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 
Abstract—Hot-spotting is a reliability problem 

influencing photovoltaic (PV) modules, where a 
mismatched solar cell/cells heat up significantly and 
reduce the output power of the affected PV module. 
Therefore, in this paper, a succinct comparison of seven 
different state-of-the-art MPPT techniques are 
demonstrated, doing useful comparisons with respect to 
amount of power extracted, hence calculate their tracking 
accuracy. The MPPT techniques have been embedded into 
a commercial off-the-shelf MPPT unit, accordingly running 
different experiments on multiple hot-spotted PV modules. 
Furthermore, the comparison includes real-time long-term 
data measurements over several days and months of 
validation. Evidently, it was found that both fast changing 
MPPT (FC-MPPT) and the modified beta (M-Beta) 
techniques are best to use with PV modules affected by 
hot-spotted solar cells as well as during partial shading 
conditions, on average, their tracking accuracy ranging 
from 92% to 94%. Ultimately, the minimum tracking 
accuracy is below 93% obtained for direct PWM voltage 
controller (D-PWM-VC) MPPT technique. 

 

Index Terms—Photovoltaic; Hot-Spots; MPPT; GMPP; 
Power Mitigation; Thermal Imaging; Tracking Accuracy. 

I. INTRODUCTION 

OT-SPOTTING is a reliability problem in Photovoltaic (PV) 
modules, this phenomena is well-identified when a 

mismatched solar cells’ heat up significantly and reduce the 
PV module output power [1]. PV hot-spots occur when a cell, 
or group of cells activates at reverse-bias, dissipating power 
instead of delivering it, and consequently operating at 
anomalous temperature levels [2] and [3]. The PV hot-spots 
are also the main cause of accelerated ageing, and sometimes 
irreversible damage of entire PV panels [4]. 

There are a number of other reliability issues affecting PV 
modules such as PV module disconnection [5], faults 
associated with maximum power point tracking (MPPT) units 
[6] and [7], PV micro cracks [8], and fluctuations in the wind 
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speed and humidity variations [9]. All of these factors affect 
the PV module output power performance, thus decrease its 
annual energy production. However, this article addresses the 
impact of hot-spotting in PV modules. 

PV Hot-spot easily can be detected using IR inspection, 
which has become a common practice in current PV 
application as presented in [10]. However, the impact of hot-
spot on the operation and performance of PV modules have 
been not often addressed, which helps us to explain why there 
is lake of accepted approaches which deals with hot-spotting 
as well as specific criterion referring to the acceptance or 
rejection of affected PV module in commercial frameworks.  

In the past and still a present practice, hot-spotting effect is 
usually mitigated by the adoption of bypass diodes which are 
parallelized with the PV modules, with the target to limit the 
maximum reverse voltage across the hot-spotted or shaded 
solar cells, therefore to increase the overall short circuit 
current and the open circuit voltage [11] – [13]. However, this 
method of mitigating hot-spots are not encountered the favor, 
since it requires additional cost and can be even detrimental in 
terms of power dissipation caused by additional bypass diodes 
as discussed by Manganiello et al. [14]. 

Most recently, distributive MPPT method suggested by 
Coppola et al. [15] and Olalla et al. [16] are a conventional 
method to mitigate hot-spot in PV modules, with an 
approximate reduction up to 20 °C for small and medium hot-
spotting areas. On the other hand, Kim & Krein [17] show the 
“inadequateness” of the standard bypass diodes, the insertion 
of a series-connected switch are suited to interrupt the current 
flow during bypass activation process. However, this solution 
requires a quite complex electronic board design that needs 
devised power supply and appropriate control logic for 
activating the hot spot protection device. 

In 2018, two hot-spot mitigation techniques developed by 
Dhimish et al. [18]. Both techniques consists of several 
MOSFETs connected to the PV module in order to switch 
ON/OFF the hot-spotted PV solar string. The proposed 
technique is fairly reliable, but it does not contain any 
modelling or statistical analysis for the overall impact of PV 
hot-spots on the output power performance. 

On the other hand, under hot-spotting scenarios, the 
characteristics of the PV modules show multiple local 
maximum power points (LMPPs), and a unique global 
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maximum power point (GMPP). Many conventional MPPT 
methods, such as Perturb and Observe (P&O) [19], 
Incremental Conductance (INC) [20], and Beta method [21] 
are enable to distinguish the GMPP from the LMPPs. 
Consequently, both the generated power and the system 
reliability are significantly affected. As detailed by the real 
data in [22], the measured power loss due to the wrong 
tracking of operating point at LMPPs instead of GMPP is high 
up to 60~70%. 

