
INTERNATIONAL JOURNAL OF RENEWABLE ENERGY RESEARCH  
V. Balaji and A. Peer Fathima,Vol.10, No.2, June, 2020 

Enhancing the Maximum Power Extraction in 
Partially Shaded PV Arrays Using Hybrid Salp 

Swarm Perturb and Observe Algorithm 
 

V. Balaji *, A. Peer Fathima **‡ 

*Research Scholar, School of Electrical Engineering, Vellore Institute of Technology, Chennai 600127, Tamilnadu, India 

**Professor, School of Electrical Engineering, Vellore Institute of Technology, Chennai 600127, Tamilnadu, India  

(balaji.v2013@vit.ac.in, peerfathima.a@vit.ac.in) 

‡Corresponding Author; Peer Fathima. A, School of Electrical Engineering, Vellore Institute of Technology,  

Chennai 600127, Tamilnadu, India, Tel: +91 44 3993 1139, peerfathima.a@vit.ac.in 

Received: 19.04.2020 Accepted:22.05.2020 

 
Abstract: Partial shading is a common problem faced by photovoltaic (PV) modules installed in residential areas. During 
shaded conditions, the power voltage (P-V) characteristics of the PV array consist of many local power peaks and a global 
power peak. Out of the many maximum power tracking algorithms, the perturb and observe (PO) is considered as the simplest 
algorithm. However, PO fails in tracking maximum power during shaded conditions, as it can track only a single power peak. 
In this proposed work, additional modification to PO algorithm is given by combining it to a metaheuristic Salp Swarm (SS) 
algorithm. Thus, a hybrid Salp Swarm Perturb and Observe (SSPO) algorithm is proposed in this paper, wherein the SS 
algorithm is used to locate the approximate global peak, and PO is utilized to find the exact global power. The proposed 
algorithm can track the exact power during uniform and partial shaded conditions. The SSPO is tested under steady state and 
dynamic conditions using MATLAB/Simulink. The obtained results are compared with the Salp swarm and conventional PO 
algorithm and it shows that SSPO can track the maximum power in all the conditions with 99 % efficiency and faster tracking 
time. 

Keywords- Salp swarm algorithm; Partial shading; Maximum power point tracking, Perturb and observe algorithm, Stand 
alone PV system. 

1. Introduction 

 The increase in global energy consumption and the 
adverse impact of the greenhouse effect forces the world to 
make use of renewable energy sources. As a result, global 
renewable energy capacity was increased to 2.4 GW in 2018. 
Out of many renewable energy sources, solar is considered 
as an essential source for the future because of the benefits 
such as low cost, less maintenance, and more importantly the 
global availability of sunlight. Another important reason for 
the popularity of solar is the areas such as deserts, hilly 
regions and difficult terrains, where power from the electric 
utility grid is impractical can be powered by solar PV system 
[1]. 

 On the other hand, the power voltage (P-V) 
characteristics of the PV panel is nonlinear and it exhibits a 
single global power peak (GPP) under normal and stable 
irradiation condition. Hence, a maximum power point 
tracking (MPPT) controller is always equipped between the 
PV panel and load to extract the maximum available power 
from the PV. The MPPT controller is a combination of a  

 

DC/DC converter and an embedded controller. The 
embedded controller is loaded with MPPT algorithm and it 
operates the converter always at maximum power point 
region of the PV panel.  

 Numerous conventional MPPT algorithms are 
available for tracking the unique power peak efficiently such 
as incremental conductance (INC), perturb and observe (PO), 
curve fitting technique etc [2]-[3]. Commercially the PO 
algorithm is implemented in most of the MPPT controllers 
because of its simple steps and it produces less thermal stress 
on the converter switches [4]. 

 The PV system installed in residential areas may not 
receive uniform irradiation all the time and it is often 
partially shadowed by the tree branches, nearby poles and 
bird droppings, etc.[5]. Under partially shaded condition, the 
output P-V characteristics of the array consist of multiple 
peaks and the current-voltage characteristics (I-V) consist of 
multiple steps. Conventional algorithms like PO, INC can 
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track only single peak and it is not suitable for tracking under 
partial shading conditions. 

 Hence, to track the GPP under partially shaded 
condition, many control techniques from different domains 
have been introduced in the literature [6]. Some of the 
notable techniques are: fuzzy and neural network based 
tracking [7]-[10], thermography based MPPT [11], and many 
metaheuristics algorithm based controllers [12]. Among the 
control techniques, the metaheuristics based tracking is more 
prominent among the researchers because it is simple and has 
good tracking accuracy, does not require large training data 
as in machine learning and it can be easily implemented in 
low cost controllers. 

 Recently, many swarm intelligence (a group under 
metaheuristics) algorithms [13] were applied successfully in 
MPPT and their tracking results under partial shading 
conditions are very accurate. Some of them are flashing 
fireflies MPPT, bat search algorithm [14], moth flame 
optimization [15], human psychology algorithm [16], and so 
on. The exploration and exploitation mechanism estimates 
the performance of swarm intelligence techniques. During 
exploration, the search agents move globally in the search 
space to find possible solutions. Whereas during exploitation, 
the search agents search locally in the solutions obtained 
from the exploration phase. There is no proper procedure 
available to maintain the tradeoff between exploration and 
exploitation. Hence in most of the metaheuristics algorithms, 
the exploration and exploitation take place randomly and it 
takes more time to converge.  

