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ABSTRACT
The photovoltaic (PV) systems must work at the maximum power point (MPP) to derive the
highest possible power with the higher performance during a change in operating conditions.
The primary objective is to implement a novel hybrid tracking algorithm to extract the maxi-
mum output power from the solar PV panel or array under partial shading conditions (PSCs).
This hybrid MPP tracking algorithm is based on the salp swarm algorithm (SSA), which finds the
initial global peak (GP) operating point and is followed by the perturb and observation (P&O)
algorithm in the last stage to realize a faster convergence rate. Thus, the computational bur-
den met by the conventional methods such as standalone P&O, hybrid grey-wolf-optimization
(HGWO), and hybrid whale-optimization algorithm (HWOA) algorithm reported in the literature
is overcome by the proposed hybrid SSA algorithm called HSSA. The P&O algorithm searches the
MPP in the projected search space by the SSA algorithm. The proposed hybrid algorithm is sim-
ulated usingMATLAB/Simulink simulation tool to validate the effectiveness of tracking the MPP.
The hybrid SSA is compared with the standalone P&O, hybrid WOA, and hybrid GWO, and from
the simulation results, it is proved that the hybrid tracking algorithm exhibits a high tracking
performance.
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1. Introduction

Nowadays, renewable energy has been technologically
advanced because it provides green and clean energy.
Out of various renewable energy sources, the solar PV
source plays a vital role in generating the clean and
pure energy by transforming the solar photo energy
to the electrical energy, and it is strengthened by the
maximum power point tracking (MPPT) technique to
produce the maximum possible power from the solar
PVmodule [1,2]. Themain objective of theMPPT tech-
nique is to locate the MPP to regularize the output
voltage of the solar panel by controlling the converter
operation [3,4]. The primary objective is to produce the
highest power from the panel under a change in envi-
ronmental conditions. This can be possible by adjust-
ing the converter duty ratio and to locate the MPP
[5,6]. The authors of [7,8] discussed various MPPT
techniques for the PV based energy systems such as
incremental conductance (IC), and perturb and obser-
vation (P&O), fractional open-circuit voltage, frac-
tional short circuit current, modern MPPT techniques
(based on neural network (NN), bio-inspired optimiza-
tion, nature-inspired optimization, fuzzy logic (FL),
etc.). The most familiar MPPT method is P&O, and
it has several advantages such as simple structure, low
cost, smooth implementation, and fewer parameters

measurement. The MPPT controller alters the PV out-
put power with a small step in each cycle, and this
step size is kept fixed. The control parameters are PV
voltage and PV current, and this is called perturba-
tion. It depends on the power derivative concerning
zero voltage at MPP. However, this method fails to
locate the MPP under the fast-changing environmen-
tal condition, and its convergence speed is high [9,10].
These basic MPPT tracking algorithms are efficient
only under consistent irradiance conditions. The con-
ventional algorithms normally fail to track global peak
for a system with PSC or rapid irradiance change,
resulting in power losses of up to 70%. Furthermore,
weather conditions, such as tropical conditions, can
lead to rapid change in irradiance and PSCdue to cloud,
tree, dust, etc. This requires the quick tracking of the
MPPT devices and the capability to track the global
peak. The solar PV modules under PSCs are shown in
Figure 1. During PSCs, the panel exhibits multiple local
peaks (LP) and one global peak (GP), and it is very chal-
lenging to track the GP under PSCs, and conventional
MPPT algorithms fail to track the GP [11].

The authors of [12] define the concept of an
improved P&O MPPT algorithm for drift-free opera-
tions. A new variable step-size algorithm was proposed
in [13] for an MPPT with fast-tracking characteristics
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Figure 1. Solar PV array under PSCs.

and highly efficient during rapid irradiation changes.
The authors of [14] presented a novel autoscaling vari-
able step-size P&O MPPT technique to track the GP
with less convergence speed. However, the maximum
power generation is affected by the scaling factor (S),
and the wrong selection of S leads to power oscilla-
tions. An IC technique was discussed in [15] to fulfil
the MPPT goal during a change in insolation condi-
tions. Another major aspect of research is the impact
of PSC, where comprehensive studies are carried out
in [16]. This result shows numerous PSC power peaks
and requires an MPPT system that can differentiate
between GP and LPs. In such cases, the conventional
MPPTs may not be efficient; based on the PV array
configurations and shading conditions, they can fall
under LPs. So, a recent optimization algorithm neu-
tralizes the PSCs effects by controlling the duty cycle
of the converter. Soft computing-based bio-inspired
optimization techniques such as artificial bee colony,
bat optimizer, firefly, ant colony optimization, Parti-
cle Swarm Optimization (PSO) [17], flower pollina-
tion, Cuckoo search, etc. can track the GP effectively.
However, the above-said algorithms exhibit oscilla-
tions under the steady-state condition, which makes
the system ineffective. The algorithms, such as the bat
algorithm and flower pollination, are addressed by [18]
to track the GP, and flower pollination has high track-
ing efficiency than the bat algorithm. However, the
algorithm fails to track the GP due to the less search
space. The other meta-heuristic algorithms, such as
Grey Wolf Optimization (GWO) [19], whale optimiza-
tion algorithm (WOA) [20], harris-hawk optimiza-
tion [21], slime mould algorithm [22], marine preda-
tor algorithm [23], salp-swarm optimization algorithm
(SSA) [24], etc. were discussed in the literature. The
GWO reduces the oscillation around the steady-state
and improves the tracking efficiency with a good tran-
sient response. The WOA algorithm accurately locates
theGPwith a higher tracking speed and accuracy under

