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Abstract: In order to operate a solar photovoltaic (PV) system at its maximum power point (MPP)
under numerous weather conditions, it is necessary to achieve uninterrupted optimal power produc-
tion and to minimize energy losses, energy generation cost, and payback time. Under partial shading
conditions (PSC), the formation of multiple peaks in the power voltage characteristic curve of a PV
cell puzzles conventional MPP tracking (MPPT) algorithms trying to identify the global MPP (GMPP).
Meanwhile, soft-computing MPPT algorithms can identify the GMPP even under PSC. Drawbacks
such as structural complexity, computational complexity, huge memory requirements, and difficult
implementation all affect the viability of soft-computing algorithms. However, those drawbacks have
been successfully overcome with a novel ten check algorithm (TCA). To improve the performance of
the TCA in terms of MPPT speed and efficiency, a novel concept of data arrangement is introduced in
this paper. The proposed structure is referred to as Optimized TCA (OTCA). A comparison of the
proposed OTCA and classic TCA algorithms was conducted for standard benchmarks. The results
proved the superiority of the OTCA algorithm compared to both TCA and flower pollination (FPA)
algorithms. The major advantage of OTCA in MPPT stems from its speed as compared to TCA and
FPA, with almost 86% and 90% improvement, respectively.

Keywords: maximum power point; partial shading condition; solar photovoltaic; MPPT algorithm

1. Introduction

The diminution of fossil fuels, escalation of energy demand and greenhouse gas
emissions, and mounting energy prices have pushed the world toward renewable energy
sources. Solar energy is one of the key renewable energy sources that provide electric-
ity without giving rise to any carbon dioxide emission [1]. Furthermore, a single-step
conversion of sunlight into electricity using a solar photovoltaic (PV) cell (made up of
semiconductor materials, mostly silicon [2]) using the photoelectric effect makes it the most
easily accessible, cheap, and reliable renewable energy solution [3]. To generate maximum
possible power, it is necessary to continuously operate the PV cell at its MPP [4]. There-
fore, an MPP tracker governed by an algorithm is employed [5]. Common conventional
algorithms include: perturb and observe [6], incremental conductance [7], fractional open
circuit [8], and fractional short circuit [9]. Such algorithms are simple to understand and
cheap to implement; however, there are significant drawbacks including system depen-
dence, steady-state oscillations, and inability to perform under partial shading conditions
(PSC). Multiple improvements have been made over the years to enhance the performance
of conventional algorithms under different weather conditions. One of such improvements
was the variable step size P&O algorithm, which was introduced in [10–14]. It starts with a
big step size to reach the MPP in minimum time, and then gradually reduces the step size to
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achieve the MPP with higher efficiency, as this reduces the tracking time. Another approach
entailed modeling hardware with a DSP controller to enable the conventional HC technique
to perform under PSC [15], which facilitated a 17.5% improvement in the convergence
speed. Another idea of variable step size InC algorithm was adopted in [16]. The almost
same strategy is implemented in [17] using PIC16F877A controller. An improved FSCC
algorithm was proposed in [18] where short circuit current was measured using preset
current thresholds. A switched semi-pilot cell was used to measure open-circuit voltage of
a PV array and to improve the efficiency of the FOCV algorithm [19].

Conversely, the best known soft-computing algorithms include: fuzzy logic [20],
genetic [21], cuckoo search [22], ant colony [23], artificial neural network [24,25], differential
evolution [26], particle swarm optimization [27], grey wolf optimization [28], artificial
bee colony [29], and flower pollination [4]. The main advantages of metaheuristic/soft-
computing algorithms include zero steady-state oscillations and the ability to track MPP
under PSC, while their primary disadvantages are mainly due to high implementation
costs, huge memory requirements, structural complexity, need for extensive data training,
etc. Numerous improvements have already been introduced to soft-computing algorithms,
for instance the “new rule compressed fuzzy logic method” presented in [30], which
improved MPPT efficiency and tracking speed. The methodology proposed in [30] was
evaluated using an experimental setup. ANN is typically integrated with metaheuristic
and conventional algorithms due to its extensive optimization scope [31,32]. A modified
PSO algorithm achieved reduced steady-state oscillations, more accurate results, and faster
response in [33]. A noticeable improvement in tracking speed and efficiency was achieved
by integrating FPA with a chaos-map in [34].

A brief overview of the best known and most used conventional and soft-computing
MPPT algorithms is presented in Figure 1. Under PSC, the formation of multiple peaks
in the power–voltage (P–V) characteristic curve of a PV cell prevents conventional MPPT
algorithms from identifying the GMPP [35]. Meanwhile, soft-computing MPPT algorithms
are able to handle this problem and converge close to the GMPP [36]. However, soft-
computing algorithms are typically not without major problems themselves, mainly in
terms of their (1) structural complexity, (2) computational complexity, (3) implementation
complications, and (4) huge memory prerequisites [4].