To address this reliability issue in the MPPT methods, 
several hardware-based methods have been industrialized, 
including bypass diodes method [11], reconfiguration of PV 
modules [23], and the distributed MPPT units [15]. Without 
adding additional hardware components, many software based 
GMPPT approaches have been extensively proposed. Since 
tracking GMPP can be considered as an optimization problem, 
many artificial intelligent (AI) methods have been suggested, 
such as particle swarm optimization [24], fuzzy logic 
inference system [25], MPPT genetic algorithm [26], artificial 
neural network (ANN) [27], artificial bee colony [28], and the 
grey wolf optimization [29]. These AI approaches are 
effective for most shading patterns with high accuracy, but not 
capable of enhancing the hot-spotted solar panels output 
power. Also, the implementation of these AI methods are 
challenging to use since some parameters have to be wisely 
tuned and therefore the users must have certain professional 
knowledge on them. 

Some researchers [30] and [31] proposed a new algorithms 
by modifying the conventional MPPT techniques in order to 
attain better performance by assuming that all PV output 
power peaks, including LMPPs and the GMPP, approximately 
locate at the multiple of 0.8 of the open circuit voltage (Voc). 
However, their tracking accuracy for hot-spotted PV modules 
could optimally reach up to 90% of the expected GMPP. On 
the other hand, hill climbing is one other of the most common 
method to track the GMPP [32] – [35]. This method is so 
similar to P&O and the difference is in the parameter which 
the perturbation process is applied to the duty cycle of the 
converter, and the power measured gain factor. In this 

technique if the different in the measured power is less than 
zero, means that the direction is incorrect, hence the 
perturbation should be applied in reverse direction. Therefore, 
to attain the GMPP of the desired PV system. 

Furthermore, a hybrid evolutionary algorithm called the 
DEPST technique was implemented using a combination of 
the differential evolutionary (DE) algorithm and particle 
swarm optimization (PSO), to detect the maximum power 
point under partial shading conditions [36]. The tracking 
accuracy of this technique is always above 98%. In addition, 
an improved differential evolution-based MPTT algorithm 
using SEPIC DC/DC converter is proposed in [37] and [38]. 
Results of this technique shows that the MPPT algorithm has 
the capability to track the GMPP within 2s with an accuracy of 
99%, and respond to load variation within 0.1s. 

One of the most important factor in choosing a proper 
MPPT method mainly lies within three specifications:  

1) Performance: tracking speed and accuracy. 
2) Control: including voltage and current sensors, 

complexity of the control system, parameter tuning or 
perturbation, partial shading detections. 

3) Circuit and Economic Benefits: analog or digital 
circuit interface unit, applications such as PV 
standalone or gird-based PV integration, and the cost 
of the entire MPPT systems. 

An up-to-date review of recent advanced MPPT techniques 
[39] – [45] are listed in Table I including the comparison of 
the performance, control, and circuit and economic benefits. 
All MPPT techniques have a parameter tuning, in other words, 
there is perturbation process required to adjust the algorithm, 
hence to track the GMPP during partial shading conditions. 
Algorithm proposed by [39] – [42] archives high tracking 
accuracy ranging from 99% and above. While, the static 
conductance-based MPPT technique [44] as well as the direct 
PWM voltage controller MPPT technique [45] has a fairly 
lower tacking accuracy; always below 98.5%.   

As noticed in Table I, all MPPT techniques require the 
values of the current and voltage of the PV system. And all 
techniques has an analog output interface. 

 
Table I Comparison of different up-to-date (2018) MPPT methods 

 
Method Performance Control Circuit and Economic 

Tracking 
Speed 

Tracking 
Accuracy 

Sensors Complexity Parameter 
Tuning 

Partial  
Shading 

Analog or  
Digital 

Application Cost 

 
Fast Changing MPPT [39] 

 

 
Fast 

 
High 

 
V & I 

 
Medium 

 
Yes 

 
Yes 

 
Analog 

 
SA & Grid 

 
Medium 

Linear Extrapolation-
Based MPPT [40] 

 

Fast High V & I Low Yes Yes Analog SA Medium 

Modified Beta [41] 
 

Fast High V & I High Yes Yes Analog SA & Grid Medium 

I-V Curve MPPT [42] 
 

Medium High V & I Low Yes Yes Analog SA Low 

Enhanced Adaptive 
Perturb and Observe [43] 

 

Fast High V & I High Yes Yes Analog and 
Digital 

SA Medium 

Static Conductance-Based 
MPPT [44] 

 

Medium Medium V & I High Yes Yes Analog  SA  High 

Direct PWM Voltage 
Controller [45] 

Medium Medium V & I High Yes Yes Analog and 
Digital 

SA & Grid Low 

 
Where V = Voltage sensor, I = Current sensor, SA = PV standalone system, Grid = PV Grid Connection; 
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As an industrial point-of-view, the cost of the MPPT unit 
plays viral role in the selection criterion. So tradeoff between 
efficiency and cost is necessary to get desired goal. Two 
parameters which have the most effect on cost of a method are 
sensors and microcontrollers. Curve fitting and look-up table 
MPPT technique [42] do not require a high computational 
micro-controllers as well as the director PWM voltage 
controllers MPPT technique [45], therefore, these methods are 
classified as an inexpensive. On the other hand, the static 
conductance-based MPPT technique [44] requires high 
computational micro-controllers as well as a multi-layer 
controller system integration; makes the algorithm highly 
expensive in its nature. Almost all of the numerical methods 
are medium in terms of the cost [39 - 41] and [43], because 
they should do a large number of calculations to achieve MPP 
so they need high computation microcontrollers, but not 
necessary to include expensive sensors or actuators.  

