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Abstract: The generation of power from solar energy by
using Photovoltaic (PV) systems to convert the irradiation of
the sun into electricity has been adopted over the past years.
However, the PV system’s P-V and I[-V characteristics
become unstable when solar irradiation and temperature
change. In this paper, the incremental conductance (INC) has
been improved using signals to measure the current and
voltage from the PV systems directly which quickly changes
with the environmental conditions, and the conventional
particle swarm optimization (PSO) is modified so that under
multiple shaded peak PV array curves with fast-changing
solar irradiance and temperature, more power is extracted
at a faster rate without any tracking failure at high-speed
tracking of both individual maximum power point (IMPP)
and global maximum power point (GMPP) under varying
solar irradiance and temperature at a longer distance to
enhance the power generated. The individual and global
coefficients are also improved to change with multiple
shaded peak PV array curves with fast-changing solar irra-
diance and temperature. DC-DC converter converts DC
power from one circuit to another and DC-AC inverter con-
verts DC power to AC power. Simulation was carried out in
MATLAB Simulink with different solar irradiance and

*Corresponding author: Xie Wei, School of Automation Science and
Engineering, South China University of Technology, Wushan, Tianhe
District, Guangzhou, 510641, China, E-mail: weixie@scut.edu.cn

Akwasi Amoh Mensah and Tumbiko Mbuzi, School of Automation
Science and Engineering, South China University of Technology, Wushan,
Tianhe District, Guangzhou, 510641, China, E-mail: amom74650@gmail.com
(A. Amoh Mensah), autumbikombuzi@mail.scut.edu.cn (T. Mbuzi). https://
orcid.org/0000-0001-9689-2450 (A. Amoh Mensah)

Duku Otuo-Acheampong, School of Electrical Engineering, Wuhan
University, Luojia Hill, Wuchang District, Wuhan, 430072, China,

E-mail: otuoduku@whu.edu.cn.

https://orcid.org/0000-0002-8493-8703

temperature whereby the conventional INC and PSO were
compared with the proposed INC and PSO. An experiment
was carried out for a whole day from 8 am to 5 pm to test
the validity of the proposed algorithm and compared it with
the conventional INC and PSO by using the solar irradiance
and temperature received. From both the simulation and
experimental results, the proposed INC and PSO performed
better by attaining high power and tracking speed with
stable output results than the conventional INC and PSO.

Keywords: control design; incremental conductance (INC)
algorithm; particle swarm optimization (PSO) algorithm;
photovoltaic (PV) systems; solar power generation.

