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Abstract: The maximum power point tracking (MPPT) is an essential key to ensure that the photovoltaic (PV) system
is operated at the highest possible power generation. This paper presents an efficient MPPT method for the PV system
based on an enhanced particle swarm optimization algorithm to track the location of the global maximum power point,
whatever its location changes in the search space under all environmental conditions, including the partial shading on
strings. In this paper, the formulation of the conventional particle swarm optimization algorithm is enhanced to
decrease the searching time and the oscillation of the generated output power as well as the power losses in the online
tracking process. This enhancement can be achieved by utilizing a special time-varying weighting coefficient and
removing the effect of some other coefficients in the conventional particle swarm optimization algorithm (PSO) that
cause winding of the particles during the online tracking process. Test results verified the accuracy of the proposed
method to track the global maximum power point with considering the effect of partial shading condition. The
proposed method was also compared with other MPPT methods to verify the superiority of the proposed work. The
obtained results reveal that the proposed method is effective to improve the tracking efficiency and reduce the tracking
time and the number of iterations for the different irradiances and load conditions. The maximum number of iterations
was 11 iteration and the highest tracking time was 0.273s with tracking efficiency of about 99.98%.
Keywords: Enhanced particle swarm optimization, Global maximum power point, Partial shading condition,
Photovoltaic system.

1. Introduction
The interest in clean energy sources has increased
in the last two decades compared to energy sources
that depend on fossil fuels, for many reasons like a
pollution-free, no-noise, low cost of operation, and
maintenance. Photovoltaic (PV) systems are one of
the most important renewable energy sources.
Recently, PV systems have been widely used in
different applications such as large-scale power
plants, solar home systems, water pumping stations,
space vehicles, satellites, and service reverse osmosis
water plants. However, the output generated power of
the PV module is variant due to the non-linear
characteristics of the module that depends on the
solar irradiation, temperature, and load connected.