As a generic remark, there are a limited number of MPPT 
methods ultimately attempt to optimize the output power of 
hot-spotted PV modules with respect to effectively tracking 
the GMPP, but not the LMPPs. In addition, there are a limited 
evaluation of MPPT methods on hot-spotted PV modules, 
since most adapted approaches were evaluated and assessed 
only during partial shading conditions affecting PV modules, 
but not using hot-spotting scenarios. Hence, the main 
motivation of this work include the following: 

 Study and analyse the impact of hot-spots on the 
performance and characteristics of PV modules using 
commercial off the shelf MPPT units. 

 Compare and evaluate the tracking accuracy of seven 
up-to-date [39] - [45] MPPT techniques using various 
hot-spotted PV modules under real-time long-term 
environmental conditions, but not their oscillation, 
speed of tracking, GMPPT vs. LMPPS, and the 
transient response, since these parameters extensively 
have been discussed in the original articles. 

 Last, evaluating the MPPT techniques based on their 
tracking accuracy, ultimately propose the best MPPT 
method to use with hot-spotted PV modules and 
partial shading scenarios. 

In this article, the term “partial shading” corresponds to all 
factors that might affect the examined PV modules such as 
moving clouds, flying birds, dust, and rain. On the other hand, 
hot-spotting is a phenomenon where a mismatched solar 

cell/cells heat up significantly and reduce the output power of 
the affected PV module. Nevertheless, does not necessary 
means partial shading (even though no shade affecting the PV 
module, the hot-spot remains consistent). 

II. METHODOLOGY 

A. Examined PV Modules 

In this work, the evaluation for hot-spotted PV modules 
were analysed based on two different PV systems. First 
system shown in Fig. 1(a) comprises 10 polycrystalline silicon 
PV modules, whereas second PV system shown in Fig. 1(b) 
contains 220 roof-mounted polycrystalline silicon PV 
modules. The PV modules electrical characteristics at standard 
test conditions (STC) where the irradiance (G) is equal to 
1000 W/m2 and the PV module temperature (T) is equal to 25 
°C, as follows: 

 
 Maximum power point (Pmpp): 220.2 Wp 
 Voltage at maximum power point (Vmpp): 28.7 V 
 Current at maximum power point (Impp): 7.67 A 
 Open circuit voltage (Voc): 36.7 V 
 Short circuit current (Isc): 8.18 A 

 
Before representing the impact of the hot-spotting on the 

output power performance of the PV modules, and to ensure 
that the output loss in the power is caused by hot-potting 
phenomenon, not other factors such as partial shading, dust, or 
cracks; a thermal imaging camera FLIR i5 was used to inspect 
all examined PV modules. Example of the output thermal 
image is shown in Fig. 1(c). The thermal image camera has the 
following specifications:  

 
 Thermal image quality: 100 x 100 pixels 
 Field of view: 21° (H) x 21° (V) 
 Thermal sensitivity: 21.18° 

 
After the inspection is determined, the output power 

generated by the hot-spotted PV modules will be monitored 
and traced using an MPPT unit, and therefore compare the 
results with theoretical predictions, hence to estimate the 
tracking accuracy (η). This step is critical because it allows to 
rank the best MPPT algorithm that achieves the maximum 
tacking accuracy. 

 
                                                   (a)                                                        (b)                                                                  (c) 

Fig. 1.  Examined PV systems. (a) PV system 1, (b) PV system 2, (c) Example of thermal image captured for PV systems 2 
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B. Impact of Hot-spotted PV modules on commercial 
MPPT tracking accuracy – background for current MPPT 
problem  

In order to study the impact of hot-spotted PV modules on a 
commercial MPPT tracking accuracy. One of the common 
used commercial MPPT unit (Flexmax 80 MPPT) available in 
PV industry market was examined. The MPPT unit tracking 
accuracy under partial shading conditions is always greater 
than 98.5%, as noted in the datasheet. The tracking accuracy 
(η) is calculated using (1). η = 𝑃ℎ𝑜𝑡−𝑠𝑝𝑜𝑡𝑡𝑒𝑑 𝑃𝑉 𝑚𝑜𝑑𝑢𝑙𝑒𝑃ℎ𝑒𝑎𝑙𝑡ℎ𝑦 𝑃𝑉 𝑚𝑜𝑑𝑢𝑙𝑒 × 100                (1) 

where 𝑃ℎ𝑜𝑡−𝑠𝑝𝑜𝑡𝑡𝑒𝑑 𝑃𝑉 𝑚𝑜𝑑𝑢𝑙𝑒 and 𝑃ℎ𝑒𝑎𝑙𝑡ℎ𝑦 𝑃𝑉 𝑚𝑜𝑑𝑢𝑙𝑒  are the 
output power of the hot-spotted PV module and healthy PV 
module, respectively. 