1 Introduction

The use of renewable energy has drawn much attention over
the past years. Many people have adopted renewable energy
to produce power as there is a higher demand for power
supply since fossil fuels are expensive and cause environ-
mental pollution. Renewable energy includes solar energy,
biomass, wind energy, hydropower, and geothermal energy.
In this paper, the focus was to use solar energy to generate
power by using a PV system. Sunlight received will be
directly converted into electricity by solar PV arrays. Solar
irradiance and temperature influence the output charac-
teristics of PV arrays by external factors, the maximum po-
wer point (MPP) of a PV array varies alongside these external
factors. Therefore, the maximum power point tracking
(MPPT) technique has been adopted to improve the effi-
ciency of power generated by the PV array. Different tradi-
tional MPPT techniques such as perturb and observe,
incremental conductance, and fuzzy logic control have been
introduced (Bhos, Sayyad, and Nasikkar 2022; Devana et al.
2022; Ghasemi, Forushanis, and Parniani 2016; Loukriz,
Haddadi, and Messalti 2016; Manoharan et al. 2021; Pre-
mkumar and Sowmya 2019; Ujgare, Goudar, and Kharadkar
2022). These techniques are simple to implement and
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perform well under constant solar irradiance and temper-
ature, but under varying solar irradiance and temperature,
although MPP is tracked, the output of the maximum power
point tracked is reduced. Maximum power point technique
based on an improved perturb and observation method has
been proposed (Manoharan et al. 2021) to avoid false
tracking of maximum power during fast changes in solar
irradiation due to the wrong decision in the duty cycle. It
enhances the current, voltage, and power attained. The in-
cremental conductance method is used mostly due to its
accuracy when there is a change in the environmental
condition. It also has a high tracking peak power under fast-
changing weather conditions. It can determine if the
maximum power point has been reached by the MPPT.
Nevertheless, it is complex to implement and has a low
convergence speed to reach the global peak (Ahmed and
Salam 2018; Farh and Ali Eltamaly 2020; Hong et al. 2019;
Hernanz et al. 2020; Ilyas et al. 2018; Loukriz, Haddadi, and
Messalti 2016; Motahhir et al. 2017; Zhu et al. 2018). The in-
cremental conductance MPPT method has been modified in
grid-connected PV systems (Mishra and Tiwari 2021). The
method presents the incremental conductance method be-
ing combined with an integral regulator to improve the
maximum power point tracking effectiveness. The results of
the method presented show that MPPT was accurately
tracked because the integral regulator increases the power
to its maximum level but this proposed method uses a lot of
sensors which makes the operation difficult, also when some
of the sensors stop working, it affects the whole MPPT pro-
cess. The incremental conductance method is modified to
track maximum power at a faster change in solar irradiance
and temperature. The duty cycle which is the output of the
maximum power point tracker is increased to enhance the
output generated power but the method speed rate of
tracking voltage and current from PV systems is low
(Motahhir et al. 2018). These traditional MPPT methods are
also unable to track the global maximum power point
(GMPP) which affects the output power generated leading to
alow tracking speed rate and a decrease in output generated
power. To solve this problem, different algorithms such as
particle swarm optimization (PSO) algorithm, firefly algo-
rithm, bat algorithm, shuffled frog leap algorithm, artificial
fish swarm algorithm, and ant colony optimization algo-
rithm has been proposed (Access et al. 2021; Akwasi et al.
2022; Akwasi and Xie 2022; Duku et al. 2022; Eltamaly, Farh,
and Al-Saud. 2019; Liao et al. 2020; Mao et al. 2016; Pilakkat
and Kanthalakshm 2019; Premkumar et al. 2019, 2021, 2022;
Premkumar and Sumithira 2018; Priyadarshi et al. 2019;
Sridhar, Dash, and Vishnuram 2017; Yetayew, Jyothsna, and
Kusuma 2016). From the literature, different algorithms have
been used. A bio-inspired whale optimization for effective
maximum power point tracking under partially shaded solar
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photovoltaic systems has been proposed by reinitializing the
optimization process when there is a shading pattern by the
PV system (Premkumar and Sowmya 2019).

Particle swarm optimization (PSO) is used mostly due to
its fast-tracking method, and easy and simple implementa-
tion model (Eltamaly et al. 2020; Li et al. 2019; Manickam et al.
2016; Renaudineau et al. 2015). However, they often converge
to local optimization whereby they are unable to locate the
global maximum power point (GMPP). The overall distri-
bution particle swarm optimization MPPT algorithm for
photovoltaic systems proposes a method that can search and
find the GMPP accurately and rapidly by locating the vicinity
of the GMPP region (Li et al. 2019). This method produces an
accurate result, however, the speed rate of tracking the
maximum power is low. A novel adaptive particle swarm
optimization strategy for PV maximum power point tracking
under dynamic partial shading has been proposed (Eltamaly
et al. 2020) with two classified conditions tested. The first
condition is to check when the global peak changes its
location and value quickly and the second condition is to
check when the global peak changes its value slowly and
remains at the initial position. These two conditions are
tested by reinitializing the particles. The global peak was
attained. However, the result is achieved when the global
peak is constant. The change in the global and local peaks
wasn’t tested. Also, the algorithms have been tested in many
different areas from the literature (Kumar, Singh, and Pan-
igrahi 2022; Kumari, Kumar, and Panigrahi 2022; Kumar and
Panda, 2022a, 2022b; Saha, Kumar, and Panda 2022; Siu,
Kumar, and Panda 2022). A model voltage sensorless-based
predictive control (VSPC) scheme for continuous and quick
maximum power harvesting (MPH) from photovoltaic (PV)
array for solar-powered has been proposed (Kumar, Singh,
and Panigrahi 2022). The proposed VSPC is used to control
the PV array to detect the time and remove voltage sensors
which enhances the tracking speed and improves the change
in the environmental conditions. A maximum power point
tracking algorithm based on parabolic curve-fitting with
the hill climbing method has been proposed to extract
maximum power from the PV array under different envi-
ronmental conditions.