Energies 2022, 15, x FOR PEER REVIEW 3 of 31 
 

 

 
Figure 1. Solar photovoltaic system with MPPT algorithms (a) Basic block diagram of PV system. 
(b) Various MPPT algorithms in solar PV systems. 

2. Ten Check Algorithm 
The TCA algorithm operates in the following order: (1) generation, (2) scaling, and 

(3) application of uniformly distributed random solutions. It initiates random solutions 
(range 0-1) and scales them in the predefined limits of the controlling variables (A and B). 
Subsequently, the scaled solutions are sent to the duty cycle input of the DC/DC converter. 
The solution with the highest power output is selected as the regional best (RB) of a rela-
tive iteration and is saved in a set of local solutions. The number of iterations is dependent 
on the controlling variables. In the final iteration, the RB with the highest power yield 
within the set is selected as the universal best (UB). 

Changes in the voltage (ΔV) or current (ΔI) indicate changes in weather conditions. 
The thresholds for ΔV and ΔI are set at 0.2 V and 0.1 A, respectively, using the hit and trial 
method [37]. The mathematical equations for ΔV and ΔI are presented in Equation (1) and 
Equation (2), respectively. The flowchart of the TCA algorithm is presented in Figure 2. 

ΔV =
Vpv(t) – Vpv(t − 1)

Vpv(t) ≥ 0.2 (1)

ΔI =
Ipv(t) – Ipv(t − 1)

Ipv(t) ≥ 0.1 (2)

Figure 1. Solar photovoltaic system with MPPT algorithms (a) Basic block diagram of PV system.
(b) Various MPPT algorithms in solar PV systems.

However, this can change with the introduction of the novel “ten check algorithm
(TCA)” proposed in [37], which successfully overcame the above-mentioned drawbacks
of soft-computing MPPT algorithms. After performing the SWOT (strength, weakness,
opportunity, threats) analysis for the TCA, we realized that the random generation and
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application of solutions to the MPP tracker increases the settling time and reduces the MPP
tracking speed of TCA. To overcome these weaknesses, we proposed the inclusion of “data
arrangement” in the structure of TCA to improve its MPP tracking speed, MPPT efficiency,
and settling time of output power.

The well-established metaheuristic FPA and TCA, as well as the proposed OTCA algo-
rithms, were evaluated at a standalone solar PV system under diverse weather conditions.
The results evidenced superiority of the proposed OTCA algorithm over the TCA in terms
of MPP tracking speed, MPPT efficiency, and settling time of output power.

The paper is organized as follows: Section 2 describes the TCA algorithm, details
the SWOT analysis conducted for the TCA, and posits the problem statement. Section 3
introduces the optimized Ten Check algorithm. Section 4 discusses the results obtained
for the TCA and OTCA algorithms. Section 5 outlines our conclusions and directions for
further study.

2. Ten Check Algorithm

The TCA algorithm operates in the following order: (1) generation, (2) scaling, and
(3) application of uniformly distributed random solutions. It initiates random solutions
(range 0–1) and scales them in the predefined limits of the controlling variables (A and B).
Subsequently, the scaled solutions are sent to the duty cycle input of the DC/DC converter.
The solution with the highest power output is selected as the regional best (RB) of a relative
iteration and is saved in a set of local solutions. The number of iterations is dependent on
the controlling variables. In the final iteration, the RB with the highest power yield within
the set is selected as the universal best (UB).

Changes in the voltage (∆V) or current (∆I) indicate changes in weather conditions.
The thresholds for ∆V and ∆I are set at 0.2 V and 0.1 A, respectively, using the hit and trial
method [37]. The mathematical equations for ∆V and ∆I are presented in Equations (1) and
(2), respectively. The flowchart of the TCA algorithm is presented in Figure 2.

∆V =
Vpv(t) − Vpv(t − 1)

Vpv(t)
≥ 0.2 (1)

∆I =
Ipv(t) − Ipv(t − 1)

Ipv(t)
≥ 0.1 (2)

2.1. SWOT Analysis for the TCA Algorithm

The purpose of the SWOT analysis is to judge the technical viability of the TCA MPPT
algorithms. The SWOT analysis is presented in Table 1.

2.2. Problem Statement

The ability to track the MPP using multiple concepts of randomization is the advantage
offered by soft-computing MPPT algorithms under PSC. However, randomization also has
downsides related to long settling times and complex implementation. To overcome these
weaknesses without affecting the strength of randomization, we proposed the concept of
“data arrangement”. Randomly generated data are arranged in a specific order such that the
step size between two consecutive solutions becomes minimized to reduce the settling time
of output power, reduce the MPP tracking time, and simplify the implementation similarly
to conventional algorithms. Additionally, the method can increase the MPP tracking speed
and efficiency.
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Table 1. SWOT analysis of TCA algorithm.