Fig. 2(b) shows the real and thermal image for two adjacent 
PV modules, where the first PV module is healthy (does not 
contain any hot-spots), and the second has two hot-spotted 
solar cells. Both PV modules were connected to an MPPT 
unit, in order to examine the MPPT tracking accuracy under 
real-time long-term data measurements using same 
environmental conditions. The output power for both PV 
modules are shown in Figs. 2(c) and 2(d). Evidently, the 
MPPT unit connected to the healthy PV module had an 
average tracking accuracy of 98.7% throughout the day. There 

is drop in the tracking accuracy for the second MPPT unit 
connected to the hot-spotted PV module, η = 96.2%. 

It is understood that hot-spotting in PV modules reduce the 
amount of generated power of the affected PV modules, but, 
compared to partial shading conditions, MPPT units (such as 
tested Flexmax 80 MPPT shown in Fig. 2(b)) fails to extract 
maximum output power of hot-spotted PV modules. Main 
reason behind this is that MPPT technique does not consider 
the drop in the Voc and Isc, but untimely tries to track the global 
maximum power point (GMPP) of PV modules not the local 
maximum power points (LMPPs) as shown in Fig. 2(a). 
Another reason that hot-spotted PV modules strongly depends 
on the environmental parameters such as strong wind speed 
(eventually cools down PV surface and reduce hot-spotting 
impact [40]), humidity variations and the ambient temperature 
[16], therefore, with such environmental conditions, the MPPT 
tracking accuracy might differ meaningfully.  

Based upon previous discussion, in the next sections, a 
comparison between seven different MPPT techniques, 
recently suggested in 2018 will be evaluated on hot-spotted 
PV modules, but not only on partial shading conditions as this 
information is briefly discussed in the original articles. In 
addition, these MPPT techniques will be ranked based on their 
tracking accuracy using numerous real-time long-term 
environmental conditions, but not their transient response, this 
information is briefly discussed in the original articles.  

 
 

                
                                                           (a)                                                                                                              (b) 

       
                                                           (c)                                                                                                              (d) 

Fig. 2. Hot-spotted PV module inspection. (a) Global and local maximum power points, (b) Healthy PV module and hot-potted PV module 
inspection using thermal imaging, (c) Output power of healthy PV module, average MPPT tracking accuracy is 98.7%,  (d) Output power of the 

hot-spotted PV module, average MPPT tracking accuracy is 96.2% 
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III. CONSIDERED MPPT TECHNIQUES 

Seven different MPPT techniques are assessed using the 
analysis of their tracking accuracy on different hot-spotted PV 
modules. The evaluated MPPT techniques are summarized as 
follows: 

1) Fast Changing MPPT (FC-MPPT) [39]: main 
idea of this MPPT is to remove random number in 
the voltage calculation equation of the 
conventional cuckoo search method as shown in 
Fig. 3. Therefore, it maintains fast and reliability 
tracking for GMPP during the change in the 
uniform and non-uniform irradiance levels, its 
tracking accuracy is always higher than 99.8%.  
 

2) Linear Extrapolation-Based MPPT (LEB-
MPTT) [40]: this method involves only three 
sampling periods to reach GMPP under any 
dynamic conditions. Its main advantages including, 
simplicity of analysis, fixed minimal convergence 
time, ease of implementation since it does not 
require the open circuit voltage, and its tracking 
accuracy is always above 99.6%.  
 

3) Modified Beta (M-Beta) [41]: this technique 
relies on modifying the MPPT algorithm using β 
parameter, henceforth it will not overlook at the 
GMPP and LMPPs during partial shading 
conditions. The novelty of this technique that it has 
the capability of detecting the occurrence of partial 
shading conditions without the need of any 
additional threshold or periodical interruption, but 
only β value which is determined by (2), where 
IString refers to the current of the PV modules, Veq is 
the equivalent voltage, and c is the diode constant. 
The MPPT tracking accuracy is always greater 
than 99.5%. Whereas β value is limited between 
two thresholds βmin and Βmax. 
 𝛽 =  ln 𝐼𝑆𝑡𝑟𝑖𝑛𝑔𝑉𝑒𝑞 − 𝑐 × 𝑉𝑒𝑞                    (2) 

4) I-V Curve MPPT (I-V-MPPT) [42]: this 
techniques approximate the current-voltage (I-V) 
curve for particular sub-region of partially shaded 
PV modules, subsequently estimates the upper 
limits for the array power in these sub-regions. Fig. 
4 shows the estimation of an I-V curve at (Vk, Ik) 
value. Ultimately, the tracking accuracy is always 
greater than 99.5%. 

