ms under
various types of environmental change.

The authors in [124] presented a technique achieved with an
interleaved soft switched boost converter (ISSBC) connected to
two PV panels which is applied even under PSC. The system was
controlled by an adaptive NN-fuzzy inference system trained by
data derived from a PSO unit. Simulation and experimental ana-
lysis of the model revealed better performance of the proposed
algorithm when compared to other methods.

A modified FL controller for MPPT was proposed to improve the
performance of the PV system during PSC [125]. As a replacement
for P&0O method to track MPP of the PV system, FL scans and keeps
the maximum power during the perturbing and observing pro-
cedures and therefore offers accurate convergence to the global
MPP under PSC.

Tabu search based MPPT method for PV systems under PSC was
formulated with a combination of local search, diversification
search and intensification search strategies to avoid the risk of
trapping into the local MPP [126]. The development of the method,
the authors argue that it was due to inability of the conventional
MPPT techniques to discriminate between the local and global
MPP.

The algorithm that acts by a heuristic search of array voltage
was used to select the global MPP whereby the reference voltage
of PV output is generated by heuristic search algorithm and used
for perturbation [127]. After each perturbation, results are used for
a succeeding search until a better convergence constraint is
achieved. A modified version of heuristic search is a two-stage
MPPT framework called estimation and revision (ER) introduced
for PV under PSC. It combines the offline random search using
metaheuristic algorithms with the conventional online MPPT
method. Results suggested that the proposed ER-MPPT framework
outperformed the conventional P&O in terms of efficiency and
capability in tracking the global MPP [128].

Another MPPT method based on FL algorithm to realize simple
control system for tracking the real MPP even under all changing
environmental conditions was presented in [129]. The algorithm
was proved to have better performances and very fast response.

Takagi-Sugeno (TS) fuzzy based DC voltage control was also
introduced to extract maximum power for the fluctuating weather
and PSC. Under light load condition, unloaded operation of PV
from its MPP is incorporated to sustain the real power balance of
system [130].

5.2. Evolutionary programming techniques for MPPT under PSC

A deterministic PSO MPP tracker was applied for PV under PSC
to improve tracking capability and eliminate the random number
in the accelerations factor of the conventional PSO velocity equa-
tion [131]. The developed algorithm was evaluated by im-
plementing it on a buck-boost converter while being compared to
the conventional HC method. This method is proved with con-
sistent solution at a small number of particles and only one
parameter (the inertia weight) needs to be tuned. So, the method
has a simple structure of MPPT in comparison to the conventional
PSO.

A direct control based MPPT for PV system under PSCs are also
being developed using particle swarm optimization algorithm
[132]. The three particles (duty cycles) were initialized between
these two limits, which are as follow:
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Compared to the conventional direct duty cycle method, this
method performs exceptionally well under all PSCs.

In [133], another attempt is carried out using a modified PSO
(MPSO) to track the global peak under PSC. The proposed work is
actually a modification of [132], where a middle particle between
the two extremes duty cycles [Eqgs. (2) and (3)] is proposed to
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initiate the tracking optimization, which is given as:
Rin

doie=1-
middle Rom (4)

where, Rin=(Vmpp/Impp) is the internal resistance of a selected PV
module and R, is equivalent output load resistance. The modified
version is well demonstrated thorough simulations and experi-
ments. Their method was able to locate the global peak power
under PSC, exhibiting faster dynamic response with slight steady
state oscillations.

Fig. 5 depicts the flowchart of the proposed MPSO method.

A variant of PSO known as adaptive perceptive PSO was used
for MPPT under PSC. This technique employed only one pair of
sensors for controlling several PV arrays, resulting into higher
accuracy of 97.7% which is more than the 96.41% obtained using
normal PSO method [134]. Another low-cost GMPPT scheme for PV
systems under PSC was also applied to improve the efficiency of
power conversion in PV systems [135]. By using hybrid numerical
searching process, the operating point approaches local MPPs
(LMPPs) gradually and the GMPP is caught by comparing all the
LMPPs.

In a separate work, Chao et al. [136] proposed an improved PSO
algorithm to predict MPP of PV arrays with multi-peak P-V curves
for shading and failure conditions. The proposed algorithm has
better tracking speed, accuracy and response as compared to the
conventional PSO algorithm. The proposed algorithm based MPPT
control scheme is depicted in Fig. 6.