PSCs. The WOA algorithm is better than the PSO and
GWO in terms of accuracy and speed. To improve the
steady-state performance, the GWO is combined with
the conventional P&O algorithm, which also improves
the tracking efficiency under a dynamic change in solar
irradiation [25]. The initial stage of the change in inso-
lation can be taken care of by the GWO, and the P&O
controls the final stage. An artificial neural network
(ANN) is combined with the P&O to reach a faster
convergence rate, and it was proposed by [26]. At the
initial stage, the ANN locates the GP, and finally, P&O
locates the peak operating point by controlling the duty
cycle of the converter. TheWOAalgorithm is combined
with the P&O to reduce the steady-state oscillationwith
a better convergence rate under a change in operat-
ing conditions [27]. The WOA locates the GP at the
initial stage, and the P&O algorithm finds the opti-
mal operating point to achieve a higher convergence
rate. To address the issues, such as tracking dynamic
GP and large steady-state oscillation, is addressed by
[28]. This paper proposed a hybrid PSO algorithm, in
which the PSO takes care of the dynamic GP under
various shading patterns, and the fuzzy logic controller
(FLC) takes care of the steady-state oscillations. All
the methods discussed in the literature do not guar-
antee that the shading pattern change due to the solar
irradiation change or load variation. Moreover, the
shading pattern may change when the search space is
unchanged.

SSA is a new optimization algorithm to solve many
problems of optimization with a single-objective and
multi-objective [29]. The main drive of SSA is the
swarming behaviour of salp as they swim and search
for food in the oceans. This algorithm is mathemati-
cally modelled and tested on various benchmark func-
tions in order to demonstrate their effective behaviours
in finding the best solution for problem optimization.
The authors of [30] have developed several metaheuris-
tic algorithms, including SSA, to cope with automo-
tive industry problems. The authors of [31] introduced
an MPPT technique based on the SSA algorithm and
tested with various operating conditions. The authors
of [32] introduced an improved SSA to extract the
solar cell parameters of the double-diode PV electrical
model. The authors of [33] introduced a new version of
the SSA tested for its efficiency by a number of common
benchmark functions. The authors of [34] suggested
a modern hybrid algorithm focused on a Sine Cosine
with SSA and named as HSCSSA. The proposed hybrid
technique improves the convergence executionwith the
exploitation and exploration of search spaces. Within
the proposed technique, the SSA’s position within the
search space available is updated using the positions of
the sine-cosine algorithm; thus, the best solutions are
reserved based on sine or cosine. The authors of [35]
implemented a new variant of the SSA based on Arctan
transformation. This variant consists of two functional
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characteristics, namelymobility andmultiplicity, which
improves the exploitation and exploration ability of
SSA. The authors of [36] presented a multi-objective
optimization based on hybrid SSA and Spotted Hyena
Optimizer, named as HMOSHSSA. The HMOSHSSA
utilizes the exploration capabilities of spotted hyena
to examine the search space thoroughly, and the SSA
is used to obtain the optimal solution, which can
allow convergence quicker. Most of the metaheuris-
tic algorithms in the literature have been trapped in
local research and suffer from slow convergence [37].
The authors of [38] have introduced a new, improved
SSA system. To enhance the performance of the SSA,
opposition-based learning is presented in the con-
ventional SSA. This algorithm is evaluated on var-
ious benchmark functions, and the performance is
compared with optimization techniques. Many factors
make it difficult to solve global problems of optimiza-
tion: as dimensionality increases, the search regions
increase exponentially, which is the key problem faced
by most of the optimization methods [39]. Neverthe-
less, there is no theory to decide which algorithm gains
the best efficiency; however, hybrid algorithms improve
the performance of the basic algorithm [40]. For sev-
eral problems of low and even medium dimensionality,
the basic SSA has shown greater performance. Never-
theless, two main shortcomings are recognized in the
basic SSA: lack of the solutions variety, which causes
slow convergence and tenacious early convergence.Due
to these limitations, SSA calls for additional improve-
ment, modifying or hybridizing with other searching
techniques, to avoid the early convergence to enhance
the performance. The basic SSA has the merits of sim-
ple upgrading functionality but has the pitfalls to col-
lapse into the local optimumwith themultidimensional
functions in particular. From the detailed literature,
the shortcoming of the basic SSA is given as follows.
(i) due to insufficient exploitation and exploration, it
creates large output oscillations and (ii) less tracking
speed.