 
5) Enhanced Adaptive Perturb and Observe (EA-

P&O) [43]: this MPPT technique mitigate the 
limitations of the conventional P&O using the 
analysis of state oscillation, diverged tracking 
direction, and the tracking for optimal GMPP. The 
technique is able to diminish the power loss during 
partials shading conditions, whistle its tracking 
accuracy is maintained over 99.3%. 
 

6) Static Conductance-Based MPPT (SCB-MPPT) 

[44]: the novelty of this MPPT technique lies in the 
fact that a power versus static conductance curve 
of the PV module is used to accurately track the 
GMPP, with reference the measured solar 
irradiance (G). The MPPT requires four tuning 
parameters taking into account the maximum 
derivative of the power with respect to the PV 
conductance. Overall MPPT tracking accuracy is 
always greater than 98.5%. 
 

7) Direct PWM Voltage Controller (D-PWM-VC) 

[45]: in this MPPT method, a direct PWM 
controller based on single gain (K) is used to 
directly estimate the duty cycle (D). The working 
principle of the proposed PWM controller is shown 
in Fig. 5. Simultaneously, its mathematical 
operation contains an integral controller. In 
practice, this MPPT is complex to implement, and 
its optimum tracking accuracy is equal to 98%.  

 
Fig. 3.  Concept of tracking GMPP though voltage calculation 
described in [32] 
  

 
Fig. 4.  Concept of tracking GMPP though the estimation of the I-V 
curve characteristics [35] 

 
 
Fig. 5.  Proposed D-modulation control scheme [38] 
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IV. EVALUATION OF MPPT TECHNIQUES 

In order to evaluate the optimum MPPT technique to use 
with hot-spotted PV modules, and as noticed earlier in section 
III, all selected MPPT technique have tracking accuracy of at 
least 98%. Hence, in this section, all MPPT techniques will be 
compared and ranked based on their tracking accuracy. In 
order to modify the experimented MPPT unit with the required 
MPPT technique, the internal adjustable microcontroller and 
AUX controller switch was configured. The data is monitored 
and logged using a PC through an Ethernet cable. A battery 
bank and resistive load (16 Ω) was also used. The internal 
assembly of the MPPT unit and the load are shown in Fig. 6. 

A. Examine healthy PV module during normal 
operational conditions 

Before evaluating the MPPT techniques on a hot-spotted 
PV modules, it is worth to monitor their tracking accuracy on 
a healthy PV module (examined PV module is shown in Fig. 
7) throughout long-term data dimensions; roughly over one 
complete day of operation. The MPPT unit was modified with 
the configuration of the examined MPPT technique, each 
MPPT is experimented over full day of operation, while their 
output power vs. theoretical output power predictions are 
shown in Fig. 8. The ambient temperature during all days is 
between 14~14.8 °C. 

Remarkably and as expected, the optimum MPPT technique 
is the FC-MPPT tested over the first day, its average tracking 
accuracy reaches 99.73%. Second best MPPT technique is 
LEB-MPPT with 99.66% tracking accuracy. Finally, the 
minimum tracking accuracy (98.32%) is obtained using the D-

PWM-VC. The D-PWM-VC had the lowest tracking accuracy 
because it has two main drawbacks: 

1) The controller gain (K) strongly depends on load 
value, and since in this work a pure resistive load of 
16 Ω was used. Therefore, the gain must be 
calculated again in every applied partial shading 
conditions, in which the algorithm lacks to support. 

2) The estimation of the current at maximum power 
point (Impp) depends on the calculations of the voltage 
reference (Vref), this reference voltage is roughly 
estimated and therefore must be considered in almost 
all partial shading scenarios. 

To sum up, this sub-section demonstrated the overall MPPT 
techniques and their tracking accuracy using a duration of full 
day, while running the examined MPPT algorithms during 
normal operational conditions; no partial shading is applied. It 
is worth remembering that the MPPT techniques transient 
response, oscillation, and speed of tracking are briefly 
discussed in the articles [39] – [45]. 

B. MPPT techniques performance using hot-spotted PV 
module 

In this section, the performance of the MPPT techniques 
will be compared according to their tracking accuracy using a 
PV module affected by two hot-spotted solar cells. The PV 
module real and thermal image are shown in Fig. 9. The hot 
spotted cells temperature have an increase of 9.8 °C and 9.4 
°C compared to adjacent healthy solar cells. Similar to 
previous section, the hot-spotted PV module is connected to 
the MPPT unit running different MPPT technique over a 
period of full day. Therefore, it is possible to calculate the 
average tracking accuracy for each examined MPPT 
algorithm, consequently discover the ideal technique. 