Many hybrid algorithms [17] were proposed in the 
literature wherein; two metaheuristic algorithms are 
combined in such a way to improve their overall exploration 
and exploitation capability. Some notable hybrid algorithms 
are Jaya optimization with DE (jayaDE) [18], artificial bee 
colony with particle swarm optimization (ABCPSO) [19] and 
fractional chaos with flower pollination (FCFPA) [20]. 
Although the tracking performance of the hybrid algorithms 
is good, the parameters of the algorithm will increase, the 
structure becomes complex and it needs an expensive 
controller for implementation. 

 To reduce the complexity and to implement in a low 
cost controller, some researchers proposed two stage 
algorithms wherein, a metaheuristic algorithm is combined 
with conventional single peak tracking algorithms. Some of 
the notable works are ant colony with PO [21], particle 
swarm optimization (PSO) with PO [22], genetic algorithm 
(GA) with PO [23] and whale optimization (WO) with PO 
[24], etc. In works [21],[22], the metaheuristics algorithm is 
first executed and after its convergence to the approximate 
GPP, PO is applied to find the exact GPP. To reduce the 
tracking time, in [23], [24] the metaheuristics algorithm is 
executed for a certain number of iterations and then PO is 
applied to find the GPP. In [23], [24]the exploration and 
exploitation are selected using random numbers and hence it 
may create oscillation at the initial stages. The oscillations 
may produce unwanted thermal stress on converter switches. 

From the presented literature, the following 
shortcomings are identified: 

Ø Due to inadequate exploration and exploitation, the 
algorithms create more oscillations at the output. 

Ø Slow tracking speed. 

Ø Difficult to implement due to complex calculations used 
in algorithms. 

 In this work, a novel Salp Swarm Perturb and 
Observe (SSPO) algorithm is proposed for tracking GPP 
under uniform and partially shaded conditions. The SSPO is 
a combination of recently introduced Salp swarm (SS) [25] 
and conventional PO algorithm. The SS algorithm can track 
the global value within a few iterations and the PO can track 
the unique power peak efficiently. Thus, in this work, the SS 
algorithm is used to find the approximate global peak and the 
PO is utilized to find the exact power in the peak. The 
exploration and exploitation in SS algorithm are uniformly 
maintained and hence oscillation is reduced during tracking. 
There are no complex calculations present in SSPO and 
hence easy to implement. A brief comparison between the 
proposed algorithm and the existing methodology is 
presented in Table 1. 

 The significant contributions of this work are: 

1. A novel hybrid SSPO algorithm is introduced to 
track the maximum power under partially shaded condition. 

2. The effects of the partially shaded condition are 
explained. 

3. The efficiency of SSPO is validated under steady 
state (uniform and partial shading) condition and dynamic 
(sudden and dynamic irradiance change) condition through 
simulations. 

4. The performance of SSPO is compared with SS and 
PO algorithm in terms of tracking time, efficiency and 
payback period. 

The rest of the paper is structured as follows: Section 2 
describes partial shading effects. In Section 3, the proposed 
SSPO methodology is explained briefly. In Section 4, the 
results and discussions are presented. The efficiency and 
performance comparison is presented in Section 5. In Section 
6, the conclusions are presented.  

2. Partial Shading Effects: 

  The partial shading is a condition in which the PV 
panels receive uneven irradiation due to sitting of birds, dust, 
the shadow of nearby towers, etc.. In series connected panels 
the uneven irradiation may create hot spot problems. Hence 
bypass diodes are connected across each panel for protection. 
Contrarily, the use of bypass diodes creates different current 
at the PV terminals and this effect becomes more severe in 
large PV arrays. Figure 1 shows the output characteristics of 
a PV array with four panels connected in series. Under 
partial shaded condition, the I-V characteristics exhibit 
multiple steps and P-V characteristics consist of multiple 
peaks as shown in Fig. 1(a) and Fig. 1(b) respectively. 
Hence, an efficient maximum power tracking algorithm is  
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Table 1. Comparative analysis of different MPPT algorithms. 
Ref Algorithm Type Complexity Remarks 
[4] PO Conventional Simple Efficient but not suitable for partial shaded condition. 
[10] Machine 

learning 
Artificial 
Intelligence 

Complex Superior tracking performance but not tested under 
dynamic conditions. 

[11] Thermography Thermal 
Imaging 

Complex Thermal cameras are used to find the module fault and 
then the algorithm is used to find the global peaks. 

[14] BAT search  
Bio 
Inspired (BI) 

Medium Tracking performance is good, but proper tuning of 
initialization parameters is required 

[16] Human 
Psychology 

Medium The algorithm uses only a single current sensor for 
tracking the global peak and shows good tracking 
performance.   

[18] jayaDE  
 
 
Hybrid 
BI + BI 

Complex Accurate tracking of the global peak is possible. Proper 
tuning of initial parameters is required. 