Based on the literature, the above said bio-inspired
optimization algorithms and the hybrid algorithms
could able to locate the GP with high oscillations at a
steady-state. Moreover, these techniques cannot track
the dynamicGPunder various shading patterns. There-
fore, an improved hybrid technique called HSSA is
proposed, and it is formulated by combining SSA and
P&O to overcome the above-said problems. This HSSA
algorithm improves the tracking efficiency with the
high tracking speed under PSCs by controlling the duty
cycle of the converter. The significant contributions to
this research are as follows.

• A new hybrid HSSA is developed to track the MPP
during PSCs

• The significant effects of the PSC are explained and
validated

• The tracking efficiency of the HSSA during PSCs
and rapid change in insolation is validated through
simulation and experimentation

• The performance of HSSA is compared with the
conventional P&O and few hybrid versions, such as
HGWO and HWOA.

The rest of the paper is organized as follows: section
2 of the paper presents the solar photovoltaic panel
mathematical modelling and its operating character-
istics under PSCs. The modelling of the hybrid salp
swarm algorithm and its usage to develop the MPPT
control is illustrated in section 3. The simulation and
experimental results are discussed in detail in section
4, along with the performance comparison among
the various algorithms, as discussed in the literature.
Finally, the paper is concluded in section 5.

2. Characteristics of the solar photovoltaic
array

A photovoltaic array comprises multiple PV strings
connected in parallel, each ofwhich is constructed from
different PV modules linked to each array, as shown in
Figure 2. Each of the photovoltaic modules comprises
several parallel and series-connected PV cells. A single
PV cell’s power is very limited and cannot be used for
real-time applications, and the PV module is generally
considered as a part of a single PV cell. Therefore, the
characteristics of the PVpanel are significant under var-
ious irradiance conditions, i.e. uniform irradiance and
PSCs [41].

2.1. Uniform solar irradiation condition

Several researchers have presented various electric
equivalent models to understand the output character-
istics of a photovoltaic module. The single-diodemodel
(SDM) is depicted in Figure 3. The paper opts for the
most commonly encountered model due to its precise
result and simple structure. The total current of a PV
module can be represented according to the SDM as:

I = Iph − I0
[
exp

(
Vpv + IRse

nVth

)
− 1

]

−
[
Vpv + IRse

Rsh

]
(1)

Where n is the ideality factor of the diode, thermal
leakage voltage is presented as Vth, the photocurrent
of the module is represented as Iph, the reverse satura-
tion current of the diode is represented as I0, and the
ohmic resistances are represented as Rse and Rsh. The
thermal leakage voltage is equal to NskT/q, in which
the series-connected PV cells are represented as Ns, k
is Boltzmann’s constant, T is the absolute temperature,
and q is the electron charge.
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Figure 2. PV array configurations; (a) 4S configuration, (b) 2S2P configuration.

Figure 3. SDMmodel of the PV cell.

The temperature effects are generally not severely
affected, so this paper primarily investigates the irra-
diance effect on the output properties of a photo-
voltaic array under PSCs. The PV array output current
(Ipv,array) comprising parallel strings Nsh and series PV
modules Nse in a string is represented as follows.

Iarray = I′ph − I′0

[
exp

(
Varray + xIarrayRse

nVth
′

)
− 1

]

−
[
Varray + xIarrayRse

xRsh

]
(2)

Where the output current and voltage of the PV array is
represented as Iarray and Varray, respectively, x is equal
toNse/Nsh, I′0 is equal toNshIo, I′ph is equal toNshIph, and
V ′
th is equal to NseVth.

2.2. PSCs on the photovoltaic array

The PV array is formed by connecting more number
PV modules in series and series/parallel combinations.
Due to the change in environmental conditions, the PV
cells in the panel are partially shaded. The PV cell sub-
jected to the shading absorbs more energy due to the
reverse voltage. The absorbed energy is transformed
to the hotspot, and it results in high thermal stress

and damages the PV cell junction. The bypass diodes
are connected across the cell/panel to reduce the effect
due to the hotspot. So, the negative voltage due to the
reverse voltage is avoided as per the discussion in [42].
The bypass diode starts its function when the condition
given in Equation (3) is satisfied.

Vg =
n∑

i=1
Vi ≥ VD, i �= 2 (3)

The effect on the PV array due to the PSCs is shown in
Figure 4, and it is observed that voltage- power charac-
teristic of the PV array exhibits multiple local peak (LP)
points during the shading condition and one global
peak (GP) point. Themost referred PV array configura-
tion, such as 4S (four series-connected panels) and 2S2P
(two series-connected panels are connected in paral-
lel), as shown in Figure 2 are considered to validate
the performance of the proposed hybrid algorithm. The
hybrid algorithm is suitable for other PV array con-
figurations such as honey-comb, total-cross-tied, and
bridge-linked. However, for simplification, the testing
with the other PV array configurations is not discussed
in this paper, which is out of the scope.

The maximum power derived from the panel is for-
mulated as an enlarged problem, and the optimized
problem is presented in Equation (4).