In this paper, PSO is modified so that under multiple
shaded peak PV array curves with fast-changing solar irra-
diance and temperature, more power can be extracted at a
faster rate without any tracking failure. Also, at a high-speed
tracking of both individual maximum power point (IMPP)
and global maximum power point (GMPP) under varying
solar irradiance and temperature at a longer distance to
enhance the power generated. The individual and global
coefficients are also improved to change with multiple
shaded peak PV array curves with fast-changing solar irra-
diance and temperature. Also, due to the complexity of
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the implementation and low convergence speed to reach the
global peak of the incremental conductance method, the
algorithm has been improved whereby the maximum power
point is tracked using signals to measure the current and
voltage from the PV systems directly which quickly changes
with the environmental conditions with fast speed. This
proposed method is easy to implement as the signal detects
and changes when there is a change in environmental con-
ditions. The algorithm was connected to other components
such as DC to DC converter and DC to AC inverter to help
obtain the output power generated.

The sections of this paper are as follows: Section 2 dis-
cusses the modeling of a PV module and array. Section 3
describes maximum power point tracking algorithms. In
Section 4, the proposed control design is explained. Section 5
presents the control design and simulation results in MAT-
LAB Simulink. Section 6 discusses the experimental design.
Section 7 is the conclusion.

2 Photovoltaic system model

Figure 1 shows the equivalent circuit diagram of a PV cell. A
PV cell consists of a current source and a diode connected
with series and shunt resistances. The mathematical model
of a PV cell can be expressed as:where, I is the output current
of the PV cell, V is the output voltage PV cell, R; is series
resistance, Iy, is the photon current, I, is shunt current, Ry is
shunt resistance, I, is the diode saturation current, q is the
electronic charge (1.602*107%%), A is the diode ideality fac-
tor, T is the temperature of the cell, K is the Boltzmann
constant (1.38*107%) JK-1, Ny, and N, are the number of
cells connected in series and parallel respectively.
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The modeled PV cell has been simulated in MATLAB
Simulink. Figure 2(a) and (b) show the I-V and P-V charac-
teristics curves of a PV cell with different solar irradiances
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Figure 1: PV cell diagram.
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between 300 W/m? to 1000 W/m? at a constant temperature of
25 °C. Figure 3(a) and (b) show the I-V and P-V characteristics
curves of a PV cell with different temperatures between 25 °C
and 55°C at a constant solar irradiance of 1000 W/m® At
higher temperatures, the output voltage of the PV cell is
decreased which decreases the output power.

3 Proposed maximum power point
tracker

Maximum power point tracking is the approach to enhance
the maximum power output of the PV array. When there is
variation in solar irradiance and temperature, MPPT main-
tains output power from the PV array to improve stability
and accuracy. The two maximum power point tracking
techniques introduced are incremental conductance and
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Figure 2: PV cell characteristics curves with different solar irradiance and
constant temperature. (a) I-V characteristics curves of a PV cell with

different solar irradiance and constant temperature. (b) P-V characteristics
curves of a PV cell with different solar irradiance and constant temperature.
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Figure 3: PV cell characteristics curves with constant solar irradiance and
different temperature. (a) I-V characteristics curves of a PV cell with

constant solar irradiance and different temperatures. (b) P-V characteristics
curves of a PV cell with constant solar irradiance and different temperatures.

particle swarm optimization. These techniques help to
improve the efficiency of the current and voltage of the PV
array. The duty cycle is the MPPT’s output which is trans-
ferred to the DC-DC converter switch.