 
Fig. 6.  Internal configuration of the MPPT unit, battery bank, and the resistive load (16 Ω) 

 
 

Fig. 7.  Examined Healthy PV module – no existence of hot-spots, 
dust, cracks, or soiling  

 
Fig. 9.  Examined PV module affected by two hot-spotted solar cells 
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The output results of the power vs. theoretical power 
predictions are shown in Fig. 10. Here, it is evident that all day 
scenarios had almost identical solar irradiance profile, where 
there is rapid change and fast transient in the solar irradiance 
affecting the hot-spotted PV module. The ambient temperature 
in all considered days ranging from 16~17 °C.  

M-Beta technique achieved the maximum tracking accuracy 
(97.32%). As presented in section III, this technique relies on 
β value, determined by (2). Fig. 11 shows a typical P-V curve 
determined for the hot-spotted solar module. Regions 1 to 3 
(n=1, n=2, and n=3) presents the tacking profile for β value to 
localize and operate the PV module at the GMPP. In region 1, 
β value is out of the range (less than βmin). Therefore, starting 
from the region 2, there is a slight increase in β value which 
fluctuates between the ranges of βmin to βmax. Hence, in the last 
region, n = 3, it tracks the GMPP using suitable β value 
(practically β = -18, calculated using (2), labeled as “8”). 

Therefore, M-Beta MPPT technique had the best 
performance due to its optimum localization method for the 
GMPP, even though the PV module is affected by a hot-
spotted solar cells. Interestingly, the FC-MPPT technique is 
ranked the 3rd, whistle it was ranked the first in the previous 
section (refer to Fig. 8). This technique fails to attain high 
tracking accuracy for the hot-spotted PV module since it 
depends on measuring the voltage levels for all P-V curves, 

while for hot-spotted PV modules, the output voltage and 
current characteristics, principally the drop in the Voc and Isc is 
unexpected, and it fluctuates differently compared to partial 
shading conditions. Thereafter, the FC-MPPT, I-V-MPPT, and 
the D-PWM-VC had low tracking accuracy. On the other 
hand, the LEB-MPPT method had on average a tracking 
accuracy of 97.11%. This technique had the second best 
MPPT tracking accuracy because it has the capability of 
determining the Voc and Isc for the hot-spotted PV module 
using a linear outline calculations for the P-V GMPP profile. 

 
Fig. 8.  MPPT Techniques output tracking accuracy using healthy PV module under normal and partial shading scenarios 

 
Fig. 10.  MPPT Techniques output tracking accuracy using PV module affected by two hot-spotted solar cells 

 
Fig. 11.  Localizing and tracking GMPP using M-Beta MPPT technique 
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C. MPPT techniques performance using PV module 
affected by multiple (>5) hot-spotted solar cells 

In this section, the MPPT techniques are evaluated using a 
PV module affected by several (>5) hot-spotted solar cells. 
Fig. 12(a) shows real and thermal image of the examined PV 
module. Furthermore, Fig. 12(b) illustrates the P-V curve of 
the examined PV module under STC. It was found that the 
power loss due to the existence of hot spots is equal to 31.6 W. 

The output power performance and the MPPT tracking 
accuracy for the entire tested techniques are shown in Fig. 13. 
The M-Beta MPPT had the dominant tracking accuracy 
(92.92%), while the D-PWM-VC stall the last (90.51%). In 
fact, all MPPT techniques could not accurately track the 
optimum GMPP of the hot-spotted PV module (i.e. above 
97%) due to the existence of the hot-spots in the examined PV 
module. The hot-spots impacts the entire performance of the 
PV module. The PV module main electrical characteristics 
such as Voc, Isc, Vmpp and Impp are affected and successively 
changed from their theoretical origins. 

D. MPPT techniques performance using PV module 
affected by hot-spotted solar cells and permanent shade 

Another interesting result to discuss, is whether the 
considered MPPT techniques are capable of tracking 
accurately the GMPP of a PV module affected by hot-spotted 
solar cells as well as a permanent shade. Fig. 14 shows the 
examined PV module affected by two hot-spotted solar cells 
and a permanent shade. 

The output power and tracking accuracy for all MPPT 
techniques are shown in Fig. 15. Comparatively, the FC-
MPPT and M-Beat techniques had nearly same tracking 
accuracy centrally located at 93.60% to 93.62%. Same result 
obtained for I-V-MPPT, EA-P&O, and SCB-MPPT, all had 
equivalent tracking accuracy with an average at intervals of 
92.88% to 92.92%. As expected, the D-PWM-VC had lowest 
tracking accuracy about 92.32%.  