Strengths Weaknesses Opportunities Threats

Simple structure Hard to implement. Improvement in tracking speed Nil

No huge computations High settling time Improvement in tracking accuracy

Easy implementation Minimize the settling time to
reduce the tracking time

Fast tracking speed

No parameter to tune

Ability to differentiate MPP
and GMPP

Efficient performance under all
weather conditions

Independent of PV system

Zero steady-state oscillations
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3. Optimized TCA

The novel strategy of the proposed OTCA algorithm entails “data arrangement” of
randomly generated solutions to reduce the settling time of output power and to reduce
the MPP tracking time of the algorithm. It is structurally simple and easily implemented,
requires no complex computations or excessive memory space, and yields no power spikes
on transitions.

The OTCA initiates random solutions (range 0–1) within the predefined limits of con-
trolling variables (A and B) and arranges them in descending order before forwarding them
to the duty cycle input of the DC/DC converter. The descending arrangement facilitates
quick stabilization of output power by reducing the settling time, which consequently also
reduces tracking time. The solution with the maximum power output is selected as the
regional best (RB) of the relative iteration. The number of iterations depends on the control-
ling variables. In the final iteration, the RB with the highest power in the set is selected as
the universal best (UB). The change in weather will be detected using Equations (1) and (2).
The flowchart of the proposed OTCA algorithm is presented in Figure 3.
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4. Results and Discussion

The performance of the proposed OTCA was compared to that of the standard TCA
at a 4S standalone solar PV system under varying weather conditions. The simulated
model along with the 4S PV array is presented in Figure 4. The tuning parameters of both
algorithms are presented in Table 2.



Energies 2022, 15, 2104 6 of 31

Energies 2022, 15, x FOR PEER REVIEW 6 of 31 
 

 

Figure 3. Flowchart of the optimized ten check algorithm. 

4. Results and Discussion 
The performance of the proposed OTCA was compared to that of the standard TCA 

at a 4S standalone solar PV system under varying weather conditions. The simulated 
model along with the 4S PV array is presented in Figure 4. The tuning parameters of both 
algorithms are presented in Table 2. 

 

(a) 

 

(b) 

Figure 4. The 4S standalone solar photovoltaic testing system: (a) standalone photovoltaic system; 
(b) 4S PV array under zero, weak, and strong PSC. 

Table 2. Tuning parameters of OTCA and TCA algorithms. 

Optimized Ten Check Algorithm Ten Check Algorithm 
A A 
B B 

  

Figure 4. The 4S standalone solar photovoltaic testing system: (a) standalone photovoltaic system;
(b) 4S PV array under zero, weak, and strong PSC.

Table 2. Tuning parameters of OTCA and TCA algorithms.

Optimized Ten Check Algorithm Ten Check Algorithm

A A

B B

4.1. Uniform Weather Condition

Under uniform weather conditions, the existence of one peak in the characteristic
curve streamlines the MPP tracking process for an algorithm. The MPP in Figure 5 occurred
at 40 V, 3 A, and 120 W. The power extracted by the FPA, TCA, and the proposed OTCA
algorithms was 119.2, 119.7, and 120 W, in 0.7516, 0.4972, and 0.0682 s, with an efficiency
of 99.33%, 99.75%, and 100%, respectively. The results of the simulation presented in
Figure 6 evidence the superiority of the proposed OTCA algorithm over the FPA and
TCA algorithms in terms of MPPT efficiency and MPP tracking speed, with improvement
by 90.93%, and 86.3%, respectively, under zero shading. Additionally, the absence of
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spikes yielded smoother results, reduced the settling time, and improved the efficiency and
tracking speed of the proposed OTCA algorithm. The results are summarized in Table 3.
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Table 3. Performance comparison of FPA, TCA and OTCA under zero shading.

Shading
Patterns Algorithms PMPP (W) Rated Power

(W)
Efficiency

(%)
Tracking
Time (s)

Increase in Tracking
Speed (%)

Zero
Shading

TCA 119.7

120

99.75 0.4972 86.3

FPA 119.2 99.33 0.7516 90.93

OTCA 120 100 0.0682

4.2. Weak Partial Shading

Under weak PSC, the formation of multiple peaks in the characteristic curves of a
PV cell complicates MPPT processing for the operating algorithm. Complexity created
due to the formation of multiple peaks in the characteristic curves of a PV array can be
observed in Figure 7 under weak PSC. This non-linear behavior of the PV array confuses
conventional algorithms when identifying the global MPP. The quantity of peaks depends
on the number of shaded modules. The MPPs in Figure 8 occurred at 18.71 V, 2.983 A, and
55.81 W. The FPA, TCA, and the proposed OTCA algorithms attained a power of 55.24,
55.78, and 55.71 W in 0.7565, 0.497, and 0.071 s, with an efficiency of 98.98%, 99.95%, and
99.82%, respectively.
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A clear conceptual representation of FPA, TCA, and the proposed OTCA algorithm
can be observed in Figure 8. Arrangement of the generated solutions in a descending
order to avoid random application of solutions to the MPP tracker allowed OTCA to prove
superior to the other two methods by reducing settling time and increasing MPP tracking
speed. The simulation results presented in Figure 8 proved that the proposed OTCA
algorithm outperformed the FPA and TCA algorithms in tracking speed by 90.61% and
85.7%, respectively, under weak PSC. Additionally, the absence of spikes smoothed the
results, reduced the settling time, and improved the tracking speed of the proposed OTCA
algorithm. The results are summarized in Table 4.
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Table 4. Performance comparison of FPA, TCA, and OTCA algorithms under weak partial shading.