Thus, to obtain the highest possible power generated
under these various conditions, the PV system must
enforce to work at the maximum power point (MPP)
that can be achieved through the use of maximum
power point tracking (MPPT) methods.
Several MPPT methods have been developed to
extract the maximum power in the PV system, such
as perturbation and observation (P&O) [1],
incremental conductance (IC) [2], fractional short
circuit current [3], and fractional open circuit voltage
[4]. The behavior of the fractional methods depends
on a fixed point related to the open-circuit voltage
and the short-circuit current of the PV system,
respectively. Practically, these fractional methods
cannot achieve the maximum power point generation
at all variable conditions [5, 6]. The P&O and IC
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methods are based on the principle of perturbing of
the PV array voltage and observing the output power.
According to the values of the voltage and output
power in successive steps, the direction toward the
MPP (i.e., the peak point on the characteristic of PV
array) can be obtained. The main drawbacks of these
two methods are oscillation around the peak point and
the low tracking speed during rapid changes in
environmental conditions [7]. However, all the
mentioned methods suffer from inaccuracy to track
the global maximum power point (GMPP) under
partial shading conditions due to the presence of
multiple peaks, which depend on the partial shading
conditions and the number of series PV panels in the
string [8].
Several methods have been developed to track the
MPP with handling the problem of partial shading
conditions. In [9], a modified P&O method has been
used to track the MPP under partial shading
conditions. In this method, a checking algorithm
based on the prior knowledge about the number of
series PV panels in the string is used to scan all
existing peaks and determine the global one.
Therefore, the P&O algorithm is utilized to determine
accurate MPP. Although the problem of multiple
peaks has been solved, this method still suffers from
high oscillation due to the use of the perturbation and
observation technique. An MPPT method based on
an artificial neural network technique was proposed
in [10]. In this method, an expensive solution to the
problem of multiple peaks based on utilizing a dc-dc
converter for each PV panel in the string was
presented. In [11], large steps voltage have been used
to scan all peaks in the PV curve and identify the
global one assuming that the voltage per step was
equal to 75% of the open-circuit voltage of a single
series PV panel whereas the accurate MPP has been
determined using a fuzzy logic technique. To avoid
the dependency on the prior knowledge about the
number of series PV panels in the string, a linear
ramp reference voltage along the PV curve has been
used in [12] to track an approximate MPP while the
exact global point is obtained using the fuzzy logic
technique. However, this method suffers from severe
oscillation and long tracking time, as well as a high
cost due to its requirement for a large number of
sensors at the string and load sides.
Recently, many methods based on meta-heuristic
techniques have been utilized to track the MPP with
considering the problem of partial shading conditions
such as Genetic Algorithm (GA) [13], Cuckoo Search
(CS) [14], Artificial Bee Colony (ABC) [15], Ant
Colony Optimization (ACO) [16], Firefly (FA) [17],
Grey Wolf Optimization (GWO) [18], Bat Algorithm
(BA) [19], Flower Pollination Algorithm (FPA) [20],
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Teaching-learning-based optimization (TLBO) [21]
and Particle Swarm Optimization (PSO) [22-24].
These methods were distinguished by their accuracy
and high speed in tracking for the maximum power
point in all environment conditions. Moreover, these
methods were characterized by cheap costs of their
implementation, as they do not require equipment to
measure the solar radiation falling on PV arrays.
However, these methods still compete in achieving
low oscillation in the power generated and better
accuracy, speed, and responsiveness in tracking the
MPP.
Among all aforementioned meta-heuristic
techniques, the PSO algorithm has been widely
modified to address the problem of the MPPT under
partial shading conditions [25-31]. In [25], a MPPT
method based on a modified PSO algorithm is
developed. In this method, the problem of the initial
duty cycle that is generated randomly in the
conventional PSO algorithm is avoided by using a
deterministic procedure to calculate the initial duty
cycle. Although this method reduces the initial
oscillation of the output power that occurred with any
change in the solar irradiation, it still suffers from
high oscillation and long tracking time due to the
presence of random parameters in the velocity
equation. Also, this method requires an expensive
irradiation sensor at each PV string. In [26], a leader
PSO algorithm is developed to track the MPP with
considering the partial shading conditions. This
method utilizes exclusive mutation strategies to
increase the search process and to differentiate
between local and global MPPs by increasing
randomness in particle behaviors. However, the
oscillation of the output power is not considered. In
[27], an MPPT method based on the overall
distribution and PSO algorithms is developed to track
the MPP under partial shading conditions using two
steps. In the first step, the overall distribution
algorithm is used to scan the search space and locate
the region of the MPP. However, the conventional
PSO algorithm is then used to identify accurate MPP
as a second step. A hybrid enhanced leader PSO
assisted by a conventional P&O algorithm is
proposed in [28]. In this method, the region of the
MPP is firstly located using enhanced leader PSO
while the accurate MPP is identified using
conventional P&O method. In [29], the region of the
MPP is firstly located using an improved PSO
algorithm, and then the hill climbing (HC) method
with a small disturbance is utilized to identify the
accurate MPP. However, the previous two methods
presented in [28] and [29] suffer from the oscillation
around the peak point (MPP) due to the perturbation
and observation processes utilized in P&O and HC
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methods, respectively. A hybrid method based on the
combination of the PSO algorithm and the
differential evaluation (DE) algorithm is presented in
[30]. In this method, the convergence behavior of the
searching particles in the PSO algorithm is improved
using the DE algorithm. However, this method still
requires a long tracking time (4-5s) to identify the
MPP. In [31], the MPPT method based on the
Velocity PSO-Lévy Flight (VPSO-LF) algorithm is
developed. In this method, the number of tuning
parameters of the PSO velocity equation has
significantly been minimized using the Lévy Flight
concept. This method aims to reduce the random
behavior of the particles and thus decrease the
searching time and oscillation of the output power.
However, the results presented in [31] show the best
tracking time (0.23-0.87s.).
In this paper, an efficient MPPT method based on
an Enhanced Particle Swarm Optimization
(EPSO) algorithm is proposed to track the MPP in the
PV system with considering the partial shading
conditions. The main contribution of the proposed
method is to enhance the conventional PSO algorithm
based on utilizing the time-varying weighting
coefficient and setting the acceleration coefficients to
unity in the algorithm. In addition, the proposed
method removes the effect of random numbers used
in the conventional PSO, which can cause the
winding of the particles during the online searching
process. The main advantage of the proposed method
compared with other existing methods is that the
absence of random numbers proposed in this method
reduces the searching time, the oscillation of the
output power, and the power losses caused by
winding of the particles.
The remainder of this paper is organized as
follows. Section 2 provides the modeling and
characteristics of the photovoltaic array. Section 3
illustrates a conventional PSO algorithm. Section 4
describes the proposed MPPT method based on the
EPSO algorithm. Section 5 presents an overview of
one of the MPPT meta-heuristic methods. In Section
6, the obtained results and discussion are provided.
Finally, the conclusion is outlined in Section 7.