Maximize the power extraction subjected to dmin

≤ d ≤ dmax (4)

Where d is the duty cycle of the conventional boost con-
verter, the minimum duty ratio is represented by dmin,
dmax represents the maximum duty cycle, and the val-
ues are restricted as 0.45–0.70, respectively. The max-
imum duty ratio is fixed at 0.70 to reduce the reverse
recovery on the diode and the switching device.



AUTOMATIKA 5

Figure 4. PV array characteristics under different shading patterns; (a) P-V characteristics, (b) I-V characteristics.

3. Hybrid salp swarm optimization algorithm
and its application in MPPT

3.1. Basic concepts of salp swarm optimization
algorithm

The motivation of this paper is based on the swarm
behaviour of salp. The shape of the salp is barrel-shape,
and the transparent body and the salp have belonged
to the family of Salpidae. Salp tissue looks like a jel-
lyfish, and the movement of salps is also similar to
jellyfish. The salps are moving forward by pushing the
water through the salp body, and this action resem-
bles propulsion. The shape of the salp is pictured in
Figure 5(a). The exciting feature of the salp is the main
inspiration of this paper. In the ocean, the salps are
grouped into a swarm called salp-chain [43,44], and
Figure 5(b) shows the salp-chain formation. The pur-
pose of salp-chain formation is an unknown fact to the
researchers, and few researchers believe that the salp-
chain is used for a better change in coordination and
mobilization using foraging.

3.2. Mathematical modeling of the salp-chain

The authors of [29,45,46] proposed a mathematical
model for the salp-chain, and the same can be used for
the optimization issues. The population can be grouped
into two groups, such as leader and follower. The for-
ward salp is called as a leader, and the leftover salps are
called as a follower. The leader salp gives guidance to
the follower salp. Like other similar optimization algo-
rithms, the position of the salp in SSA is defined as
n-dimensional search space, in which n is a number
of variables. The position of the salp is stored in a 2-
dimensional search space. The food source in the space
is assumed as a swarm target. Equation (5) presents the
update for the leader position.

P1j =
{
Gj + c1((ubj − lbj)c2 + lbj)c3 ≥ 0
Gj − c1((ubj − lbj)c2 + lbj)c3 < 0

(5)

Where P1j is the position of the leader in the jth
dimension, Gj is the food source, the lower and upper
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Figure 5. Pictorial representation of salp [25]; (a) Single salp, (b) Salp-chain.

boundary is represented as lbj and ubj respectively, c1,
c2, and c3 are the random numbers. It is noticed that the
leader position is updated about the food source. The
random number c1 is the most significant coefficient
in SSA, and it decides the exploration and exploitation.
The expression for the c1 is presented in Equation (6).

c1 = 2e−
(
4l
L

)2
(6)

Where the maximum iteration is represented by L and
l represents the current iteration. The other random
numbers, such as c2 and c3, are selected randomly
between [0, 1]. As per Equation (7), the follower posi-
tion is updated.

Pij = 1
2
at2 + Vot (7)

Where Pij is the follower position in the jth dimension,
and i ≥ 2, Vo is the initial speed, a = Vfinal/Vo, and
Vfinal = x−xo/t. LetVo = 0, and “t” is the time in opti-
mization. So, Equation (7) is modified and presented in
Equation (8).

Pij = 1
2
(Pij + Pi−1

j ) (8)

Equations (5–8) is used to model the SSA using the
MATLAB/Simulink, and the same has been simulated
to check its performance.

3.3. Traditional perturb and observation
algorithm

Asdiscussed in [47], before and after each perturbation,
the P&O algorithm locates the maximum operating PV
voltage by spotting the small change in the PV output
power. As per the many researcher’s points of view, the
conventional P&O algorithm is the most popular and
preferable MPPT technique, and it is the base reference
to derive and develop a new MPPT technique. The PV

output power of the panel is calculated and analysed
within the algorithmby providing the sensed PVoutput
voltage and PV output current as input parameters. The
algorithm provides the perturbation as per the change
in the PVoutput power processed by the algorithm, and
it changes the duty ratio of the converter. The algorithm
rule is presented in Equation (9).

dnew =
{
dold + ε, if Ppv > Ppv(old)
dold − ε, if Ppv < Ppv(old)

(9)

Where dold is the old duty ratio, the perturbed duty
cycle is represented as ε, and dnew is the new duty
ratio. The fast convergence is achieved by considering
large value for ε; however, it results in high steady-state
oscillation.