Shading
Patterns Algorithms PMPP (W) Rated Power

(W)
Efficiency

(%)
Tracking
Time (s)

Increase in Tracking
Speed (%)

Weak Partial
Shading

TCA 55.78

55.81

99.955 0.497 85.7

FPA 55.24 98.98 0.7565 90.61

OTCA 55.71 99.82 0.071

4.3. Strong Partial Shading

Under strong PSC, the MPPT becomes challenging due to the complexity of the
characteristic curves model for the PV cell. Complications emerging due to the formation of
multiple peaks in the characteristic curves of the PV array can be observed in Figure 9 under
strong PSC. This non-linear behavior of the PV array confuses conventional algorithms
when identifying the global MPP. The quantity of peaks depends on the number of shaded
modules. The MPP in Figure 9 occurred at 43.91 V, 0.96 A, and 42.16 W. The FPA, TCA and
the proposed OTCA algorithms attained 42.05, 42.16, and 42.15 W in 0.7527, 0.4972, and
0.066 s, with 99.74%, 100%, and 99.98% efficiency, respectively.
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Figure 9. The characteristic curve of a 4S PV array under strong partial shading.

A clear conceptual representation of the FPA, TCA and the proposed OTCA is provided
in Figure 10. Arrangement of the generated solutions in descending order to avoid random
application in the MPP tracker allowed the OTCA to outperform the other two methods by
reducing the settling time and increasing the MPP tracking speed. The simulation results
presented in Figure 10 clearly indicate superiority of the proposed OTCA algorithm over
FPA and TCA in terms of tracking speed by 91.23% and 86.7%, respectively, under strong
PSC. Additionally, the absence of spikes yielded smoother results, reduced the settling time,
and improved the tracking speed of the proposed algorithm. The results are summarized
in Table 5.

Table 5. Performance comparison of FPA, TCA, and OTCA under strong partial shading.

Shading
Patterns Algorithms PMPP (W) Rated Power

(W)
Efficiency

(%)
Tracking
Time (s)

Increase in Tracking
Speed (%)

Strong Partial
Shading

TCA 42.16

42.16

100 0.4972 86.7

FPA 42.05 99.74 0.7527 91.23

OTCA 42.15 99.98 0.066
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4.4. Changing Weather Condition

The performance of the proposed OTCA algorithm was authenticated under contin-
uously changing shading patterns (change occurred twice per second), and the results
are presented and summarized in Figure 11 and Table 6, respectively. The proposed algo-
rithm maintained its performance efficiency and MPPT speed under dynamically changing
weather conditions, which demonstrated its suitability for MPPT in solar PV systems
operating under changeable weather conditions.
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Table 6. Summary of results for the proposed OTCA MPPT algorithm.

Shading
Patterns Algorithms PMPP (W) Rated Power

(W)
Efficiency

(%)
Tracking
Time (s)

Increase in Tracking
Speed (%)

Zero Shading

TCA 119.7

120

99.75 0.4972 86.3

FPA 119.2 99.33 0.7516 90.93

OTCA 120 100 0.0682

Weak Partial
Shading

TCA 55.78

55.81

99.955 0.497 85.7

FPA 55.24 98.98 0.7565 90.61

OTCA 55.71 99.82 0.071

Strong Partial
Shading

TCA 42.16

42.16

100 0.4972 86.7

FPA 42.05 99.74 0.7527 91.23

OTCA 42.15 99.98 0.066

5. Two PV Strings Connected in Parallel (4S-2P)

The PV system configuration of two strings were connected in parallel to form a PV
array. Each PV string possesses four series-connected PV modules. The 4S2P PV system
configuration is depicted in Figure 12. The same irradiation levels described for the 4S PV
system are applied for the 4S2P PV system.

5.1. Zero Partial Shading at 4S2P PV System (Test Case 1)

The P–V and I–V characteristic curves of the 4S2P PV system configuration for test
case 1 are displayed in Figure 13. The ratings of the PV array at MPP, displayed in Figure 13,
are 40 V, 6 A, and 240 W. The P–V characteristic curve describes the maximum power that
could be extracted for the given conditions of the 4S2P PV system, which is 240 W.
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5.2. Weak Partial Shading at 4S2P PV System (Test Case 2)

The P–V characteristic curve for test case 2 of a 4S2P PV system is depicted in Figure 14.
Ratings of the GMPP, described in Figure 14, are 18.71 V, 5.966 A, and 111.6 W. The P–V
characteristic curve describes the maximum power that could be extracted for the given
conditions of the 4S2P PV system, which is 111.6 W.
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5.3. Strong Partial Shading Condition at 4S2P PV System

The P–V characteristic curve for test case 3 of a 4S2P PV system is depicted in Figure 15.
Ratings of the GMPP, described in Figure 15, are 43.85 V, 1.923 A, and 84.32 W. The P–V
characteristic curve describes the maximum power that could be extracted for the given
conditions of the 4S2P PV system, which is 84.32 W.
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Figure 15. Characteristic curve of 4S2P PV system for test case 3.