2. Modeling and characteristics of PV array
Generally, the PV array consists of several
parallel strings that are built up using series PV
panels, as shown in Fig. 1. Each PV panel is produced
using one or more modules, which consist of a certain
number of PV cells connected in series and parallel
according to the voltage and power required. The
single diode model of the photovoltaic cell can be
represented by the equivalent circuit shown in Fig. 2.
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The model comprises a current source (𝐼), a diode, a
series resistance (𝑅𝑠 ) and shunt resistance (𝑅𝑠ℎ ). The
current PV cell ( 𝐼𝑃𝑉 ) represented by the equation
below [32]:
𝐼𝑃𝑉 = 𝐼 − 𝐼𝑑 −

𝑉𝑃𝑉 +(𝐼𝑃𝑉 ×𝑅𝑠 )
𝑅𝑠ℎ
𝑉𝑑
)−
𝛼×𝑉𝑡ℎ

𝐼𝑑 = 𝐼𝑠 × (exp (
𝑉𝑡ℎ =

(1)

1)

(2)

𝐾×𝑇𝑐
𝑞

(3)

𝐼 = 𝐼𝑠𝑐 + 𝐾1 (𝑇𝑐 − 𝑇𝑟𝑒𝑓 )𝜆

(4)

𝑉𝑃𝑉 = 𝑉𝑑 − 𝐼 × 𝑅𝑠

(5)

where 𝑉𝑃𝑉 is the photovoltaic output voltage, 𝐼𝑠
represents the diode reverse saturation current, 𝑉𝑑 is
the diode voltage, 𝑉𝑡ℎ is the thermal voltage of the
diode, 𝛼 is the ideal factor of a diode, 𝐾 is
Poltzman’s constant (1.38e-23 J/K), 𝑇𝑐 is the cell
working temperature, 𝑞 is the electron charge (1.6e19 C), 𝐼𝑠𝑐 is the cell short circuit current (at 25°C
temperature and 1kW/m2 solar irradiation), 𝐾1 is the
temperature coefficient, 𝑇𝑟𝑒𝑓 is the reference
temperature (25°C), 𝜆 is the solar irradiation, 𝑁𝑠 is
the number of the series cells, and 𝑁𝑃 is the number
of parallel cells.
Then the photovoltaic current of the array can be
expressed as:
𝐼𝑃𝑉 = 𝑁𝑃 × 𝐼
𝑁
𝑞(𝑉𝑃𝑉 + 𝑆 ×𝐼𝑃𝑉 ×𝑅𝑆 )

−𝑁𝑃 × 𝐼𝑆 (exp (

𝑁𝑃

𝑁𝑆 ×𝛼×𝐾×𝑇

−

) − 1)

𝑁
𝑉𝑃𝑉 + 𝑆 ×𝐼𝑃𝑉 ×𝑅𝑆
𝑁𝑃
𝑁𝑆
×𝑅𝑠ℎ
𝑁𝑃

(6)

For uniform irradiation, the (I-V) and (P-V) curves,
which represent the characteristics of the PV array,
have only one peak of maximum power point (MPP)
that represents the maximum power generated from
the PV array as shown in Fig. 3. It is
worth mentioning that the maximum value of the
current drawn from the PV array represents the short
circuit current (𝐼𝑆𝐶 ) achieved when the voltage across
PV array terminals is zero, as shown in Fig. 3 (b). On
the other hand, the maximum value of the voltage
across the PV array terminals represents the opencircuit voltage (𝑉𝑂𝐶 ) achieved when the current of the
PV array is zero. There is no operation point at 𝐼𝑆𝐶
and 𝑉𝑂𝐶 and the maximum power generation of the
PV array is achieved at a value lower than the vales
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(a)