Evidently, this section verifies that both FC-MPPT and M-
Beta techniques are optimum to use with PV modules affected 
by hot-spotted solar cells and a permanent shade. However, 
M-Beta practically had the best tracking accuracy (on average 
greater than 98%) for all investigated hot-spotted PV modules.  
The second best MPPT method, certainly lies within the FC-
MPPT and LED-MPPT techniques, depending on number of 
hot-spotted solar cells in the PV module as well as partial 
shading conditions. Whereas, the minimum tracking accuracy 
is obtained using D-PWM-VC technique for all considered 
scenarios. 

Fig. 14.  Examined PV module affected by two hot-spotted solar cells 
and permanent shade  

 
(a) 

 
(b) 

Fig. 12.  (a) Examined PV module affected by >5 hot-spotted solar 
cells, (b) P-V curve characteristics under STC 
  

 
Fig. 13.  MPPT Techniques output tracking accuracy using PV module affected by several (>5) hot-spotted solar cells 
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Main outcomes of data presented in this section, includes 
following remarks: 

1) The fast changing MPPT (FC-MPPT) technique is 
optimum to use with PV modules affected only by 
partial shading scenarios; on average its tracking 
accuracy is equal to 99.73%.  

2) For hot-spotted PV modules, the optimum MPPT 
technique is the modified beta (M-Beta), with 
overall tracking accuracy from 92.92% to 97.32%. 

3) For PV modules affected by hot-spotted solar cells 
and partial shading scenarios. Experimentally, it 
was found that both FC-MPPT and M-Beta had 
almost identical tracking accuracy. 

4) I-V-MPPT, EA-P&O, and SCB-MPPT techniques 
almost generates same extent of power during all 
experimental validation. 

5) The minimum tracking accuracy is obtained using 
D-PWM-VC technique for all considered scenarios 
due to its controller gain and voltage reference 
threshold limitations. 

V. PERFORMANCE RATIO ANALYSIS 

Performance ratio (PR) is a widely used metric for 
comparing relative performance of PV installations whose 
design, technology, capacity, and location differ [46] - [48]. 
The PR is calculated using (3). 

 𝑃𝑅 = Ƞ𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑Ƞ𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 × 100 =  𝐸𝐺Ƞ𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙  × 100      (3) 

where Ƞ𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 and Ƞ𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙  are the actual measured 
efficiency and theoretical output efficiency of the examined 
PV installations, 𝐸 is the output energy of the PV system 
(kWh), and 𝐺 is the solar irradiance incident in the plant of the 
PV array (kWh). 
 In order to compare and evaluate the examined MPPT 
techniques using the analysis of the PR ratio, the examination 
of a PV sub-system comprising seven PV modules, all 
affected by two hot-spotted solar cells has been conducted for 
a duration of six months; April to September 2018. The 
configuration for the conducted experiment including PV 
modules and the MPPT units are shown in Fig. 16.  

 
 

Fig. 15.  MPPT Techniques output tracking accuracy using PV module affected by two hot-spotted solar cells and permanent shade 
  

 

 
 
 
 
Fig. 16.  Performance ratio (PR) analysis for all examined MPPT 
algorithms using experimental evaluation of seven different PV 
modules affected by the same type of hot-spotting; this experiment
last for 6 months; starting from March to August 2018 
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The PV modules are connected to a MPPT controller 
running different MPPT algorithm, the MPPT controller 
shown in Fig. 16 has an adjustable control unit to modify the 
microcontroller using any MPPT algorithm, and the MPPT 
unit has a USB link to the PC for data logging purposes. A 
pure resistive load (16 Ω) is used with all PV modules. Data 
analysis of the PR ratio is captured and analysed over the 
studied period. It is worth noting that all PV modules were 
affected by same environmental conditions, including solar 
irradiance, ambient temperature, humidity and wind speed. 

Daily PR is captured for all PV modules over a period of six 
months, resulting a total of 184 samples. The data is processed 
using Minitab software and concisely compared. Since the 
measured data of all MPPT algorithms does not follow a 
normal (or Gaussian) distribution, because environmental 
conditions such as wind, rain, dust, and partial-shading will 
skew the distribution and accuracy of the MPPT units, 
resulting a low PR ranges. Therefore, the distribution of the 
PR ratio is better explained with a Weibull distribution, which 
often arises when the range of variations of a 
population/samples are physically limited to one extremist 

value; in this case, it is the MPPT algorithms output power 
tracking accuracy. 

According to the results shown in Fig. 17(a), the PR ratio 
over the considered period of the experiment is equal to 
97.33%, 97.03% and 96.76% for the MPPT algorithms M-
Beta, FC-MPPT and the LEB-MPPT, respectively. It is 
evident that the maximum PR is observed for the PV module 
connected to the MPPT unit running M-Beta technique, 
whereas the second optimum technique is FC-MPPT. 
Subsequently, Fig. 17(b) shows that all other examined MPPT 
techniques achieve a PR ratio less than 96.5%, whereas the 
minimum PR ratio is observed for the PV module connection 
to the D-PWM-VC MPPT algorithm. A summary for the PR 
ratio of all examined MPPT algorithms are presented in Fig. 
17(c); maximum to minimum.  