The simulation result in Figure 16 has shown that the proposed OTCA algorithm
extracted 239.9 W with 99.96% efficiency in 0.0705 s for test case 1, it converged at 110.4 W
with an efficiency of 98.92% in 0.0798 s for test case 2, and it extracted 84.29 W with 100%
efficiency in 0.0671 s for test case 3.

The simulation results have proven the performance of the OTCA algorithm in test
case 1, test case 2, and test case 3 for a 4S2P PV system. The summary of the results is
presented in Table 7.

Table 7. Performance comparison of OTCA for 4S2P PV system for all test cases.

Partial
Shading Algorithms Algorithms Structural

Complexity
Power

(W)
Rated Power

(W)
Efficiency

(%)

Tracking
Speed

(s)

Test Case 1 OTCA Ten Check Simple 239.9 240 99.96 0.0705

Test Case 2 OTCA Ten Check Simple 110.4 111.6 98.92 0.0798

Test Case 3 OTCA Ten Check Simple 84.29 84.32 99.96 0.0671
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Figure 16. Simulation results for a 4S2P PV system: (a) ten check algorithm for test case 1; (b) ten
check algorithm for test case 2; (c) ten check algorithm for test case 3.

5.4. Changing Weather Conditions for 4S2P PV System

The proposed OTCA algorithm detects the change in weather conditions and retains
its performance under all weather conditions. This success story is present in Figure 17.
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6. Three PV Modules Connected in Series (3S)

The PV system configuration of three modules is connected in series to form a PV
string. The 3S PV system configuration for each test case is depicted in Figure 18. In test
case 1, each PV module is receiving 1000 W/m2. In test case 2, they are receiving 1000,
1000 and 500 W/m2, separately. Whereas, in test case 3, they are receiving 1000, 750 and
500 W/m2, separately.
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6.1. Zero Shading at 3S PV system (Test Case 1)

The P–V and I–V characteristic curves of the 3S PV system for test case 1 are displayed
in Figure 19. Ratings of the PV array at MPP, displayed in Figure 19, are 30 V, 3 A, and
90 W. The P–V characteristic curve describes the maximum power that could be extracted
for the given conditions of a 3S PV system, which is 90 W.
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6.2. Weak Partial Shading at 3S PV System (Test Case 2)

The P–V characteristic curve of the 3S PV system for test case 2 is depicted in Figure 20.
Ratings of GMPP described in Figure 20 are 19.36 V, 2.991 A, and 57.9 W. The P–V character-
istic curve describes the maximum power that could be extracted for the given conditions
of the 3S PV system, which is 57.9 W.
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Figure 20. Characteristic curves of 3S PV system for test case 2.

6.3. Strong Partial Shading Condition at 3S PV System

The P–V characteristic curve of a 3S PV system for test case 3 is depicted in Figure 21.
Ratings of the GMPP described in Figure 21 are 32.41 V, 1.63 A, and 52.83 W.
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Figure 21. Characteristic curve of 3S PV system for test case 3.

The simulation results in Figure 22 show that the proposed OTCA algorithm extracted
89.98 W with 99.98% efficiency in 0.069 s for test case 1, it converged at 57.83 W with an
efficiency of 99.88% in 0.0732 s for test case 2, and it has extracted 52.81 W with 99.96%
efficiency in 0.0675 s for test case 3.

The simulation results have validated the performance of the proposed OTCA algo-
rithm in test case 1, test case 2, and test case 3 for a 3S PV system. The summary of the
results is presented in Table 8.

Table 8. Performance comparison of OTCA for 3S PV system for all test cases.

Partial
Shading Algorithms Structural

Complexity Oscillations Power
(W)

Rated Power
(W)

Efficiency
(%)

Tracking
Speed

(s)

Case 1 OTCA Simple No 89.98 90 99.98 0.069

Case 2 OTCA Simple No 57.83 57.9 99.88 0.0732

Case 3 OTCA Simple No 52.81 52.83 99.96 0.065
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6.4. Changing Weather Conditions for 3S PV System

The proposed OTCA algorithm detects the change in weather conditions and retains
its performance under all weather conditions. This success story is present in Figure 23.
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7. Two PV Strings Connected in Parallel (3S-2P)

The PV system configuration of two strings is connected in parallel to form a PV
array. Each PV string possesses three series-connected PV modules. The 3S2P PV system
configuration is depicted in Figure 24. The same irradiation levels described for the 3S PV
system are applied for the 3S2P PV system.
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7.1. No Shading at the PV System (Test Case 1)

The P–V and I–V characteristic curves for test case 1 of a 3S2P PV system are displayed
in Figure 25. The ratings of the PV array at MPP, displayed in Figure 25, are 30 V, 6 A, and
180 W. The P–V characteristic curve describes the maximum power that could be extracted
for the given conditions of a 3S2P PV system, which is 180 W.