Figure. 1 Partial shading of a solar array

Figure. 2 Photovoltaic cell model

(b)
Figure. 3: (a) Power-voltage curve and (b) current-voltage
curve for PV array characteristics at uniform irradiation
in (a) and (b), respectively

of 𝐼𝑆𝐶 and 𝑉𝑂𝐶 , also named the voltage and current at
MPP ( 𝑉𝑀𝑃𝑃 and 𝐼𝑀𝑃𝑃 ). However, in the partial
shading conditions (non-uniform irradiation), the (IV) and (P-V) curves have multiple peaks of
maximum power points, as shown in Fig.4. Only one
of these points is the global maximum power point
(GMPP), and others represent the local maximum
power point (LMPP), as shown in Fig. 4 (a) [33].
Indeed, the partial shading condition is caused by the
shadow of a nearby tree or building and passing
clouds. This condition causes a hot spot problem at
the shaded PV panels that are connected in series with
no-shaded PV panels. This problem may lead to
thermal breakdown of shaded PV panels. As can be
seen in Fig. 1, a bypass diode is connected in parallel
with every PV panel in the string to prevent the hot
spot problem. Blocking diode shown in Fig. 1 is also
connected in series with every string to avoid the
current passing from other strings connected in
parallel [34].

(a)

3. Conventional PSO algorithm
The conventional PSO algorithm is based on the
social behavior of flocks of birds or fishes. In order
to explore the best food location, the PSO method
employs a swarm of particles that floats at a multidimensional search space. Each particle represents a
possible solution affected by the experiences of its

(b)
Figure. 4: (a) Power-voltage curve and (b) current-voltage
curve for PV array characteristics at non-uniform
irradiation in (a) and (b), respectively
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neighbors and itself. The final solution of particles
can be expressed by the velocity and the position
presented in (7) and (8), respectively [35].
𝑉𝑋𝑖+1 = (𝑊 × 𝑉𝑋𝑖 ) + (𝐶1 × 𝑟𝑎𝑛𝑑(1) × (𝑃𝑏𝑒𝑠𝑡 −
𝑋𝑖 )) + (𝐶2 × 𝑟𝑎𝑛𝑑(1) × (𝐺𝑏𝑒𝑠𝑡 − 𝑋𝑖 )) (7)
𝑋𝑖+1 = 𝑋𝑖 + 𝑉𝑋𝑖+1

(8)

where 𝑉𝑋𝑖 represents the current particle velocity,
𝑟𝑎𝑛𝑑(1) is random numbers (0-1), 𝑊 is inertia
weight, 𝐶1 is the global acceleration coefficient, 𝐶2 is
personal acceleration coefficient, 𝐺𝑏𝑒𝑠𝑡 is best
position of the particles in the entire population, 𝑃𝑏𝑒𝑠𝑡
is the personal best position of a particle, and 𝑋𝑖 is the
current position of a particle.
The behavior of the conventional PSO algorithm
mainly depends on the values of the coefficients 𝑊,
𝐶1 and 𝐶2 presented in the velocity equation. The
effect of inertia weight 𝑊 on particle movement is
like the fluidity of the medium, and it is responsible
for ensuring the balance between the global and local
exploration capabilities of the algorithm. The large
value of 𝑊 facilitates comprehensive exploration
and identifies new areas in the scope of the search
while the small value of 𝑊 facilitates local
exploration to improve the current search area. The
effect of 𝐶1 and 𝐶2 coefficients represent the
particle attraction force toward the optimal position,
and the choice of their values is different from one
application to another. The random numbers
presented in the velocity equation improve the search
process, by impacting the movement of the particles
in zigzag directions to cover the entire search range
[36].

4. Proposed MPPT method based on EPSO
algorithm
The PSO algorithm has an excellent response to
many applications. As mentioned before, the search
accuracy of the PSO algorithm depends on
coefficient values of the velocity equation (i.e.,
C1 , C2 and W), which specify the particle behavior in
search space. Although the random numbers
presented in the velocity equation are responsible for
keeping the stochastic movement of the particles
within iterations to reach the better solution. The two
terms C1 × (Pbest − X i ) and C2 × (Gbest − X i )
multiplied by random numbers in (7) might cause a
significant change in the particle velocity that causes
the particles to diverge from the best solution or cause
a long computational time of the search for the online
MPPT application [37].
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In this paper, an Enhanced Particle Swarm
Optimization (EPSO) algorithm is proposed to track
the maximum power point in the PV system under the
partial shading condition. The proposed algorithm is
based on setting the values of acceleration
coefficients ( 𝐶1 & 𝐶2 ) to unity and removing the
random numbers presented in the velocity equation
of the conventional PSO algorithm to decrease the
zigzag or the winding of the particles and
subsequently reduce the searching time, the
oscillation of the output power, and the power losses.
Therefore, the proposed velocity equation shown in
Eq. (9) will only depend on the linear decreasing of
the inertia weight (𝑊) within iterations.
𝑉𝑋𝑖+1 = 𝑉𝑋𝑖 × 𝑊 + (𝐺𝑏𝑒𝑠𝑡 + 𝑃𝑏𝑒𝑠𝑡 ) − (2 × 𝑋𝑖 )
(9)
where Gbest , Pbest and X i for MPPT application
represent the best duty cycle of the particles in the
entire population, the personal particle best of duty
cycle, and the current duty cycle, respectively. The
proposed inertia weight is given in Eq. (10):
𝑊 = ((𝑊𝑀𝐴𝑋 − 𝑊𝑀𝐼𝑁 ) ×