A modified differential evolution (MDE) algorithm was used for
MPPT of PV system under partial shading condition in [102]. Un-
like standard DE algorithm, this method has one tuning parameter,
namely mutation factor, which is given as

‘/I',G = Xi,G + @ (5)
where, @ is the duty cycle perturbation defined as
@ = F(Xbest,c - Xi,G) (6)

The proposed MDE algorithm outperforms the PSO as it always
tracks the global peak. The MPPT control scheme utilized for the
proposed method is shown in Fig. 7.

In [137], a novel MPPT based ant colony optimization for PV
systems under PSC was presented. The feasibility of this technique
was verified with the irradiance of various shading patterns
through simulation. The analysis shows that the algorithm can
track the GMPP efficiently and its robustness to various shading
patterns was observed. A similar algorithm tracks the global power
peak based on various critical observations from examination of
PV characteristics. The tracking time of this approach is around
one-tenth as compared to a conventional controller for PSC [138].

Authors in [139] proposed a novel artificial bee colony

PV module array
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Fig. 7. MPPT control scheme with the proposed MDE algorithm [102].

algorithm for predicting the PV system MPP under PSC. The al-
gorithm is developed to overcome the conventional methods
drawback with simple and robust MPPT scheme. The artificial bees
are divided into three classifications, i.e. employed, onlooker and
scouts bees, as shown in Fig. 8. In the optimization process, the
fitness of each duty cycle is given by:
p= B,
i SN
21 Poy, @

5.3. Hybrid methods with conventional and artificial intelligence
algorithms for MPPT of partially shaded PV systems

A simple and efficient hybrid MPPT technique for PV Systems
under PSC was developed with a combination of P&O or IC and
artificial neural network [140]. This approach was noted to be less
costly with simple structure and fast response.

In a different work, a FL based P&0O MPPT was studied using
peak current control with variation of the reference current for
better transient with improved steady-state performance [141].
The analysis showed an improved transient response of 15% and
the power loss reduction in the steady state.

An ANN-polar coordinated fuzzy controller based MPPT control
was applied for PV under PSC [142]. The FL with polar information
controller utilizes the global MPP voltage as a reference voltage to
produce the required control signal for the power converter and
the MPPT is estimated through the ANN algorithm. Meanwhile, an
ANN based modified IC algorithm for MPPT under PSC was si-
mulated and implemented in hardware using FPGA [143].

A parallel tracking function was used to formulate an MPPT
problem where the on-line hybrid FL-P&0 MPPT algorithm is as-
sisted to continuously search beyond the trapped MPP operating
voltage point [144]. The operating voltage and current information
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Fig. 6. MPPT control scheme with improved PSO algorithm [136].
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of the PV array are stored in the database while characteristics of
the shaded array are estimated through simulation and the real
MPP is identified through the tracking function. The analysis re-
vealed that the improved FL-P&O MPPT method is able to track the
real absolute MPP for PSC.

FL and P&O based MPPT for PV array under PSCs was im-
plemented in MATLAB/Simulink [145]. FL is adopted into the
conventional MPPT to enhance the overall PV system performance
and for the optimization of the solar PV array under PSC. The
method has improved performance because it can facilitate the PV
array to reach the MPP faster and achieve a stable output power.

An MPPT algorithm based on a modified GA was also con-
centrated on tracking the GMPP in PV array with PSC [146]. A P&O
algorithm was integrated into the GA function to create a single
algorithm. The control part and the GMPPT algorithm were im-
plemented on a digital signal processor and tested on an experi-
mental small scale PV system. The algorithm does not need some
sort of preset up configuration and can be directly applied to any
type of PV characteristic with an unknown number of local MPPs.

The authors in [147] carried out the assessment of GA and
conventional methods for MPPT of shaded solar PV generators.
They concluded that IC and P&O algorithms fail to achieve MPP of
the PV if the PV panel is under PSC. To solve this problem, GA
algorithm was used and it successfully enabled the system to reach
the global MPP.

A novel MPPT algorithm combining the improved P&0O method
and scanning technique to track the global power peak under PSC
for BIPV was developed [37]. Alternatively, an MPPT Method for PV

Systems PSC was formulated where a global MPP searching tech-
nique is obtained by linking IC and scanning approach method
which utilizes duty cycle sweep to track the global MPP when the
PV array is under PSC [148].

A hybrid MPPT technique based on P&0O and PSO indicated
excellent performance [149]. P&0 was employed to assign the
nearest local maximum whereas the PSO technique was used to
search for the GMPP.

MPPT of PV systems under PSCs through a colony of flashing
fireflies was verified to have faster convergence, simple compu-
tational steps and low cost implementation on microcontroller
[150]. The technique was studied for two dissimilar configurations
of PV arrays under PSCs and the tracking performance compared
with conventional P&0 and PSO methods under identical
conditions.