[19] ABCPSO Complex The algorithm shows good performance under a steady 
partial shaded condition but not tested under dynamic 
conditions. 

[20] FCFPA Complex Fractional chaos is combined with FPA for fast tracking of 
global peak and shows good dynamic tracking 
performance. 

[21] ANT PO  
 
 
 
 
 
Hybrid 
BI + 
Conventional 

Medium Accurate tracking of the global peak is possible, but it 
takes more time to converge. 

[22] PSO PO Medium Good tracking performance. Inadequate exploration of 
PSO leads to slow tracking speed. 

[23] GA PO Complex GA is used to find global peak, and PO is implemented to 
track the exact peak. Performance is good, but the control 
structure is complex. 

[24] WO PO Medium The exploration and exploitation of WO algorithm are 
selected using random numbers and hence convergence 
towards local power also possible. 

 
Proposed SSPO 

Medium The SSPO algorithm is simple and has good exploration 
and exploitation. Easy to implement in a low cost 
controller due to less parameter initialization. 

 
 

 

    
                                                    (a)                                                          (b) 

Figure 1: Simulated curves: a) I-V characteristics, b) P-V characteristics 
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required for tracking under partial shaded conditions. The 
algorithm proposed in this work can track the maximum 
power efficiently under these complex shaded conditions. 

3. Hybrid Salp Swarm Perturb and Observe (SSPO) 
Method:  

3.1 The proposed methodology: 

 In the maximum power tracking technique, the 
MPPT controller tracks the maximum power by adjusting the 
duty cycle of the converter. In the SS algorithm, the 
maximum power position in P-V curve can be selected as 
food position and the duty cycles can be chosen as searching 
salps. The duty cycle with maximum power is considered as 
leader and the remaining duty cycles are followers. The 
objective function can be formulated as shown in Equation 
(1): 

                                    (1)                                             

                    constraint Dmin ≤ D ≤ Dmax                                                          

where Max Ppv is maximum available PV power at duty 
cycle D. Dmin and Dmax are minimum and maximum duty 
cycles and are selected as 10 %and 90 % respectively. 

The possibilities of reaching the global value in four 
iterations are explained below: 

1. Generally for any metaheuristic algorithm, the 
initial position of search agents are declared either randomly 
or in fixed positions. The random initialization increases the 
convergence time and sometimes it may wrongly converge to 

the local value. Whereas if the algorithm is initialized with 
known values that are close to the possible solutions, then the 
convergence towards global value within a few iterations is 
highly possible. 

2. For a single unshaded module, the maximum peak 
power (PMPP) occurs approximately at 80% of Voc of the 
module. If the panels are connected in series and under the 
partially shaded condition the output curve can have multiple 
peaks. As explained in [26], the peaks are placed at 80% Voc 
of the module and the displacement between successive 
peaks is approximately 80% of Voc of the module. Hence if 
the duty cycles are initialized in the search space with equal 
distance between Dmin and Dmax then there are chances that at 
least one search agent is nearer to the global peak. 

For better understanding, the proposed methodology is 
illustrated in Fig. 2. In this work, the duty cycles are 
initialized between Dmin (0.1) and Dmax (0.9) at equal distance. 
Figure 2 shows the simulated results of power, voltage and 
the position of power on the P-V curve after the first 
iteration. It can be seen that the power obtained by all the 
duty cycles is nearer to the power peaks (global and local) 
and the power obtained by the 4th duty cycle is closer to the 
approximate global peak. The SS algorithm utilized in this 
paper can uniformly maintain the exploration and 
exploitation and hence during initial stages, it explores more 
and in the final stages, it exhibits deep exploitation. As a 
result, faster convergence with fewer oscillations can be 
obtained. Hence after 4 iterations, the duty cycles are 
converged nearer to the global value and if the PO is initiated 
from the best duty cycle then the exact global power can be 
reached. 

 

 
Figure 2. Illustration of the proposed methodology. 
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3.2. Salp Swarm (SS) optimization algorithm: 

The SS optimization algorithm is a recent metaheuristic 
technique proposed by Mirjalili et.al [25] for solving single 
and multiple objective optimization problems. The SS 
optimization is based on the foraging behaviour of under 
ocean creatures called salps. They have a transparent barrel 
shaped body and moves in the ocean by pumping the water 
through it. They attach and form groups called salp chains. 
The leader salp presents at the front of the chain and the 
followers are attached to it. Mathematically the searching 
behaviour of salps can be modelled [25] as follows: - 

The position of the leader salp is updated using Equation 
(2)  

            (2)                                            

 

 Where  is the position of leader salp in jth 

dimension, Fj is the position of food source in jth dimension, 
ubj and lbj are upper and lower bound of jth dimension 
respectively. c2 and c3 are random numbers uniformly 
generated between 0 and 1. 

The parameter c1 controls the exploration and 
exploitation mechanism and it is expressed in Equation (3) as 
follows: 

                                                       (3)                                                                                     

 Where the parameter l is the current iteration and L 
is the maximum number of iterations. 