𝑁−𝐽
)+
𝑁

𝑊𝑀𝐼𝑁 (10)

where 𝑊𝑀𝐴𝑋 and 𝑊𝑀𝐼𝑁 represents the maximum and
minimum value of inertia weight, respectively. 𝑁
represents the maximum number of iterations, and 𝐽
represents the current iteration number.
The value of 𝑊 mentioned in (10) is decreased
within iterations. Initially, a large value of 𝑊 is
produced to achieve large particles’ velocity and
subsequently increase the convergence time to reach
the GMPP. On the other hand, when the particles
reach near the GMPP after some iterations, a small
value of 𝑊 is required to reduce the step size
presented by velocity towards the GMPP. The values
of 𝑊𝑀𝐴𝑋 and 𝑊𝑀𝐼𝑁 that achieve fast and reliable
convergence of particles depend on the application.
In this paper, the values of 𝑊𝑀𝐴𝑋 and 𝑊𝑀𝐼𝑁 are
chosen to be 0.45 and 0.2, respectively.
The proposed inertia weight equation is also
proposed in [24], [38]. However, the methodologies
of these methods were different from the proposed
ones. In [24], [38], the random numbers and
acceleration coefficients were kept in the velocity
equation causing deterioration to the behavior of the
methods through the high oscillation in the PV
generated power and the slow tracking of MPP. In
addition, the method proposed in [24] is considered
as a very expensive and difficult solution to the
problem of tracking the MPP due to the requirements
of the method to a set of sensors to measure the PV
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system temperature and the amount of radiation
falling on each PV panel.
In this paper, the proposed algorithm is
reinitialized when the loads and/or the atmospheric
conditions are changed to ensure that the proposed
algorithm is always capable of tracking the GMPP
under different conditions. The reinitialization of the
proposed algorithm can be satisfied by using (11).
|

𝑃𝑃𝑉 𝑛𝑒𝑤 −𝑃𝑃𝑉 𝑜𝑙𝑑
𝑃𝑃𝑉 𝑜𝑙𝑑

| ≥ ∆𝑃

(11)

where ΔP is the minimum relative error utilized to
reinitialize the algorithm, 𝑃𝑃𝑉 𝑛𝑒𝑤 and 𝑃𝑃𝑉 𝑜𝑙𝑑
represent the power obtained in the current and
previous iterations, respectively.
The main procedure of the proposed MPPT
method is shown in Fig. 5.

5. Overview of MPPT method based on
VPSO-LF algorithm
To verify the superiority of the proposed method,
the well-known meta-heuristic method, which is
based on velocity PSO- Lévy Flight Algorithm, is
used for comparison. The VPSO-LF is described
briefly in this section.
The VPSO-LF presented in [31] is based on the
Lévy Flight concept to control the velocity equation
of the conventional PSO algorithm. Lévy flights (or
Lévy motion) is a class of non-Gaussian random
processes whose random walks are drawn from Lévy
stable distribution [39, 40].
In this method, the Levy Flight concept is
employed to control the PSO velocity equation when
the random number is less than 0.25. Thus, the
velocity of particles is updated using (12) and (13).
On the other hand, when the random number is
greater than or equal to 0.25, the conventional
velocity equation is utilized as in (7).
𝑉𝑋𝑖+1 = (𝑊 × Lévy walk(𝑥𝑖𝑟 )) +
(𝐶1 × 𝑟𝑎𝑛𝑑(1) × (𝑃𝑏𝑒𝑠𝑡 − 𝑋𝑖 )) +
(𝐶2 × 𝑟𝑎𝑛𝑑(1) × (𝐺𝑏𝑒𝑠𝑡 − 𝑋𝑖 ))