PV system MPPT control based on PSO-DE hybrid algorithm
was tested under PSC. Compared with the PSO algorithm and DE
algorithm, the hybrid tracking algorithm requires a much shorter
time to reach the GMPP [151].

In another work [152], an ANN based hybrid MPPT algorithm
was proposed. The basic idea of the proposed MPPT method is to
use the ANN classifier to recognize the region of the global peak
voltage from the irradiance values when irradiance sensors are
available. Alternatively, the peak voltage is recognized from the
measured current values on each stair of the I-V curve. The obtain
information through ANN could be used to locally track the MPP
using any conventional tracking algorithm. The effectiveness of the
proposed MPPT is well proved using both simulations and an
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experimental setup. The results shown to have more PV yield
compared to other techniques and under various PSCs, their
method can track the global MPP with fast tracking speed.

5.4. Other MPPT methods under PSC

Another MPPT technique based on bypass diode mechanism for
PV arrays under PSC was presented in [153]. This technique was
tested using the experimental data of 86.24 kW BIPV plant, con-
sisting of partial shading patterns. The results indicated that be-
cause BD-MPPT was used, in most cases the efficiency of the BIPV
plant reached at least 96.6%.

In contrast to the conventional MPPT algorithms which are
effective for single peak PV characteristic under uniform solar ir-
radiation, an adaptive MPPT method was modeled that has the
capability to adjust tracking strategies to search for global peak
area (GPA). Results established that the method is more effective
for most types of shading conditions [154]. Another adaptive MPPT
of PV system using short-current pulse to determine an optimum
operating current for the MPP was found to offer an identification
function by means of fast power versus current curve scanning
that makes the short-current pulse based MPPT adaptive to dis-
turbances such as partial shades covering the PV panels [155].

A cost effective single stage inverter with MPPT in combination
with one-cycle control (OCC) ensures that the output current is
proportional and in phase with the grid voltage [156]. Such op-
erations are completed in one power stage with a simple control
circuit and no detection and calculation of power are required. In a
similar work, a dual-module-based MPPT control utilized the
voltage and current information of each module which is shared
and used for the detection of the MPP without measuring power
[157]. On contrary, Kobayashi and Takano introduced a two stage
MPPT control of a PV system for PSCs. It is a comparably simple
control system that can track the real MPP for steady insolation as
well as for rapidly changing insolation [158].

A complex algorithm to track the MPP in complex conditions
was proposed and simulated in the PROTEUS simulation platform.
It was verified to track the MPP faster and accurately [159]. An-
other technique for achieving maximum power from a mis-
matching and/or partially shaded PV modules is the use of mod-
ule-integrated PV and converter units [160]. An MPPT method for
mismatching compensation in PV Array under shaded conditions
was analyzed according to the real MPP position and was proved
with reduced circuit complexity [161].

A power electronics equalizer has also been applied to PV
modules under PSC to eliminate the multiple MPP peaks that are
common during this condition [162]. The elimination task was
completed by equalizing the overall energy of the PV module
through the use of only one inductive storage element. Ad-
ditionally, control and circuit techniques are used to mitigate
partial shading effects in PV arrays [163].

A new MPPT method for PV array system based on the scanning
principle for the P-V curve under PSC was presented [164]. The
current and voltage values of the capacitor connected the PV
output are sensed within charging time.

MPPT algorithm based on I-V characteristic of PV array was
introduced under uniform and non-uniform conditions. This is
achieved by introducing an analytic condition to determine uni-
form or non-uniform atmospheric conditions as fast as possible
[165]. Then, an operative and fast response technique is applied to
find the MPP from the global peak and local peaks when the
shading condition occurs, using analytic condition.

Monte Carlo algorithm with a probability statistics was also
used as MPPT strategy for PV system under PSC to track the global
power peak online[166]. With this method, it is possible to track
MPP without having information on insolation and the

convergence speed is independent of multiple peaks of PV curve.

An exact MPPT of PV strings under PSC were developed based
on current equalization concept (CEC) without making assump-
tions and to ensure each module is regulated at its exact MPP
voltage [167]. Similarly, a comparison of model based MPPT and
exact MPPT for CEC in PV strings revealed that the power output
with exact MPPT method can be improved by approximately 10%
as compared to model based method [168]. Alternatively, a voltage
equalization distributed MPP extraction from a PV source shaded
conditions equalizes the voltage across each module by operating
each module close to their MPP [169].

An MPPT method based current-voltage characteristic of PV
arrays was proposed in [170]. The study conducted under non-
uniform and uniform insolation circumstances showed that the
proposed algorithm is able to find a new MPP faster for a sudden
change in the insolation level.