7.2. Weak Partial Shading at 3S2P PV System (Test Case 2)

The P–V characteristic curve for test case 2 of a 3S2P PV system is depicted in Figure 26.
Ratings of GMPP, described in Figure 26, are 19.36 V, 5.982 A, and 115.8 W. The P–V
characteristic curve describes the maximum power that could be extracted for the given
conditions of the 3S2P PV system, which is 115.8 W.
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7.3. Strong Partial Shading Condition (Test Case 3)

The P–V characteristic curve for test case 3 of a 3S2P PV system is depicted in Figure 27.
Ratings of the GMPP, described in Figure 27, are 3.251 V, 2.983 A, and 105.6 W. The P–V
characteristic curve describes the maximum power that could be extracted for the given
conditions of the 3S2P PV system, which is 105.6 W.
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The simulation results in Figure 28 show that the proposed OTCA algorithm extracted
179.4 W with 99.67% efficiency in 0.0721 s for test case 1, it converged at 114.7 W with an
efficiency of 99.05% in 0.0753 s for test case 2, and extracted 105.6 W with 100% efficiency
in 0.0688 s for test case 3.



Energies 2022, 15, 2104 21 of 31

Energies 2022, 15, x FOR PEER REVIEW 21 of 31 
 

 

The simulation results in Figure 28 show that the proposed OTCA algorithm ex-
tracted 179.4 W with 99.67% efficiency in 0.0721 s for test case 1, it converged at 114.7 W 
with an efficiency of 99.05% in 0.0753 s for test case 2, and extracted 105.6 W with 100% 
efficiency in 0.0688 s for test case 3. 

 
(a) 

 
(b) 

 
(c) 

Figure 28. Simulation results for 3S2P PV system: (a) ten check algorithm for test case 1; (b) ten check 
algorithm for test case 2; (c) ten check algorithm for test case 3. 

The simulation results have validated the performance of the proposed OTCA algo-
rithm in test case 1, test case 2, and test case 3 for a 3S2P PV system. The summary of the 
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The simulation results have validated the performance of the proposed OTCA algo-
rithm in test case 1, test case 2, and test case 3 for a 3S2P PV system. The summary of the
results is presented in Table 9.

Table 9. Performance comparison of OTCA for 3S2P PV system for all test cases.

Partial
Shading Algorithms Structural

Complexity Oscillations Power
(W)

Rated
Power (W)

Efficiency
(%)

Tracking Speed
(sec)

Case 1 OTCA Simple No 179.4 180 99.67 0.0721

Case 2 OTCA Simple No 114.7 115.8 99.05 0.0753

Case 3 OTCA Simple No 105.6 105.6 100 0.0688
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7.4. Changing Weather Conditions for 3S2P PV System

The proposed OTCA algorithm detects the change in weather conditions and retains
its performance under all weather conditions. This success story is presented in Figure 29.
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8. Two PV Modules Connected in Series (2S)

The PV system configuration of two modules is connected in series to form a PV
string. The 2S PV system configuration for each test case is depicted in Figure 30. In
test case 1, each PV module is receiving 1000 W/m2. In test case 2, they are receiving
1000 W/m2 and 500 W/m2, separately, whereas in test case 3, they are receiving 800 W/m2

and 500 W/m2, separately.
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8.1. Zero Shading at 2S PV System (Test Case 1)

In zero shading conditions, only one power peak emerges in the P–V curve. Thus,
tracking MPP under this weather condition is an easy job. The P–V and I–V characteristic
curves for test case 1 are displayed in Figure 31.
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The ratings of the PV array at MPP, displayed in Figure 31, are 19.99 V, 3.001 A, and
60 W. The P–V characteristic curve describes the maximum power that could be extracted
for the given conditions of the 2S PV system, which is 60 W.

8.2. Weak Partial Shading at 2S PV System (Test Case 2)

Due to the formation of multiple power peaks, the structure of the P–V curve became
complex, which complicated the identification of GMPP among LMPPs. The P–V charac-
teristic curve of the 2S PV system for test case 2 is depicted in Figure 32. Ratings of the
GMPP, described in Figure 32, are 21.61 V, 1.589 A, and 34.34 W. The P–V characteristic
curve describes the maximum power that could be extracted for the given conditions of a
2S PV system, which is 34.34 W.
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8.3. Strong Partial Shading Condition at 2S PV System

Due to the formation of multiple power peaks, the structure of the P–V curve became
complex, which complicated the identification of GMPP among LMPPs. The P–V charac-
teristic curve of the 2S PV system for test case 3 is depicted in Figure 33. Ratings of the
GMPP, described in Figure 33, are 21.4 V, 1.586 A, and 33.94 W. The P–V characteristic curve
describes the maximum power that could be extracted for the given conditions of a 2S PV
system, which is 33.94 W.
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Figure 33. Characteristic curve of 2S PV system for test case 3.