3.4. Proposed hybrid SSA-P&O solar PVMPPT
technique

The grouping of the salp swarm algorithm and P&O
algorithm is called the hybrid SSA-P&O MPPT tech-
nique, and it is an advanced computation algorithm for
the solar PV system. The P&O algorithm tracks the
maximum operating point under uniform irradiance,
and the SSA algorithm locates the global peak under
non-uniform irradiance conditions. During execution,
the SSA algorithm comes into action first, followed by
the P&O algorithm.When salps are close to each other,
the P&O is in operation at the best salp location in
the SSA algorithm process. Figure 6 shows the overall
flowchart for the proposed hybrid SSA-P&O algorithm.
The main objective of the proposed algorithm is to
find the GP under PSCs. In the salp-chain, the follower
salp follows the leader salp, and the leader salp moves
forward to reach the food source. The food source is
replaced by MPP; however, the salp-chain moves near
to theMPP. The preeminent solution so far is the maxi-
mumpower point and the salp-chainmoves to the food
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Figure 6. Overall flowchart for the proposed hybrid SSA MPPT technique.

source. Finally, the P&O algorithm locates the GP accu-
rately. The following steps are involved in developing
and implementing the proposed hybrid SSA algorithm.
The flow of the hybrid SSA technique started with the
initial optimum value by allocating the random posi-
tion for the salps. This approximation finds fitness and
determines the greatest fitness salp. The position of the
best salp is allocated as a food source. The random c1
coefficient is keep updated using Equation (10). The
leader salp position is to keep updated at each dimen-
sion as per Equation (7) and Equation (11) updates the
follower salp position.

The salp position is maintained within the search
space. The SSA algorithm initially finds the optimal
power point under the non-uniform irradiation condi-
tion, and finally, P&O converges to GP under normal
operating conditions. The salp swarm move near the
GP and the position of the leader salp represent the duty
cycle for the dc-dc converter which eliminates usage of
different controllers and reduces the frequent controller
gain tuning, results in the simple control structure. The
block diagram of the proposed hybrid SSA MPPT is
shown in Figure 7. Depending on the environmental
conditions such as solar irradiation and cell tempera-
ture, the output PV power is continuously oscillating.
The hybrid MPPT algorithm is reinitialized when PV
output power changes. By increasing the number of
salps, the tracking accuracy is improved; however, a
large number of salps increase the computation burden
on the algorithm execution. So, the number of salps

in the salp-chain is considered as 30 to reduce the
computation time in this paper.

4. Results and discussions

The proposed hybrid SSA-P&O algorithm is validated
on the different PV configurations by comparing the
simulation results acquired by the HGWO, HWOA,
and the conventional P&O algorithms. The proposed
algorithm is implemented and tested with the con-
ventional boost converter under a change in insola-
tion condition and PSCs. As discussed earlier, there
is two PV array configuration considered such as
4S and 2S2P configurations under PSCs for testing
the proposed MPPT technique. The PV power gen-
eration system is made with PV array, dc-dc boost
converter, MPPT controller, and the load for test-
ing. The PV panel specification is given as follows;
Vmp = 40 V, Imp = 5 A, Voc = 47.8 V, Isc = 6.2 A,
Pmp = 200W, and number of PV cells = 72. The com-
monly used dc-dc boost converter is designed as per
[48], and design parameters of the converter are as fol-
lows: fs = 100 kHz, Vin = (24–150V), Vout = 388 V,
Ldc = 1.7 mH, Cout = 100 μF, 450V (electrolytic), and
ripple voltage is assumed as less than 1%. The load resis-
tance is selected as 22�. The proposed algorithm is
tested under various shading patterns, and the same is
listed in Table 1. The duration for each shading pat-
tern is 0.5 sec, and the computation time is depend-
ing upon the various other parameters. To validate
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Figure 7. Block diagram of the proposed hybrid MPPT technique.

Table 1. Various shading pattern for the PV array configurations.

Shading Pattern Pattern 1 Pattern 2 Pattern 3 Pattern 4 Pattern 5 Pattern 6 Pattern 7 Pattern 8

Solar Irradiation (W/m2) 550 650 850 500 600 700 950 850
Condition Rapid Change in Insolation PSCs
PV Array 4S 2S2P 4S 2S2P
Extreme change in insolation – 200W/m2 – 300W/m2 – 600W/m2 – 900W/m2(for both 4S & 2S2P)

Table 2. Various parameters of different MPPT techniques.

MPPT Technique No. of Search Agents Lower Limit (dmin) Upper Limit (dmax)
Maximum
Iterations

No. of Input
Variables

No. of Output
Variables

HWOA 30 0.45 0.71 10 2 (Vpv, Ipv) 1 (Duty ratio)
HGWO 30 0.45 0.74 10 2 (Vpv, Ipv) 1 (Duty ratio)
HSSA 30 0.45 0.70 10 2 (Vpv, Ipv) 1 (Duty ratio)
P&O – 0.45 0.92 – 2 (Vpv, Ipv) 1 (Duty ratio)

the performance of the proposed hybrid algorithm,
the algorithm parameters are kept constant for all
the techniques. The operating parameters are listed in
Table 2.

4.1. Simulation results

The simulation of the proposed PV systems is per-
formed using MATLAB/Simulink 2018a using a Lap-
top with an IntelR Core (TM) i5-4210U CPU at 2.40
GHz and RAM of 8 GB. The solver in MATLAB is
ODE45 (Dormand-Prince), and step size is selected as
auto variable-step. The performance of HSSA is com-
pared with the other hybrid metaheuristics algorithms,
such as HGWO and HWOA. The maximum number
of iterations and population size are significant param-
eters of the metaheuristic algorithms. Therefore, these
two parameters are selected based on various trials
and the information from the literature. To have a fair
comparison among various algorithms, the parameters

are selected as 10 and 30, respectively, as listed in
Table 2.