Another MPPT algorithm based on extremum seeking control
(ESC) under uniform and non-uniform irradiances was introduced
making use of series combination of a Low Pass Filter (LPF) and a
High Pass Filter (HPF) [171]. Under PSC, the control method was
found to be able to eliminate the interference of local MPP to make
the PV array running at global MPP. Likewise, a sequential ESC-
based global MPPT control was developed to deal with the mul-
timodal—characteristics for PV array with variable shading [172].
Another adaptive ESC MPPT for PV guaranteed the convergence of
the system to an adjustable neighborhood of the optimum by
utilizing a Lyapunov adaptive control approach [173]. An improved
ESC MPPT was tested to track the global power peak for grid-
connected PV systems with PSC [174]. The method depends on the
power gradient estimation and measurement to determine the
segment of the P-V characteristics, in which the global peak lies, by
means of iterations. Test results during PSC showed that the
method can determine the global peak with higher tracking effi-
ciency and a faster convergence rate than conventional ap-
proaches. On the other hand, gradient independent method called
random search which is based on the use of random numbers to
find the MPPT in partially shaded PV systems was presented [175].
The method was effective with varying shading patterns and
tracking capability was compared with two-stage P&0 and PSO
based methods. In another study, [176] proposed a global per-
turbed-based ESC (GPESC) method to track the optimal peak of PV
array under PSC. This scheme is shown to exhibit better perfor-
mance than other global MPPT methods and it may revive the
specialists’ interest in applying this PESC scheme in PV applica-
tions and others multimodal problems from industry. Different PV
and nonlinear multimodal patterns were used to validate the
proposed GPESC.

MPPT algorithms are also developed for current balancing of
partially shaded PV modules in order that the power output from
PV can be increased. For example, the MPPT configuration in [177]
produced more power when the solar radiation of the shading
module was more than 20-30% of the other radiation of non-
shading modules.

In [178], a current sweeping method to track the global peak
under PSC is proposed. The initial control signal to track the op-
timal point is decided through current sweeping test and locating
the correct maximum point could be further enhanced by a finer
local search. Using a fast current control loop, the tracking speed
can be easily improved. The flowchart of the proposed method is
given in Fig. 9.

Fathabadi et al. proposed a Lambert W function-based discrete
equations to obtain the MPP of PV arrays/panels [179]. The optimal
PV power for various array topologies under any environmental
conditions are determined by numerically solving these discrete
equations. It is shown that the maximum PV power of an array
strictly depends on the configuration of its PV modules. Their
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Fig. 9. The flowchart of the current sweeping method [178].

proposed technique shows a good agreement between the calcu-
lated parameters and the experimental data.

In [180], authors exploited the PV voltage and current devia-
tions to find the MPP of a PV module/array/panel under any en-
vironmental condition. Under both uniform and shaded condi-
tions, the proposed method was shown to have rapid convergence
with more than 99.6% tracking efficiency, compared to other MPPT
techniques. Fig. 10 shows the flowchart of the proposed method.

Considering the fact that multi-peak powers occur during PSC
affects the tracking speed, Chen et al. [181] proposed the equal-
power jumping MPPT method. It showed that the proposed
method gives superior tracking speed compared to the full-range

searching method. Fig. 11 depicts the tracking root of the jumping
method.

Authors in [182] proposed a golden-section using the interval
shrinking technique to track the global MPP for PV systems under
PSC. Initially, two control signals are selected to initiate the opti-
mization process and boundaries of control signal keep on redu-
cing to finally locate the optimal point. This makes the PV system
converges rapidly to the MPP without voltage or power oscilla-
tions around the maximum power point thereby lower energy
waste. Their method was validated using the recent published
work and results were found to be satisfactory. The flowchart of
the interval shrinking method is depicted in Fig. 12.
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6. Conclusion

It is well known that without proper tracking of the PV system

MPP, extraction of maximum power from PV system is not possi-
ble. Additionally, the PV system efficiency depends on how effec-
tively the MPP is tracked more especially under PSC. In this work, a
comprehensive review of MPPT methods for PV systems under
normal condition and PSC has been presented. The MPPT methods
have been categorized further as artificial intelligent, hybrid, and
other MPPT methods. The comparison of researches on MPPT
methods under normal condition and PSC reveals that researchers
have concentrated more on PSC since the last few years. This was
driven by the need to increase the power output and efficiency of
PV systems. It is believed that the information contained in this
paper will be of great use to the researchers in the field of PV
system.
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