3.1 Proposed incremental conductance

The incremental conductance method measures the output
voltage and current from the PV array. The output power is
then calculated. This method proposes that the slope of the
power curve of the PV panel is zero at MPP, positive to the
left, and negative to the right at MPP (Ilyas et al. 2018).
Therefore, the method can be expressed mathematically as:

P=V* (3)

The change in power, voltage ad current is achieved as:
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dP = dV+*dI 4

The change in power and voltage at MPP on different
sides are:

dp
e 0 atMPP 5)
dp
av >0 atleft MPP (6)
dp .
av <0 atright MPP )
when,
dp d(lIv) _dv ar dr
F AR T _IW+VW_I+VW 8)
Then,

The change in current and voltage at MPP on different
sides are:

dar I
WoTV at MPP €)]
ar I
FAR A left MPP (10)
dr I .
AR right MPP (1

The method is improved whereby current and voltage
are measured from the PV system using a signal. The signal
directly measures the voltage and current from the PV sys-
tem. The power is then calculated. k is the interval at which
current, voltage, and power are measured and calculated in
(12)-(14).

k-1 "
I(K) =Y |I (k) (12)
k
Here, the current is achieved between the interval of the PV
array by using a signal that doubles the tracking speed.
k-1 2
V(K) = Y |V (k) (13)
k

The voltage is also achieved between the interval of the

PV array by using a signal that doubles the tracking speed.

P(K) = 3 [[LR)V (K)P] (14)
k

The power is a product of current and voltage and since
the signal used doubles the tracking speeding, the power
achieved also doubles.

At MPP, the change in voltage and current are obtained
and measured. The output maximum power is calculated
from the measured voltage and current.
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Pmpp (K) = Vmpp (K)*Impp (K) (15)

The change in voltage and current by the signal from the
PV array can be determined as

AVinpp (K) = Vipp (K) = Vi (K = 1) (16)

AImpp (K) =Impp (K)_Impp (K_l) (17)

where, Prpp (K), Vinpp (K), Impp (K), AVinpp (K), Ay (K) are
the power, voltage, current, change in voltage and current at
MPP respectively, For this proposed method, when there is a
change in solar irradiance and temperature, the change is
detected, therefore, voltage and current change along hence
extracting and measuring the MPP of the current and voltage
from the PV array. When MPP is reached on the right side,
the duty cycle increases while when MPP is reached on the
left, the duty cycle decreases.

3.2 Proposed particle swarm optimization

The conventional PSO technique was proposed by Kennedy
and Eberhart (Li et al. 2019). The technique was proposed by
an observation made on environmental behaviors such as
bird flocking and fish schooling. This MPPT algorithm is very
easy to implement and has a fast convergence. When the
output characteristics curves of PV arrays have a single peak
value, the conventional PSO is fast and accurate but under
multiple shaded peak curves, the weights in conventional
PSO for each multi-peak curve must be readjusted and
evaluated properly and if this is not performed, it leads to
tracking failure in the weight results. In this paper, the
conventional PSO is modified so that under multiple shaded
peak PV array curves with fast-changing solar irradiance
and temperature, more power can be extracted at a faster
rate without any tracking failure. The individual and global
coefficients are also improved to change with multiple
shaded peak PV array curves with fast-changing solar irra-
diance and temperature. The proposed PSO method tracks
the voltage at maximum power point based on the initial
velocity and position of each particle randomly, where the
number of particles and iterations are represented by i and k
respectively. The fitness of each particle is evaluated. The
individual best position (Pyes;) and the global best position
(8pesty) Oof the particles are detected. When the individual best
position is greater than the global best position, the velocity
and position of the particle will be continuously updated
until the optimal solution is met. The output voltage of the PV
array consists of a particle, when the number of particles
continuously increases, velocity decreases which moves
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particles faster toward the position hence the output voltage
increases which enhances the efficiency of output power
produced at its maximum point. The movement of particles
changes when there is a change in solar irradiance and
temperature. The proposed PSO method can be expressed
mathematically as:

Vi = wvf + ey (Presi = XF) + o2 (Gpesn = X)) (18)
The next position of the particles is
xE = Xk 4 vkt 19)

The next velocity is calculated when the individual best
is achieved.