The followers update their position using Equation (4) 

 

                                           (4)                                                             

 Where i ≥ 2 and  is position of jth follower in jth 

dimension.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

 

3.3. Steps followed in hybrid SSPO for MPPT 
application: 

 The flowchart for the proposed SSPO algorithm is 
presented in Fig. 3 and the explanations for the steps are given 
below: 

STEP 1: The algorithm parameters are initialized: 
maximum no. of iteration is 4, step size (PO) is 0.001, No. of 

duty cycles are 5 and they are evenly distributed between Dmin 

(0.1) and Dmax (0.9). 

STEP 2: The duty cycles are applied sequentially to the 
converter for every 30 ms and the corresponding PV power 
is calculated. The duty cycle with maximum power is 
deployed as global best (leader salp) and the remaining 
values are selected as followers. 

STEP 3: The duty cycles (leader and followers) are 
updated using Equation (2) and Equation (4). 

STEP 4: STEP 2 and 3 are repeated up to 4 iterations. If 
the iteration is greater than 4 then PO is executed. The initial 
duty cycle (Dinitial) for PO algorithm is selected from the 
global duty cycle (Dleader) obtained from the SS algorithm. 

STEP 5: To identify the irradiance change and to 
reinitialize the algorithm, Equation (5) is deployed 

                        (5)                                                                

Where i is the iteration number PPV (i) and PPV (i-1) are 
the power obtained during current and previous iteration 
respectively. 

4. Results and Discussions: 

The performance of the proposed algorithm has been 
verified using MATLAB R2016b software, intel core i5 
processor with 8 GB memory. The complete block diagram 
of the test system used for simulation consists of 4 series 
connected panels, a boost converter and a resistive load as 
shown in Fig. 4. The PV array is modelled in Simulink [27] 
and the parameters are presented in Table 2.  The boost 
converter parameters are presented in Table 3. The MPPT 
algorithms are coded using an embedded MATLAB function 
block of MATLAB. For partially shaded condition the panels 
should receive uneven irradiance values and hence five 
different shading patterns are created and the irradiance 
profile is given Table 4. Despite of any shading pattern, the 
number of local peaks in a PV array is equal to the number of 
series connected panels. The position of global peaks may 
change to any location based on the shading pattern and it 
cannot be predicted. However, the algorithm should track the 
exact peak irrespective of its position. Hence, the irradiance 
values in Table 4 are selected in such a way that the global 
peak occurs at all the 4 positions. The temperature is 
maintained constant at 25˚C throughout the experiment. To 
maintain fairness in comparison the algorithms SSPO and SS 
are initialized with the same duty cycle values. The 
parameters of algorithms used in the simulation are tabulated 
in Table 5. The algorithms are tested and compared under 
steady state condition (uniform and partial shading) and 
dynamic conditions (sudden change in irradiance and 
dynamic change in irradiance).  
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Figure 3. Flowchart of proposed hybrid SSPO algorithm 
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                                   Figure 4. Block diagram of the complete test system 

Table 2. Parameters of the single 50 W PV module (at 1000 W/m2 and 25˚C) 

Parameter Value  
Maximum rated power (PMPP) 50 W 

Voltage at maximum power (VMPP) 17.7 V 
Current at maximum power (IMPP) 2.85 A 

Open circuit voltage (VOC) 21.4 V 
Short circuit current (ISC) 3.1 A 

PV cell Type Polycrystalline 
No. of cells in series 36 

Table 3. Parameters of Boost Converter 

Parameters Value 
Input Capacitor (C1) 10µF 

Output Capacitor (C2) 50µF 
Inductor (L) 10mH 
Resistor (R) 120Ω 

Switching Frequency (fs) 25kHz 
 

Table 4. Irradiance pattern for the PV array 

Pattern Irradiance in (W/m2) at 25ºC Local 
peaks 

Position of 
Global peak Panel 1 Panel 2 Panel 3 Panel 4 

1 1000 1000 1000 1000 0 1 
2 1000 300 500 200 3 2 
3 400 500 700 900 3 4 
4 300 500 600 1000 3 3 
5 300 1000 500 1000 2 1 
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Table 5. Parameters of algorithms used for simulation 

Parameters SSPO SSO PO 
Initial Salp count 5 5   - 

Maximum iterations 4 10   - 
Sample time 30ms 30ms 30ms 

Step size 0.001 (for PO)  - 0.001 
 

4.1. Steady State Conditions 

4.1.1. Uniform Irradiation 

For testing the panels under uniform irradiation 
condition, all the 4 PV panels are treated with the same 
irradiance value of 1000 W/m2. The theoretical maximum 
peak power and voltage obtained under this condition are 
201.4 W and 70.82 V respectively as shown in Fig. 5(a). The 
SSPO and SS tracked the exact power (201.4 W) at 0.52 s 
and 1.24 s respectively as shown in Fig. 5(b) and Fig. 5(c). 
Whereas PO algorithm has tracked 201.2 W at 0.78 s as in 
Fig. 5(d). The results show that under unique peak condition 
all the three algorithms (SSPO, SS and PO) can perform well 
and the proposed SSPO algorithm can track faster than 
others. 