4.1.1. Performance of the solar PV array under a
dynamic change in insolation
The solar PV array’s output power, voltage, and current
waveforms for 4S array configuration under a dynamic
change in insolation for the proposed hybrid technique
and other techniques, such as HGWO, HWOA, and
P&O, are presented in Figure 8. Figure 8 shows the
PV power output along with the PV output voltage
and the current for a better understanding of the read-
ers. However, in the text, PV output tracking power
has been presented for each of the shading patterns.
As per Table 1, three shading patterns are created to
validate the performance of the algorithm. The pattern-
1 is generated at 0.5 sec, pattern-2 is generated at 1
sec, and pattern-3 is generated at 1.5 sec. During the
pattern-1, the proposed hybrid HSSAMPPT technique
converges to GP at 688.6W, the HWOA locates the GP
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Figure 8. 4S PV array configuration under a dynamic change in insolation; (a) PV output power in watts., (b) PV output voltage
(Volts.), (c) PV output current (Amps.).

at 631.2W, the HGWO locates at 413.5W, and the P&O
tracks the GP at 411.1W. The pattern-2 is switched
from the shading pattern-1 at 1 sec. During the pattern-
2, the HSSA technique converges to GP at 628.1W, the
HWOA tracks the GP at 575.7W, HGWO converge to
GP at 389.2W, and the P&O tracks the GP at 384.6W.

The pattern-2 is changed to pattern-3 at 1.5 sec. During
the shading pattern-3, theHSSA technique converges to
GP at 575.1W, theHWOA tracks the GP at 501.4W, the
HGWO locates theGP at 332.4W, and the PO tracks the
GP at 331.1W. It is observed from the Figure 9 that the
P&O and HGWO algorithm fails to track the GP, and it
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Figure 9. 2S2P PV array configuration under a dynamic change in insolation; (a) PV output power in watts., (b) PV output voltage
(Volts.), (c) PV output current (Amps.).

is concluded that the proposed hybrid HSSA algorithm
displays a higher tracking speed with accuracy, and the
power oscillation is less compared to other techniques.

Figure 9 shows the PV output power along with the
PV output voltage and the current for 2S2P PV array

configuration. Similar to the 4S configuration, three
shading patterns are created. During the pattern-4, the
proposed hybrid HSSA MPPT technique converges to
GP at 610.2W, the HWOA locates the GP at 478.1W,
the HGWO locates at 304.5W, and the P&O tracks the
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Figure 10. 4S PV array configuration under PSCs; (a) PV output power in watts., (b) PV output voltage (Volts.), (c) PV output current
(Amps.).

GP at 279.4W. During the pattern-5, the HSSA tech-
nique converges to GP at 598.2W, the HWOA tracks
the GP at 475.2W, HGWO converge to GP at 299.5W,
and the P&O tracks theGP at 278.1W.During the shad-
ing pattern-6, the HSSA technique converges to GP
at 588.2W, the HWOA tracks the GP at 469.9W, the

HGWO locates theGP at 298.7W, and the PO tracks the
GP at 276.4W. It is observed from the Figure 10 that the
P&O, HGWO, and HWOA algorithm fails to track the
GP, and it is concluded that the proposed algorithmdis-
plays a higher tracking speed, and the power oscillation
is less.
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Figure 11. 2S2P PV array configuration under PSCs; (a) PV output power inwatts., (b) PV output voltage (Volts.), (c) PV output current
(Amps.).

4.1.2. Performance of the solar PV array under PSCs
Similar to subsection 4.1, the PV power system is sim-
ulated for 4S configuration under PSC at the pattern-
7, and the respective waveforms are presented in
Figure 10, and the same is extended for 2S2P PV array
configuration at the pattern-8, and the respective wave-
forms are presented in Figure 11. From Figure 10–11, it

is noticed that the hybrid HSSA-P&OMPPT technique
converges fast toGP as comparedwith the conventional
PO, HWOA, and HGWO techniques. The proposed
hybridMPPT technique tracks/extracts the high output
power from the solar PV array. However, the HGWO
and P&O algorithm track significantly less PV output
power than the HWOA and HSSA.
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The conventional P&O algorithm tracks very less
power during the 2S2P PV array configuration than the
4S configuration. So, the P&O algorithm is not suit-
able for a PV system with PSCs. It is observed that both

the HSSA and HWOA converge to GP at a fast rate;
however, the HSSA technique extracts roughly around
100W more than the HWOA with high accuracy for
the two PV array configurations.

Figure 12. 4SPVarray configurationunder Extreme change in insolation; (a) PVoutput power inwatts., (b) PVoutput voltage (Volts.),
(c) PV output current (Amps.).
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Figure 13. 2S2P PV array configuration under Extreme change in insolation; (a) PV output power in watts., (b) PV output voltage
(Volts.), (c) PV output current (Amps.).