Vit =y (Pbesﬁ - xK ) (20)
The next velocity is calculated when the global best
position is achieved.

vk 1)

ok k
=Vt (gbesti _Xi)

where v; and x; are the velocity and position of the particle i
respectively, k is the iteration number, w is the inertia
weight, r; and r, are random variables with the interval
[0, 1], and ¢; and ¢, are the individual and global coefficients
respectively, Ppesi and ghest are the individual best position
and global best position of the particle i respectively. x¥ is the
position of the ith particle in the kth iteration, v} is the ve-
locity of the ith particle in the kth iteration. x*** and v¥*! are
the next position and velocity of the ith particle in the kth
iteration respectively.

As the particles move to a position, the PV voltage Vj,
and PV current I, can be measured. The fitness value P, of
the particle i is calculated. The iteration number increases
the speed of the particle to search for the global best position
in a long distance and the individual best position in a
shorter distance. To increase the speed, the PSO method is
improved where w is decreased by increasing the iteration
number k. The movement of particles becomes faster and
approaches MPP to track more MPP accurately.

The inertia weight values can be calculated as

w(k) = Wmax — (Wpax — wmin)k (22)

k k

Substituting the iteration number with maximum and
minimum iteration, we can get.

where,

(23)
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w(k) = Wmax — (wmax - wmin)-(kmax - (L_ L)) (24)

kmax kmin
where, Wyax and Wi, are the maximum and minimum
inertia weight values, k is the iteration number, ky,x and
Kmin are the maximum and minimum iteration numbers
respectively.

The values of ¢, ¢, r; and r, affect the speed of the
individual best position Py and global best position gy of
the particle. ry and r, are random variables with the interval
[0,1], and ¢, and ¢, are the individual and global coefficients
respectively.

T T
(4] (k) = Cimax~ (Cimax = Cimin)- <r1max - < o >> (25)
Timax T'imin

r ry

Cy (k) =Comax— (CZmax - CZmin)-<r2max_ <T"2—_ Tor )) (26)
max min

The fitness of the particles is evaluated. Individual and
global best positions are detected.
when,

Presti > Zhesti 27

The method is updated. The condition is satisfied when
the individual and global best positions are equal.

Pbesti = gbesti (28)

Ppesti and gpesyi are the individual best position and the
global best position.

When the fitness of each particle is calculated. i is
greater than N. Then i is equal to i plus 1. If k is equal to k plus
1, then the criteria are not met, and the number of particles
should be updated.

When the number of particles is updated, the voltage
and current values are obtained at MPP. The speed stability
and accuracy are enhanced.

The output maximum power point of current is ob-
tained as

Tppi = I500 1% 4 xK

mppi mppi mppi (29)

The output maximum power point of voltage is obtained as

kel k k
Umppi = Um*iapi - Umppi + mepi (30)

We can derive the maximum output power to be:
p mppi = Umppi*I mppi (3D

k+1 k
where, Uy and Uy, are the next and new voltage at the

maximum power point, Iy and Iy ; are the next and new

current maximum power point respectively, x’fnppi is the best
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position of the maximum power point. Ppgp; is the new
maximum power point achieved.

4 Proposed control design

Figure 4 shows the proposed control design. Solar irradiance
and temperature are the input sources of the PV array which
was used in the operation of the system. Two MPPT algo-
rithms; incremental conductance and particle swarm opti-
mization were used to trace and extract maximum power.
DC-DC converter and DC-AC inverter were also used in the
design to enhance the output produced power.