4.1.2. Partially Shaded Condition 

To test the algorithms under partial shaded condition, the 
panels are provided with shading pattern 4 as in Table 4. 
Pattern 4 is selected to show the difference in tracking by PO 
(local peak) and SSPO (global peak) under partially shaded 
condition. The panels (1 to 4) receives irradiance of 
(300,500,600,1000)W/m2 respectively. Figure 6(a) represents 
the P-V characteristics for pattern 4 and it consists of a 
global peak (78.26 W) at third position and three local peaks 
with power value 43.52 W, 60.63 W and 62.95 W at first, 
second and fourth position respectively. Figure 6(b) and (c) 
illustrate the tracking results of SSPO and SS algorithm 
respectively, where the SSPO can track the global peak (78.2 
W) at 0.54 s and SS tracks the power at 1.10 s. Since the PO 
algorithm is a single peak searching algorithm, it is 
converged at the local peak (62.9 W) itself as shown in Fig. 
6(d). The power tracked by PO algorithm is 15 W lesser than 
the available global power and it shows inaccurate tracking 
of PO under partially shaded condition. When compared with 
SS and PO algorithms, the SSPO tracks the global power 
with fewer oscillations and less tracking time. 

 

       
(a)                                                                                     (b) 

         
         (c)                                                                                   (d) 

Figure 5. Simulated power waveforms: a) P-V characteristics at 1000 W/ m2, b) SSPO, c) SS, d)PO. 
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               (a)                                                                                          (b) 

       
   (c)                                                                                            (d) 

Figure 6: Simulation results under partially shaded condition: a) P-V characteristics for pattern 4, b) SSPO, c) SS, d) PO. 

4.2. Dynamic Conditions 

4.2.1. Sudden Change in Irradiance 

The sudden change in irradiance condition practically 
occurs in a PV system when there is a fast movement of 
clouds, swaying of trees and flying of birds appears over the 
panel. To emulate this effect in simulation, a step change in 
irradiance from 500 W/ m2 to 1000 W/ m2 is used. The P-V 
characteristics for a step change in irradiance are shown in 
Fig. 7(a) which shows the maximum power for 500 W/ m2 
and 1000 W/ m2 as 96.3 W and 201.4 W respectively. For 
SSPO and PO algorithm the step change in irradiance is 
given at 0.7 s and for SS algorithm it is given at 1.5 s. The 
SSPO algorithm tracks the maximum power 201.4 W at 0.55 
s and 96.3 W at 1.25 s as shown in Fig. 7(b). To find the final 
convergence value, the simulation time for SS algorithm is 
extended to 3 s as shown in Fig. 7(c) and the maximum 
power 201.4 W is tracked at 1.3 s and 96.3 W at 2.6 s. 

Whereas the PO tracks the maximum power of 201.4 W at 
0.7 s and 96.29 W at 1.28 s. From the results shown in Fig. 
7(b) to 7(d), it can be seen that the power tracked by 
algorithms (SSPO, SS, PO) under the sudden change in 
irradiance is effective but the proposed SSPO only achieves 
tracking with lesser time.  

4.2.2. Dynamic Change in Irradiance 

To further test the algorithm with complex 
environmental conditions the dynamic change in irradiance 
test has been done. Hence, the PV panels are initially treated 
with low irradiance of 300 W/ m2 (for 0s to 0.7s) and then 
irradiance pattern 4 from Table 4 has been introduced for 
0.7s to 1.5s. The P-V characteristics of this condition is 
illustrated in Fig. 8(a) and it shows that for the irradiance of 
300 W/ m2 the maximum power is 54.1 W and for pattern 4 
the global peak is available at 78.26 W. The SSPO tracks the 
exact power of 54.1 W at 0.54 s and 78.2W at 1.24 s and it is 
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shown in Fig. 8 (b). The SS algorithm tracks 54.1 W at 0.88s 
and 77.32 W at 2.6s as shown in Fig. 8(c) and it can be 
noticed that, when pattern 4 is executed the SS algorithm 
converges to 77.32W and it is lesser than the global power 
value. When PO is executed under this condition, for        

300 W/ m2 it tracks 54.1 W at 0.3 s and when pattern 4 is 
executed it tracks 62.9 W at 0.75 s as shown in Fig. 8(d). 
When compared with SS and PO algorithms, the 
performance of the SSPO algorithm is good in terms of 
tracking exact power with lesser time. 

 

              

(a)                                                                                       (b) 

                  

          (c)                                                                             (d) 

Figure 7: Sudden change in irradiance results: a) P-V characteristics for 500W/ m2 and 1000 W/ m2,b) SSPO, c)SS, d)PO. 

                 

                (a)                                                         (b) 

                                

           (c)                                                                                          (d) 

Figure 8. Dynamic change in irradiance results: a) P-V characteristics for 300 W/ m2 and pattern 4, b) SSPO, c) SS, d)PO. 
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5. Efficiency and Performance Comparison  

 In this section, the simulated results are compared 
and discussed under the following criterion: Maximum 
power tracking efficiency and tracking time, payback period 
and algorithm complexity. 