The simulation results in Figure 34 show that the proposed OTCA algorithm extracted
59.99 W with 99.98% efficiency in 0.0711 s for test case 1, it converged at 34.34 W with 100%
efficiency in 0.0674 s for test case 2, and it extracted 33.94 W with 100% efficiency in 0.067 s
for test case 3.
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The simulation results have validated the performance of the proposed OTCA algo-
rithm in test case 1, test case 2, and test case 3 for a 2S PV system. The summary of the
results is presented in Table 10.

Table 10. Performance comparison of OTCA for 2S PV system for all test cases.

Partial
Shading Algorithms Structural

Complexity Oscillations Power
(W)

Rated Power
(W)

Efficiency
(%)

Tracking
Speed

(s)

Case 1 OTCA Simple No 59.99 60 99.98 0.0711

Case 2 OTCA Simple No 34.34 34.34 100 0.0674

Case 3 OTCA Simple No 33.94 33.94 100 0.067

8.4. Changing Weather Conditions for 2S PV System

The proposed OTCA algorithm detects the change in weather conditions and retains
its performance under all weather conditions. This success story is present in Figure 35.
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9. Two PV Strings Connected in Parallel (2S-2P)

The PV system configuration of two strings is connected in parallel to form a PV
array. Each PV string possesses two series-connected PV modules. The 2S2P PV system
configuration is depicted in Figure 36. The same irradiation levels described for the 2S PV
system are applied for the 2S2P PV system.
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Figure 36. Test cases for 2S2P PV system configuration.

9.1. No Shading at the PV System (Test Case 1)

The P–V and I–V characteristic curves of the 2S2P PV system for test case 1 are
displayed in Figure 37. The ratings of the PV array at MPP, displayed in Figure 37, are
19.99 V, 6.002 A, and 120 W. The P–V characteristic curve describes the maximum power
that could be extracted for the given conditions of a 2S2P PV system, which is 120 W.
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9.2. Weak Partial Shading at 2S2P PV System (Test Case 2)

The P–V characteristic curve for test case 2 of a 2S2P PV system is depicted in Figure 38.
Ratings of the GMPP, described in Figure 38, are 21.61 V, 3.179 A, and 68.67 W.
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9.3. Strong Partial Shading Condition (Test Case 3)

The P–V characteristic curve for test case 3 of a 2S2P PV system is depicted in Figure 39.
Ratings of the GMPP, described in Figure 39, are 21.4 V, 3.172 A, and 67.88 W. The P–V
characteristic curve describes the maximum power that could be extracted for the given
conditions of the 2S2P PV system, which is 67.88 W.
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Figure 39. Characteristic curve of 2S2P PV system for test case 3.

The simulation results in Figure 40 show that the proposed OTCA algorithm extracted
118.3 W with 98.58% efficiency in 0.0786 s for test case 1, it converged at 68.63 W with
an efficiency of 99.94% in 0.0722 s for test case 2, and it extracted 67.78 W with 99.85%
efficiency in 0.0722 s for test case 3.

Energies 2022, 15, x FOR PEER REVIEW 27 of 31 
 

 

9.3. Strong Partial Shading Condition (Test Case 3) 
The P–V characteristic curve for test case 3 of a 2S2P PV system is depicted in Figure 

39. Ratings of the GMPP, described in Figure 39, are 21.4 V, 3.172 A, and 67.88 W. The P–
V characteristic curve describes the maximum power that could be extracted for the given 
conditions of the 2S2P PV system, which is 67.88 W. 

 
Figure 39. Characteristic curve of 2S2P PV system for test case 3. 

The simulation results in Figure 40 show that the proposed OTCA algorithm ex-
tracted 118.3 W with 98.58% efficiency in 0.0786 s for test case 1, it converged at 68.63 W 
with an efficiency of 99.94% in 0.0722 s for test case 2, and it extracted 67.78 W with 99.85% 
efficiency in 0.0722 s for test case 3. 

The simulation results have validated the performance of the proposed OTCA algo-
rithm in test case 1, test case 2, and test case 3 for a 2S2P PV system. The summary of the 
results is presented in Table 11. 

 
(a) 

 
(b) 

Figure 40. Cont.



Energies 2022, 15, 2104 28 of 31Energies 2022, 15, x FOR PEER REVIEW 28 of 31 
 

 

 
(c) 

Figure 40. Simulation results for 2S2P PV system: (a) ten check algorithm for test case 1; (b) ten check 
algorithm for test case 2; (c) ten check algorithm for test case 3. 

Table 11. Performance comparison of OTCA for 2S2P PV system for all test cases. 

9.4. Changing Weather Conditions for 2S2P PV System 
The proposed OTCA algorithm detects the change in weather conditions and retains 

its performance under all weather conditions. This success story is present in Figure 41. 
The proposed algorithm maintained its performance efficiency and MPPT speed under 
dynamically changing weather conditions, which demonstrated its suitability for MPPT 
in solar PV systems operating under changeable weather conditions. Under broader as-
sessment criteria, the performance was further verified using the standard benchmarks 
and was compared with leading conventional and soft-computing MPPT algorithms, as 
presented in Table 12. 