As a result, the analysis of the PR ratio over a period of six 
months confirms that the M-Beta and FC-MPPT MPPT 
methods have the highest overall tracking accuracy. This 
result also confirms the appropriateness of the conducted 
experiments in previous sections; where similar outcomes 
were acknowledged.   

           
      (a)                                                                                                           (b) 

 
(c) 

 
Fig. 17.  Distribution of the daily integrated performance ratio (PR) for all MPPT algorithms. (a) PR for M-Beta, FC-MPPT, and LEB-MPPT 

algorithms, (b) PR for I-V-MPPT, EA-P&O, SCB-MPPT, and D-PWM-VC algorithms, (c) Comparison of the obtained PR for all MPPT algorithms 
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VI. DISCUSSION AND FUTURE RECOMMENDATIONS 

In this work, seven up-to-date MPPT algorithms have been 
discussed and their tracking accuracy are compared. The novel 
contribution of this study includes the analysis and the 
assessment of the examined PV MPPT algorithms not only 
using PV modules affected by partial shading conditions, but 
also PV modules affected by various types of hot-spots. 

Nowadays, there are hundreds of existing PV MPPT 
algorithms, eventually their tracking accuracy always been 
compared during partial shading conditions. However, few 
previous algorithms have been tested under hot-spotting 
scenarios affecting PV modules. 

Noting that each of the examined techniques has its own 
advantages and disadvantages concerning the tracking 
accuracy, tracking speed, cost, and their implementation 
complexity. The selection of the examined PV MPPT 
algorithms are taken into account following criterion: 

 The algorithm is either implemented using an 
advanced mathematical approach, or it is an 
advancement of a conventional method such as the I-
V or P-V curve identification procedure. 

 The algorithm is not implemented using machine 
learning techniques, such as fuzzy inference system 
or artificial neural networks, since the hot-spotting 
phenomenon significantly will affect the main 
electrical parameters of the PV modules, hence, the 
machine learning algorithms are fairly inefficient in 
identifying the loss in some PV parameters such as 
the Voc and Isc. 

In this study, the examined MPPT algorithms were 
evaluated using various case studies including: 

 PV modules affected by partial shading conditions. 
 PV module affected by two hot-spots. 
 PV modules affected by >5 hot-spots. 
 PV module affected by two hot-spots and permanent 

shade. 
Results show that the M-Beta and FC-MPPT methods 

proposed by [41] and [39], respectively, had the optimum 
tracking accuracy and maximum output power compared to all 
other tested algorithms. It was noticed that both methods rely 
on the analysis of the voltage at maximum power point, and 
subsequently classify the identification region which the 
MPPT algorithm has to operate; typically tracks the GMPP. 

Additional long-term experiment has been conducted to 
evaluate the effectiveness of the examined MPPT algorithms. 
This experiment includes the examination of a PV sub-system 
comprising seven PV modules, all affected by two hot-spotted 
solar cells. The evaluation for the MPPT has been carried out 
using the analysis of the performance ratio. The main 
outcomes of this experiment are: 

 All examined PV modules have PR ratio above 95%. 
 The best mean average PR ratio is observed for M-

Beta method at 97.33%, whereas the minimum is 
equal to 95.31% for D-PWM-VC MPPT method. 

There are two key recommendations following the 
outcomes of this article on the basis of enhancing the 
efficiency of the PV MPPT algorithms, these are being 
summarized as follows: 

 The analysis of the accuracy for any given MPPT 
algorithm must be evaluated under (i) partial shading 
conditions, (ii) PV modules affected by different hot-
spots, since hot-spotting phenomenon has been raised 
in the last 10 years as one of the major as well as 
common defects in PV modules [49], and (iii) MPPT 
algorithms must be analysed on PV modules affected 
by different weather conditions including real-time 
long-term data verification over a duration of several 
days/months. 

 PV research community and solar energy industry 
have to start to investigate the impact of PV hot-
spotting on the accuracy of current MPPT units 
available in the market. Because so far, MPPT are 
only tested under partial shading conditions. 

VII. CONCLUSION 

Considering the drawbacks and limited number of MPPT 
techniques adopted to enhance hot-spotted PV modules output 
power, and since the characteristics of hot-spotted PV modules 
are different than partial shading scenarios. Therefore, in this 
paper, a succinct comparison of seven different state-of-the-art 
MPPT techniques are discussed, with respect to amount of 
power extracted and their tracking accuracy. 

The MPPT techniques have been embed into a commercial 
off the shelf MPPT unit, subsequently running various 
experimental verification on a number of hot-spotted PV 
modules. Furthermore, the comparison between all selected 
MPPT techniques includes a real-time long-term data 
measurement over several days/months of validation. 
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