5.1 Maximum power tracking efficiency and tracking time: 

The performance of the proposed SSPO algorithm under 
steady state and the dynamic condition has been analysed in 
sections 4.1 and 4.2 and the results show that the proposed 
SSPO is efficient in tracking maximum power in all 
conditions. However, to further test the performance of 
algorithms under different global peak positions, they are 
simulated with the shading patterns given in Table 4 and the 
results are tabulated in Table 6. For better understanding, the 
results of efficiency and tracking time for the five cases are 
averaged and plotted as shown in Fig. 9. The average 
tracking efficiency in Fig. 9(a) indicates that the SSPO 
algorithm convergence towards global power is greater than 
99%. The tracking time comparison in Fig. 9(b) shows that 
the average time taken by PO is 0.48 s which is much lesser, 
but in many shading patterns (2,4,5) it has reached the local 
power peaks. Whereas, the average tracking time of SSPO is 
0.542 s which is lesser and also it has tracked the maximum 
power in all the shading patterns. 

5.2 Comparison of payback period: 

The algorithms have been compared in the economic 
point of view and are shown in Table 6. A simple payback 
period calculation has been done based on the results 
obtained by the three algorithms. The following assumptions 
are considered for the payback period calculation: 

1. The test system considered in this paper has four 
series connected panels of 50 W each. A single 50 W panel 

costs ₹2500 [28] and therefore for 200 W (4 panels) the price 
is ₹10,000. Hence, the total payback amount considered is 
₹10,000. 

2. The solar power generation at the VIT Chennai 
campus laboratory (12.8406° N, 80.1534° E) is estimated as 
9 hours (8 A.M to 5 P.M). Hence the units generated per day 
is calculated for 9 hours. 

3. In our calculation, an electricity tariff charge of ₹ 3 
per kW-hr is considered. 

4. In this calculation, the PV panel retail cost alone is 
considered and the balance of materials such as installation 
charges, additional component costs, etc. are not considered.  

The payback period calculation in Table 6 shows that the 
proposed SSPO shows less payback time than PO algorithm. 
For pattern 1 and pattern 3, the SSPO and PO algorithms 
show equal payback period because the pattern 1 consist of a 
unique peak and in pattern 3 maximum peak is present in the 
right position. Hence the PO can track the maximum power 
quickly and the payback period is also less.  

5.3 Algorithm complexity: 

 The PO algorithm is simple and it can be installed in 
a low cost controller. However, during partially shaded 
condition it is not suitable as it may cause power loss. 
Whereas the structure of SSPO algorithm is very simple, free 
from complex functions and less parameter initialization. 
Hence the proposed SSPO can be easily implemented in a 
low cost embedded controller. 

The analysis presented in section 4 and the discussions 
presented in this section shows that the proposed SSPO is 
suitable for enhanced peak power tracking in a partially 
shaded PV system. 

 

         

                                  (a)                                                                           (b) 

Figure 9.  Comparison of algorithm tracking results: a)Average efficiency, b)Average time. 
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Table 6. Simulation result comparison for five different shading patterns 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6. Conclusions 

In this work, a novel hybrid SSPO algorithm is proposed 
for maximum power tracking under partially shaded 
condition. The simulation results show that the tracking 
efficiency under partially shaded condition is greater than 
99%. In both steady state and dynamic conditions, the SSPO 
outperforms than SS and PO algorithm. The exploration and 
exploitation is uniformly maintained and hence the 
oscillations are significantly reduced at the initial stages of 
tracking. The less parameter initialization in the proposed 
algorithm makes it easier to implement in low cost hardware. 
The future work will be the development of hardware 
prototype for the proposed algorithm and testing with real 
PV panels. 

 

 

 

 

 

Acknowledgements:  

The authors would like to thank the management Vellore 
Institute of Technology, Chennai Campus, Chennai, India for 
providing facilities to carry out research work. 

References 

[1] A. Jhunjhunwala and P. Kaur, “Solar energy, dc 
distribution, and microgrids: Ensuring quality power in 
Rural India,” IEEE Electrif. Mag., vol. 6, no. 4, pp. 32–
39, Dec. 2018. 

[2] A. Belkaid, I. Colak, K. Kayisli, and R. Bayindir, 
“Design and Implementation of a Cuk Converter 
Controlled by a Direct Duty Cycle INC-MPPT in PV 
Battery System” Int. J. Smart Grid, vol. 3, no. 1, pp. 19–
25, Mar. 2019. 

   
   

Pa
tte

rn
 

   
   

G
M

PP
 (W

) 

   
   

A
lg

or
ith

m
 

Tracked GMPP results 

   
   

 E
ffi

ci
en

cy
 (%

)  

U
ni

ts
 g

en
er

at
ed

 p
er

 d
ay

   
   

(k
W

-h
r)

 

 
U

ni
ts

 g
en

er
at

ed
 p

er
 m

on
th

 
(k

W
-h

r)
 

T
ot

al
 In

co
m

e 
pe

r 
m

on
th

 (₹
).  