(12)

Lévy walk(𝑥𝑖𝑟 ) = 𝛼 ⊕ Levy(𝜆)
=𝛼𝑜 (𝑝𝑏𝑒𝑠𝑡 − 𝑥𝑖 ) ⊕ Levy(𝜆)
≅ 𝐾(

𝑢
1

⁄
(|𝑣|) 𝛽

) (𝑝𝑏𝑒𝑠𝑡 − 𝑥𝑖 )

(13)

where α is a parameter within the range of [−1, 1], 𝛼0
is the initial step change, 𝛽 is the stability index ∈(0,
2), u and v are obtained from a normal distribution,
and 𝐾 is a multiplying factor.
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Although this method increases the search
efficiency, the combination between the Lévy Flight
concept and the random parameters in the velocity
equation may cause the winding of the particles
during the online tracking process.

6. Results and discussion
In order to verify the behavior and accuracy of the
proposed method, a PV system is implemented using
the MATLAB/Simulink environment and tested
under different partial shading patterns and different
load values.
The tested PV system shown in Fig. 6 includes a
string formed by four panels connected in series, a
DC-DC boost converter, and a load. The PV string
has a maximum power of 852.6 W, maximum power
point current of 7.35 A, and maximum power point
voltage of 116 V. The DC/DC converter components
values are: C1=C2=50µF, L=1.5mH and the
switching frequency is 20 kHz. To obtain the
maximum power point, the tracker based on the
proposed method is considered.
The specifications of the PV panel are listed in
Table 1. The considered string is tested according to
six different levels of irradiance profile listed in Table
2 and two different load values of 50 Ω and 100 Ω.
The aim of using different irradiation patterns is to
examine the reliability and robustness of the
proposed algorithm when the global maximum power
point is moving along the P-V curve search space.
Fig. 7 (a) presents the P-V characteristic when a
uniform irradiance of 1 KW/m2 is applied on all
panels. As shown in this figure, there is only one peak
power point of 852.6 W at 116 V and 7.35A. Fig. 7
(b) shows the string output power and duty cycle
obtained for the same irradiance pattern case with 50
Ω load initially applied. Then it is changed to 100Ω
at t=0.5 s. From the results presented in this figure the
values of the tracking time obtained for the two load
cases (i.e., 50 Ω and 100 Ω) are 0.186s, and 0.206s,
respectively.
The output MPP powers obtained are 852.4W for
50 Ω load and 852.2 W for 100 Ω load, which are
very closed to the optimum MPP demonstrating the
high tracking efficiency of 99.97% and 99.95% for
the two load cases, respectively.
Besides the low tracking time and the high
tracking efficiency obtained using the proposed
method, the oscillation in the output power is very
low, which verifies the ability of the proposed
method to decrease the oscillation and improve the
quality of the output power.
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Figure. 6 Configuration of the tested PV system

Table 1. PV panel specifications
𝑃𝑀𝑎𝑥.
𝑉𝑂𝐶 𝑉𝑀𝑃𝑃 𝐼𝑆𝐶 𝐼𝑀𝑃𝑃
213.15

36.3

29

7.84

7.35

Table 2. Irradiance patterns
Pattern
Irradiance (W/m2)
no.
Pattern 1
[1000 1000 1000 1000]
Pattern 2

[1000 1000 1000 400 ]

Pattern 3

[1000 1000 800

400 ]

Pattern 4

[1000 800 600

400 ]

Pattern 5

[1000 400 400

400 ]

Pattern 6

[1000 900 500

300 ]

Moreover, a change in the load value occurred at
a time of 0.5s. The proposed method sensed this
change in the PV load and reinitialized the algorithm
at a 0.529s with a time delay of only 29ms. These
results verified the ability of the proposed method to
track the GMPP under the variation of the system
operating conditions.
Fig. 8 shows the obtained results when the proposed
method for the partial shading irradiance case (i.e.,
pattern 2) is applied with loads of 50 Ω and 100 Ω. It
is noticed from the P-V characteristic presented in Fig.
8 (a) that there are two peaks in the P-V curve. The
first one is the GMPP and the second peak is LMPP.
The global power generated is 633.5W at voltage
86.26V and current of 7.344A. Fig. 8 (b) shows the
results of the string output power and duty cycle.
From these results, the oscillation in the output power
is very low, and the tracking time obtained is 0.146s
for resistance 50 Ω and 0.185s for resistance 100 Ω.
while the output powers/tracking efficiencies for the
two loads cases are 633.3 W / 99.96% and 633.4 W /
99.98%, respectively. These results demonstrate the
accuracy and effectiveness of the proposed method to
track the MPP in the case of non- uniform irradiance.
The same test strategy is applied for pattern 3,
pattern 4, pattern 5, and pattern 6, and the obtained