 
Figure 41. Changing weather conditions for 2S2P PV system configuration. 

Partial 
Shading 

Algorithms Structural 
Complexity 

Oscillations Power 
(W) 

Rated 
Power 

(W) 

Efficiency 
(%) 

Tracking 
Speed 
(sec) 

Case 1 OTCA Simple No 118.3 120 98.58 0.0786 
Case 2 OTCA Simple No 68.63 68.67 99.94 0.0722 
Case 3 OTCA Simple No 67.78 67.88 99.85 0.0722 

Figure 40. Simulation results for 2S2P PV system: (a) ten check algorithm for test case 1; (b) ten check
algorithm for test case 2; (c) ten check algorithm for test case 3.

The simulation results have validated the performance of the proposed OTCA algo-
rithm in test case 1, test case 2, and test case 3 for a 2S2P PV system. The summary of the
results is presented in Table 11.

Table 11. Performance comparison of OTCA for 2S2P PV system for all test cases.

Partial
Shading Algorithms Structural

Complexity Oscillations Power
(W)

Rated Power
(W)

Efficiency
(%)

Tracking
Speed
(sec)

Case 1 OTCA Simple No 118.3 120 98.58 0.0786

Case 2 OTCA Simple No 68.63 68.67 99.94 0.0722

Case 3 OTCA Simple No 67.78 67.88 99.85 0.0722

9.4. Changing Weather Conditions for 2S2P PV System

The proposed OTCA algorithm detects the change in weather conditions and retains
its performance under all weather conditions. This success story is present in Figure 41.
The proposed algorithm maintained its performance efficiency and MPPT speed under
dynamically changing weather conditions, which demonstrated its suitability for MPPT
in solar PV systems operating under changeable weather conditions. Under broader
assessment criteria, the performance was further verified using the standard benchmarks
and was compared with leading conventional and soft-computing MPPT algorithms, as
presented in Table 12.
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Table 12. Performance assessment of OTCA compared to leading MPPT algorithms.

Sr. N0. Parameters
Algorithms

FPA [4] TCA [37] P&O [38,39] Fuzzy [40] PSO [41] OTCA

1 Steady State Oscillations Zero Zero High Low Zero Zero

2 Tracking Speed Fast Faster Low Adequate Adequate FASTEST

3 Procedural
Complications Reasonable Nil Less High Reasonable Nil

4 Memorizing Necessity Few Few Few Large Few FEW

5 Computational
Complications Average No Zero High Average No

6 Implementation Hard Moderate Easy Hard Hard Easy

7 Performance in PSC Good Very Good N/A Good Good EXCELLENT

8 Module Dependent No No Yes Yes No No

9 Efficiency Effective High Fail Low under
PSC Effective Exciting

10 Structure Complex Simple Simple Complex Complex Simple

10. Conclusions

After evaluating the performance of conventional and soft-computing MPPT algo-
rithms, it became clear that conventional algorithms are outperformed under partial shad-
ing conditions. However, the existing structural complexities, high cost, huge computa-
tional and memory requirements, extensive data training, and implementation complica-
tions all limit the practical efficiency, performance, and market presence of soft-computing
MPPT algorithms. Most of these issues can be successfully resolved by employing the ten
check algorithm (TCA). Based on the SWOT analysis conducted for TCA, it was observed
that the main challenges faced by the algorithm revolve around settling time and tracking
speed. After observing the inner relation of issues, it was concluded that reducing the set-
tling could help in increasing the speed. Therefore, we have proposed a data arrangement
technique and implemented it using the TCA algorithm to overcome the weaknesses associ-
ated with the TCA to avail of the opportunities that lie inside. The performance comparison
of the proposed OTCA algorithm with the TCA and a well-established metaheuristic FPA
algorithm was conducted under numerous shading patterns (zero shading/non-shading,
weak partial shading, strong partial shading, and continuously changing weather condi-
tions). The remarkable results were achieved with the proposed OTCA in terms of MPP
tacking speed, efficiency, and settling time, as compared to TCA and FPA. An almost
86% and 90% increase in MPPT speed was recorded for OTCA vis à vis TCA and FPA,
respectively. Additionally, the comparison between FPA, TCA, and the proposed OTCA
algorithms was conducted for 10 different standard benchmarks, including structure, proce-
dures, computations, oscillations, implementation, memory, efficiency, system dependency,
tracking speed, and performance under static and variable shading conditions. The pro-
posed OTCA clearly proved its superiority over both FPA and TCA in terms of all the
standard benchmarks.

In the future, we plan to implement the proposed technique on a hardware based
experimental setup using the dSPACE 1104 board. The results can also be tested using
a dsPIC microcontroller or by field-programmable gate array (FPGA) implementation.
Furthermore, we might investigate the possibility of operating a solar photovoltaic system
at its maximum power point without MPP tracking. One hopes that there should be some
mechanism capable of continuously operating the PV system at its MPP without putting it
through the whole mess of MPP trackers and algorithms.
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