4.1.3. Performance of the solar PV array under an
extreme change in insolation
The proposed hybrid HSSA is simulated under an
extreme change in solar insolation to validate the
performance of the proposed algorithm. The output

waveforms are shown in Figure 12 for the 4S PV array
configuration, and Figure 13 shows the output wave-
forms for the 2S2P PV array configuration. As sim-
ilar to previous test conditions, the shading patterns
are created at every 0.5 sec. From Figure 12, it is
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Figure 14. Experimental setup of the photovoltaic system.

observed that the proposed algorithm converges to GP
at 730.8W during 0–0.5 sec, 494.2W during 0.5–1 sec,
and 362.8W during 1–1.5 sec.

At the same time, the HWOA technique tracks less
power (approximately 24W) than the proposed tech-
nique with almost the same convergence speed. How-
ever, the other two techniques, such as HGWO and
P&O algorithm, fails to trace the GP under an extreme
change in insolation. During an extreme change in
insolation, all the MPPT techniques introduce the
power oscillation, but the oscillation introduced by
HSSA is less with high convergence speed and track-
ing efficiency. From Figure 13, it is noticed that the
P&O algorithm exhibits more power oscillation than
the other algorithm due to the inability to track the
power under an extreme change in insolation, and it
requires frequent tuning on the MPPT controller. The
proposed algorithm and the HWOA exhibit the same
operating performance; however, the proposed hybrid
algorithm converges to GP at a fast rate with high track-
ing efficiency. The HGWO algorithm takes more time
to converge to GP with less tracking efficiency due to
the restriction in the upper and lower limit of the duty
ratio of the dc-dc converter.

4.2. Experimental results

The simulation and theoretical discussions are vali-
dated through real-time experimentation. Therefore,
the experimental prototype is made for laboratory test-
ing, and the same is depicted in Figure 14. As similar to
the simulation study, the proposed HSSA is validated
for two PV array configurations, such as 4S and 2S2P
PV array configurations. The shading pattern on the
PVmodules is artificially created is created. TheDSpace

1103 development board process the input signals and
generates the PWMpulse to control the switching oper-
ation of the boost converter. The sensors, such as LA25-
NP and LV25-P, are used to sense the PV array current
and PV array voltage, respectively. The raw signals are
processed by the signal conditioning units and sent to
the DSpace 1103, which further processes the signals
and generates the gate pulse with the required duty
cycle.

The performance of the HSSA is validated for two
different shading patterns. The voltage, current, and
current waveforms are captured using control desk NG
5.2. The DSpace and MATLAB/Simulink process the
control signals and it sends the PWM pulse to the
MOSFET switch of the boost converter. The effective-
ness of the proposed HSSA is compared with other
hybrid algorithms, such as HWOA and HGWO, since
the P&O algorithm fails to track the global peak during
a rapid change in insolation conditions. And the same
has been proved through the simulation results. The PV
array voltage, current, and power waveforms for the 3S
configuration are depicted in Figure 15. The shading
pattern is changed every 10 sec. intervals. At the ini-
tial stage, the proposed HSSA tracks the global peak at
561W, HGWO converges to 492W, and HWOA con-
verges to 521W, as illustrated in Figure 15. As seen in
Figure 15(c), the proposed HSSA tracks the GP quickly
than the other two hybrid algorithms. The shading
pattern is artificially changed at 20 sec., and the pro-
posed HSSA starts to search the global peak through-
out the search space. Due to its high exploration and
exploitation ability, the HSSA tracks the GP at 529W,
HGWO converges to 418W, and HWOA converges to
498W, as illustrated, and at 30 sec., the shading pattern
is again changed. The HSSA tracks the GP at 469W,
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Figure 15. Experimental waveforms for the 3S configuration; (a) HWOA, (b) HGWO, (c) HSSA.

Figure 16. Experimental waveforms for the 2S2P configuration; (a) HWOA, (b) HGWO, (c) HSSA.
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Table 3. Comparison of HSSA, HWOA, HGWO and PO MPPT methods.

PV Array Shading Pattern MPPT Techniques PV Power (W) Tracking Time (Seconds) Pmax from the Curve (W) Efficiency (%)

4S I HSSA 688.6 0.2145 698 98.65
HWOA 631.2 0.2987 90.42
HGWO 413.5 0.3541 59.24
PO 411.5 0.3877 58.95

II HSSA 628.1 0.2045 682 92.09
HWOA 575.7 0.2987 84.41
HGWO 389.2 0.3124 57.06
PO 384.6 0.3289 56.33

III HSSA 575.1 0.2258 600 95.85
HWOA 501.4 0.2874 83.56
HGWO 332.4 0.3035 55.40
PO 331.1 0.3365 55.18

2S2P IV HSSA 610.2 0.1156 676 90.26
HWOA 478.1 0.1789 70.72
HGWO 304.5 0.2251 45.04
PO 279.4 0.2785 41.33

V HSSA 598.2 0.1457 650 92.03
HWOA 475.2 0.1976 73.17
HGWO 299.5 0.2399 46.07
PO 278.1 0.2874 42.78

VI HSSA 588.2 0.1754 620 94.87
HWOA 469.9 0.1937 75.79
HGWO 298.7 0.2547 48.17
PO 276.4 0.2691 44.58

The bold letter indicates the best results.