(₹
. 3

 / 
kW

- h
r)

 

Pa
yb

ac
k 

pe
ri

od
 fo

r 
20

0W
 p

an
el

 
(Y

ea
rs

) 

   
   

Po
w

er
 (W

) 

   
   

V
ol

ta
ge

 (V
)  

   
   

C
ur

re
nt

 (A
) 

T
ra

ck
in

g 
tim

e 
(s

) 

 

1 

 

201.4 

SSPO 201.4 70.4 2.9 0.53 100.0 1.8 54.4 163.1 5.1 

SS 201.4 70.4 2.9 1.24 100.0 1.8 54.4 163.1 5.1 

PO 201.2 70.8 2.8 0.78 99.9 1.8 54.3 163.0 5.1 

 

2 

 

50.35 

SSPO 50.3 35.5 1.4 0.52 99.9 0.5 13.6 40.7 20.5 

SS 50.3 35.5 1.4 1.40 99.9 0.5 13.6 40.7 20.5 

PO 39.4 74.2 0.5 0.30 78.2 0.4 10.6 31.9 26.1 

 

3 

 

85.17 

SSPO 85.1 75.2 1.2 0.55 99.9 0.8 23.0 68.9 12.1 

SS 85 75.1 1.1 1.20 99.8 0.8 23.0 68.9 12.1 

PO 85.02 74.8 1.1 0.72 99.8 0.8 23.0 68.9 12.1 

 

4 

  
78.26 

SSPO 78.2 54.6 1.4 0.54 99.9 0.7 21.1 63.3 13.2 

SS 78.2 54.6 1.4 1.10 99.9 0.7 21.1 63.3 13.2 

PO 62.9 76.09 0.82 0.20 80.37 0.5 16.9 50.9 16.3 

 

5 

 

96.2 

SSPO 96.1 34.2 2.8 0.57 99.8 0.9 25.9 77.8 10.7 

SS 96 33.9 2.7 0.90 99.8 0.9 25.9 77.8 10.7 

PO 63.6 76.5 0.8 0.40 66.1 0.6 17.2 51.5 16.2 



INTERNATIONAL JOURNAL OF RENEWABLE ENERGY RESEARCH  
V. Balaji and A. Peer Fathima,Vol.10, No.2, June, 2020 

 
 

910 

910 

[3] B. Subudhi and R. Pradhan, “A comparative study on 
maximum power point tracking techniques for 
photovoltaic power systems,” IEEE Trans. Sustain. 
Energy, vol. 4, no. 1, pp. 89–98, Jan. 2013. 

[4] C. Batunlu, M. Alrweq, and A. Albarbar, “Effects of 
power tracking algorithms on lifetime of power electronic 
devices used in solar systems,” Energies, vol. 9, no. 11, 
2016. 

[5] W. Yin, Q. Tong, Y. Xu, Y. Zhang, and Y. Zhou, “Partial 
Shading Impact on PV Array System and the Hard-
Shading Location with BP Algorithm,” in 7th 
International Conference on Smart Grid, icSmartGrid 
2019, Dec. 2019, pp. 21–26. 

[6] V. R. Kolluru, R. K. Patjoshi, and R. Panigrahi, “A 
Comprehensive review on maximum power tracking of a 
photovoltaic system under partial shading conditions,” 
Int. J. Renew. Energy Res., vol. 9, no. 1, pp. 175–186, 
2019. 

[7] Y. Soufi, M. Bechouat, S. Kahla, and K. Bouallegue, 
“Maximum power point tracking using fuzzy logic 
control for photovoltaic system,” in 3rd International 
Conference on Renewable Energy Research and 
Applications, ICRERA 2014, Jan. 2014, pp. 902–906. 

[8] A. M. Farayola, Y. Sun, and A. Ali, “ANN-PSO 
Optimization of PV Systems under Different Weather 
Conditions,” in 7th International IEEE Conference on 
Renewable Energy Research and Applications, ICRERA 
2018, Dec. 2018, pp. 1363–1368. 

[9] E. H. M. Ndiaye, A. Ndiaye, M. A. Tankari, and G. 
Lefebvre, “Adaptive Neuro-Fuzzy Inference System 
Application for the Identification of a Photovoltaic 
System and the Forecasting of Its Maximum Power 
Point,” in 7th International IEEE Conference on 
Renewable Energy Research and Applications, ICRERA 
2018, Dec. 2018, pp. 1061–1067. 

[10] C. Kalogerakis, E. Koutroulis, and M. G. Lagoudakis, 
“Global MPPT Based on Machine-Learning for PV 
Arrays Operating under Partial Shading Conditions,” 
Appl. Sci., vol. 10, no. 2, p. 700, Jan. 2020. 

[11] Y. Hu, W. Cao, J. Wu, B. Ji, and D. Holliday, 
“Thermography-based virtual MPPT scheme for 
improving PV energy efficiency under partial shading 
conditions,” IEEE Trans. Power Electron., vol. 29, no. 
11, pp. 5667–5672, 2014. 

[12] A. Mohapatra, B. Nayak, P. Das, and K. B. Mohanty, 
“A review on MPPT techniques of PV system under 
partial shading condition,” Renewable and Sustainable 
Energy Reviews, vol. 80. Pergamon, pp. 854–867, Dec. 
01, 2017. 