Figure. 5 Flowchart of the proposed MPPT method

results are shown in Figs. 9, 10, 11, and 12,
respectively. The results obtained for all patterns are
summarized in Table 3. The obtained results in Table
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(a)

(b)
Figure. 7: (a) P-V curve and (b) the string power and duty
cycle using the proposed method for the pattern (1)

3 show the effectiveness and efficiency of the

proposed method in tracking the global
maximum power point under different patterns
and loads. From Table 3, it is noticed that the
tracking time range is (0.146s -0.273s); the range
of a number of iterations is (6-11), while the
range of the tracking efficiency is (99.91 % 99.98 %). Finally, in order to demonstrate the
effectiveness of the proposed method at different
system configurations, the proposed method is
applied to a string of 10 panels at loads of 55Ω
and 100Ω at shading pattern of [1.0 0.9 0.8 0.7
0.6 0.5 0.4 0.3 0.2 0.1] KW/m2.
Fig. 13 (a) represents the P-V characteristic curve
applied when partial shading occurs. As shown in this
figure, there are ten peak power points; one of them
is GMPP. The global power is 721.6W at voltage of
187.2V and current of 3.855A. Fig. 13 (b) shows the
string power and duty cycle obtained using the

(a)

(b)
Figure. 8: (a) P-V curve and (b) the string power and duty
cycle using the proposed method for the pattern (2)

proposed method. From this figure, it is noticed that
the string powers generated are 721.4W and 721.5W,
the values of the tracking time are 0.205s and 0.222s,
and the tracking efficiencies are 99.97% and 99.98%
for two loads (55Ω and 100Ω), respectively.
In order to demonstrate the superiority of the
proposed method, the obtained results are compared
with a well-known method, which is based on VPSOLF [31] under the same conditions.
The proposed method is compared with the VPSOLF method at 10KHz switching frequency, three
searching particles, and 8 shading patterns of
irradiation with the same temperature and load
conditions.
Tables 4, 5, and 6 show the comparison results
between the proposed method and the VPSO-LF
method presented in [31] for the case of three, four,
and six series PV modules configurations,
respectively. The comparison between the two
methods is carried out in terms of tracked PV power
and tracking efficiency and time.

International Journal of Intelligent Engineering and Systems, Vol.13, No.6, 2020

DOI: 10.22266/ijies2020.1231.22

Received: May 26, 2020.

Revised: August 21, 2020.

249

(a)

(a)

(b)
Figure. 9: (a) P-V curve and (b) the string power and duty
cycle using the proposed method for the pattern (3)

(b)
Figure. 10: (a) P-V curve and (b) the string power and
duty cycle using the proposed method for the pattern (4)

It can be concluded from these tables that the
tracking time of the VPSO-LF method is about
(0.23s-0.87s), while the tracking time of the proposed
method is about (0.133s-0.224s). In addition, the
lowest tracking efficiency of the VPSO-LF method is
99.07%. On the other hand, the lowest tracking
efficiency of the proposed method is 99.98%.
For the eight irradiation patterns presented in
Tables 4, 5, and 6, the values of the tracked power
obtained using the proposed method are higher than
those values obtained using the VPSO-LF method.
As an example, at shading pattern [0.8-0.6-0.5]
KW/m2 in Table 4, the tracked power obtained using
the proposed method is (97.6W) while the tracked
power of the VPSO-LF method is (94.58W).
Although the VPSO-LF method increases the
search efficiency that is required for off-line complex
optimization problems, the combination between the
Lévy Flight concept and the random parameters in the
velocity equation causes winding of the particles
during the online tracking process. Consequently, the

winding performance of the particles represents the
reason behind the long searching time and the high
oscillation in the output power that reduces the root
mean square value of the output power and decreases
the tracking efficiency.
On the other hand, the proposed velocity equation
developed in this paper only depends on the linear
decreasing of the inertia weight within iterations with
removing the random numbers presented in the
velocity equation of the conventional PSO algorithm
to reduce the zigzag or the winding of the particles.
The simulation results and comparison study verified
the effectiveness and superiority of the proposed
method.