Table 4. Comparative analysis of various MPPT techniques.

MPPT Methods Regular Tuning Response Power Oscillation GP Convergence Execution Time Difficulty

HSSA No Very quick and accurate Very Less Guaranteed 0.0032* Medium
0.0042**
0.0054***

HWOA No Quick and less accuracy Less Guaranteed 0.0058* Medium
0.0092**
0.0112***

HGWO No Moderate and poor accuracy Moderate Guaranteed 0.0101* Medium
0.0158**
0.0458***

PO with a step size of 0.05 Yes Sluggish and poor accuracy Very High Not Guaranteed 0.0028* Easy
0.0034**
0.0042***

*Start-up, **PSCs, and ***Rapid insolation change.

HGWO converges to 409W, and HWOA converges
to 406W.

Similar to the above study, the performance of the
2S2P configuration is validated for different shading
conditions. The PV array voltage, current, and power
waveforms for the 2S2P configuration is depicted in
Figure 16. The shading pattern is changed every 10
sec. intervals. At the initial stage, the proposed HSSA
tracks the global peak at 445W, HGWO converges to
405W, and HWOA converges to 395W, as illustrated
in Figure 16. As seen in Figure 16(c), the proposed
HSSA tracks the GP quickly than the other two hybrid
algorithms. The shading pattern is artificially changed
at 20 sec., and the proposed HSSA starts to search
the global peak throughout the search space. Due to
its high exploration and exploitation ability, the HSSA
tracks the GP at 422W, HGWO converges to 404W,
and HWOA converges to 401W, as illustrated, and at
30 sec., the shading pattern is again changed. TheHSSA
tracks theGP at 421W,HGWOconverges to 375W, and
HWOA converges to 368W.

From Figure 15–16, it is noticed that the HSSA
locates the GP precisely under a change in solar insola-
tion conditions. The HSSA also results in a high track-
ing efficiency with a quicker convergence. From the
above all the discussions, it has been decided that the
proposed hybrid HSSA MPPT technique can able to
work in all the operating conditions such as PSCs, fast
change in insolation, and an extreme change in insola-
tion. The performance of the proposed hybrid HSSA,
HWOA, HGWO, and P&O techniques are compared
with regard to the tracking speed and tracking effi-
ciency, and the same is listed in Table 3. The operating
features of the algorithms discussed in the paper are
presented in Table 4. The performance characteristics
of the different PV array configurations with the var-
ious MPPT techniques are shown in Figures 17–18.
The tracking speed of all the techniques is presented in
Figure 17 and Figure 18 shows the tracking efficiency of
all the MPPT techniques.

The proposed hybrid HSSAMPPT technique results
in high convergence speed with very high tracking
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Figure 17. Tracking speed of all MPPT methods.

Figure 18. Tracking efficiency of all MPPT methods.

efficiency of the controller. Finally, it is concluded that
the proposed HSSA MPPT technique can able to regu-
late itself towards the extreme change in insolation, fast
change in insolation, and PSCs.

5. Conclusions

A novel hybrid HSSA MPPT technique is discussed
in this paper to track/locate the GP when the PV
based power generation system is subjected to change
in shading conditions. The proposed hybrid technique
is tested in the laboratory for two various PV array
configurations under different operating conditions
such as PSCs, fast change in insolation, and extreme
change in insolation. When the PV based power gener-
ation system exhibits multiple LPs, the proposed tech-
nique can able to locate the GP accurately with fast-
tracking speed and high tracking efficiency for all the

test conditions. From the test results and the discus-
sions, the proposed hybrid MPPT technique is more
significant in tracking speed, accuracy, and efficiency.
The computation burden of the HSSA technique is
reduced by less search agents. In this paper, the 30
number of search agents are selected with 10 itera-
tions for the HSSA technique. From the results, it is
noticed that the proposed method has a low stan-
dard deviation, which allows the HSSA technique to
locate the GP efficiently. The ability of the proposed
algorithm is proved by the laboratory simulation results
in both steady-state and transient conditions. In sum-
mary, the main contribution/novelty of this paper as
follows.

(1) A new hybrid HSSA combined with the conven-
tional P&O is developed, which tracks the MPP
during PSCs.
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(2) The significant effects of the PSC are analysed
and validated through simulation and experimen-
tation.

(3) The standalone meta-heuristic algorithms are
implemented with a single search mechanism. The
proposed HSSA can use multiple searches using
the basic SSA during steady-state and P&O during
the transient state, which helps to generate more
energy.

In the future, the proposed HSSA will be imple-
mented using a low-cost microcontroller board called
Arduino for a low rating photovoltaic system. The pro-
posed HSSA MPPT will also be tested by considering
the inverter for a real-time system.
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