[13] M. V. Da Rocha, L. P. Sampaio, and S. A. O. Da Silva, 
“Comparative analysis of ABC, Bat, GWO and PSO 
algorithms for MPPT in PV systems,” in 8th International 
Conference on Renewable Energy Research and 
Applications, ICRERA 2019, Nov. 2019, pp. 347–352. 

[14] K. Kaced, C. Larbes, N. Ramzan, M. Bounabi, and Z. 
elabadine Dahmane, “Bat algorithm based maximum 
power point tracking for photovoltaic system under 
partial shading conditions,” Sol. Energy, vol. 158, pp. 
490–503, Dec. 2017. 

[15] N. Aouchiche, M. S. Aitcheikh, M. Becherif, and M. 
A. Ebrahim, “AI-based global MPPT for partial shaded 
grid connected PV plant via MFO approach,” Sol. 
Energy, vol. 171, pp. 593–603, Sep. 2018. 

[16] N. Kumar, I. Hussain, B. Singh, and B. K. Panigrahi, 
“Single sensor based MPPT for partially shaded solar 
photovoltaic by using human psychology optimisation 
algorithm,” IET Gener. Transm. Distrib., vol. 11, no. 10, 
pp. 2562–2574, Jul. 2017. 

[17] M. G. Batarseh and M. E. Za’ter, “Hybrid maximum 
power point tracking techniques: A comparative survey, 
suggested classification and uninvestigated 
combinations,” Solar Energy, vol. 169. Pergamon, pp. 
535–555, Jul. 15, 2018. 

[18] N. Kumar, I. Hussain, B. Singh, and B. K. Panigrahi, 
“Rapid MPPT for Uniformly and Partial Shaded PV 
System by Using JayaDE Algorithm in Highly 
Fluctuating Atmospheric Conditions,” IEEE Trans. Ind. 
Informatics, vol. 13, no. 5, pp. 2406–2416, Oct. 2017. 

[19] K. H. Chao and C. C. Hsieh, “Photovoltaic module 
array global maximum power tracking combined with 
artificial bee colony and particle swarm optimization 
algorithm,” Electron., vol. 8, no. 6, 2019. 

[20] D. Yousri, T. S. Babu, D. Allam, V. K. 
Ramachandaramurthy, E. Beshr, and M. B. Eteiba, 
“Fractional chaos maps with flower pollination algorithm 
for partial shading mitigation of photovoltaic systems,” 
Energies, vol. 12, no. 18, 2019. 

[21] K. Sundareswaran, V. Vigneshkumar, P. Sankar, S. P. 
Simon, P. Srinivasa Rao Nayak, and S. Palani, 
“Development of an Improved P&O Algorithm Assisted 
Through a Colony of Foraging Ants for MPPT in PV 
System,” IEEE Trans. Ind. Informatics, vol. 12, no. 1, pp. 
187–200, Feb. 2016. 

[22] K. Sundareswaran, V. Vignesh Kumar, and S. Palani, 
“Application of a combined particle swarm optimization 
and perturb and observe method for MPPT in PV systems 
under partial shading conditions,” Renew. Energy, vol. 
75, pp. 308–317, Mar. 2015. 

[23] K. Sundareswaran, S. Palani, and V. Vigneshkumar, 
“Development of a hybrid genetic algorithm/perturb and 
observe algorithm for maximum power point tracking in 
photovoltaic systems under non-uniform insolation,” IET 
Renew. Power Gener., vol. 9, no. 7, pp. 757–765, Sep. 
2015. 

[24] B. Vetrivelan and P. F. A. Kareem, “Hybrid algorithm 
for tracking maximum power in solar PV array under 
partially shaded condition,” Int. J. Power Energy Syst., 
vol. 39, no. 3, pp. 166–176, 2019. 



INTERNATIONAL JOURNAL OF RENEWABLE ENERGY RESEARCH  
V. Balaji and A. Peer Fathima,Vol.10, No.2, June, 2020 

 
 

911 

911 

[25] S. Mirjalili, A. H. Gandomi, S. Z. Mirjalili, S. Saremi, 
H. Faris, and S. M. Mirjalili, “Salp Swarm Algorithm: A 
bio-inspired optimizer for engineering design problems,” 
Adv. Eng. Softw., vol. 114, pp. 163–191, Dec. 2017. 

[26] H. Patel and V. Agarwal, “Maximum Power Point 
Tracking Scheme for PV Systems Operating Under 
Partially Shaded Conditions,” IEEE Trans. Ind. Electron., 
vol. 55, no. 4, pp. 1689–1698, Apr. 2008. 

[27] M. G. Villalva, J. R. Gazoli, and E. R. Filho, 
“Comprehensive approach to modeling and simulation of 
photovoltaic arrays,” IEEE Trans. Power Electron., vol. 
24, no. 5, pp. 1198–1208, May 2009. 

[28] “Vikram 50 Watt Solar Panel Polycrystalline.” 
https://www.industrybuying.com/solar-panels-vikram-
SO.PO.493773/ (accessed May 12, 2020).

 

 