7. Conclusion
This paper presents a modification on the
classical PSO algorithm to find the global maximum
power point of a solar system under partial shading
conditions. The obtained results reveal that the

International Journal of Intelligent Engineering and Systems, Vol.13, No.6, 2020

DOI: 10.22266/ijies2020.1231.22

Received: May 26, 2020.

Revised: August 21, 2020.

250

(a)

(a)

(b)
Figure. 11: (a) P-V curve and (b) the string power and
duty cycle using the proposed method for the pattern (5)

(b)
Figure. 12: (a) P-V curve and (b) the string power and
duty cycle using the proposed method for the pattern (6)

Table 3. The results obtained using the proposed method
Pattern
at 25°C
Pattern 1
Pattern 2
Pattern 3
Pattern 4
Pattern 5
Pattern 6

Load
Value
(Ω)
50
100
50
100
50
100
50
100
50
100
50
100

Voltage
(V)

Current
(A)

Duty
Cycle

116
116
86.19
86.27
90.32
90.1
92.36
92.69
120.3
121.1
57.45
57.07

7.349
7.346
7.348
7.342
6.074
6.088
4.568
4.552
3.002
2.984
6.741
6.783

0.4397
0.603
0.518
0.658
0.4574
0.6169
0.3665
0.551
0.1064
0.3639
0.5899
0.7199

proposed algorithm (EPSO) is effectively capable of
minimizing the tracking time and the number of
iterations for different irradiances and load conditions
(i.e., the highest number of iterations is 11 iterations

Tracking Speed
Time
No. of
(s)
iterations
0.186
7
0.206
8
0.146
6
0.185
7
0.273
11
0.211
8
0.21
8
0.206
8
0.215
9
0.195
8
0.198
8
0.273
11

Tracked
Power
(W)
852.4
852.2
633.3
633.4
548.6
548.5
421.9
421.92
361.1
361.3
387.2
387.1

Global
power
(W)
852.6
633.5
548.8
422
361.4
387.3

Tracking
Efficiency
(%)
99.97
99.95
99.96
99.98
99.96
99.94
99.97
99.98
99.91
99.97
99.97
99.94

and the highest tracking time is 0.273s). Also, the
obtained results prove that the proposed method is
more stable in attaining the real GMPP and decreases
the oscillation of the duty cycle compared to other
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Table 5. The simulation results for the case of four series
modules configuration and three searching particles
Shading
Pattern
[1.0-0.90.8-0.4]
KW/m2
[1.0-0.90.9-0.4]
KW/m2

(a)

Method

Tracked
Power
(W)

Tracking
Time
(s)

Tracking
Efficiency
(%)

VPSOLF

148.59

0.75

99.50

Proposed

150.8

0.182

99.98

VPSOLF

159.44

0.23

99.07

Proposed

162.5

0.183

99.99

Table 6. The simulation results for the case of six series
modules configuration and three searching particles
Shading
Pattern
[1.0-1.00.6-0.60.3-0.3]
KW/m2
[1.0-1.00.9-0.70.4-0.3]
KW/m2
(b)
Figure. 13: (a) P-V curve and (b) the string power and
duty cycle using the proposed method for ten panels
string
Table 4. The simulation results for the case of three series
modules configuration and three searching particles
Tracked Tracking Tracking
Shading
Method
Power
Time
Efficiency
Pattern
(W)
(s)
(%)
VPSO53.39
0.3
99.85
[1.0-0.4LF
0.2]
KW/m2 Proposed
54.12
0.149
99.98
[1.0-0.60.3]
KW/m2
[0.8-0.60.5]
KW/m2
[1.0-0.70.6]
KW/m2

VPSOLF

73.95

0.71

99.70

Proposed

75.8

0.196

99.99

VPSOLF

94.58

0.75

99.97

Proposed

97.6

0.133

99.98

VPSOLF

114.7

0.23

99.99

Proposed

117.4

0.162

99.99

Method

Tracked
Power
(W)

Tracking
Time
(s)

Tracking
Efficiency
(%)

VPSOLF

149.48

0.87

99.86

Proposed

151.8

0.161

99.99

VPSOLF

180.89

0.52

99.91

Proposed

181.4

0.224

99.99

method that reaches point closely to GMPP at some
conditions of irradiance and loads.
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