4.1 DC-DC converter

DC-DC converter regulates the system’s input voltage to
produce an efficient output voltage that can be supplied to
the load since the output voltage across the load is higher
than the input voltage from the PV array and is dependent on
the rate at which inductor current changes. It also converts
DC Power from one circuit to another circuit at a fixed
voltage to a variable and vice versa. Capacitors are used to
reduce the voltage ripple that is sent to the DC-AC inverter
since too many ripples cause voltage instability. The duty
cycle from MPPT is maximized when sent to the DC-DC
converter switch. The output current also increases when
transferred to the DC-DC converter switch. Figure 5 shows
the DC-DC converter circuit diagram.

The parameters in Figure 5 defined as where V, is the
input voltage from the PV system, V, is the output voltage, DC
is the duty cycle, D is the diode, I}, is the inductor current, I is
the capacitor current, R, is the resistor, L is the inductor, Cis
the capacitor, M is MOSFET.

From Figure 5, the input voltage from the PV system is
calculated as

(32)

I

D

o

|‘° CT Ro2Vo
|

L L
YN

V()

Figure 4: DC-DC converter circuit diagram.
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Figure 5: DC-AC inverter circuit diagram.

where V,, is the input voltage from the PV system, V, is the
output voltage, DC is the duty cycle, D is the diode.

According to Kirchhoff’s voltage law, the input voltage
must be equal to the sum of the output voltage across the
resistance, capacitor, and inductor. The differential can be
expressed with t as

d?v, (t)
de

v, (6)

dt (33)

+R,C

Vo () =LC +V, (1)
where, R, is the resistor, L is the inductor, C is the capacitor

When the converter operates, t is between the interval
0 <t <dT current and voltage are

Al Ve
- 4
il (34
v, v,
at -~ RC (35)

when the converter stops operating, tis between the interval
dT< t < T current and voltage are

ar, v,
FTRA (36)
v, -V,
dt ~  R,C @7

I is the inductor current, I, is the capacitor current.

4.2 DC-AC inverter

DC-AC inverter converts DC to AC to be supplied to the load
for use since the current produced from the PV array is DC.
The load supplies AC power and enhances the output AC
power generated. It generates and also controls the output
AC voltage to the grid. It allows PV generation to be con-
nected to the grid and controls the power supplied to the
grid. The inverter establishes a connection between the PV
array and AC power supplied to the grid since the power
generated by the PV array is DC power. Figure 6 shows the
DC-AC inverter circuit diagram.
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Figure 6: Proposed control design.

The parameters in Figure 6 defined as where Vg is the
DCvoltage, V, is the output voltage, Cis the capacitor, L is the
inductor, R is the resistor, I,. is the current from the DC
source, I, is the output current.

The current from the DC source can be calculated as

Ve (Dige (1) = Vo (D), (1) (38)
Vae (D)ige (1) = +/2Vosinwyt . / 2I,sin (wit — &) (39)
Vae ()ige (t) = VoI, cosD — V, I, cos 2wt — &) (40)
i (1) = Volo cosD — Volo cos (2wt — &) (41

Vdc dc

From the inverter circuit diagram, we can obtain the
voltage from DC to be

. i
Vi = Cige + RL-X

dt (42

when the inverter operates, t is between the interval
0 < t < dT current and voltage are

dVdc Io _Idc

i - RL 3)
dv, RL
a . C 44)

when the inverter stops operating, ¢ is between the interval
dT < t < T current and voltage are

dVge C
= 4
dt RL 45)
dVo Io - Idc
-0 _ 4
dt RL 48)

5 Simulation results and discussion

To test the effectiveness of the proposed control design, an
experiment was carried out in MATLAB Simulink software
(Figure 7). The proposed incremental inductance and parti-
cle swarm optimization MPPT methods were tested to
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Figure 7: MATLAB simulink design.

Table 1: Parameters of PV array.

Description Rating
Maximum power (Pmax) 37.08 W
Voltage at maximum power (Vp) 16.56 V
Current at maximum power (Ip) 2.25A
Open circuit voltage (Vo) 21.24V
Short circuit current (I 2.55A
Total number of cells in series (Ny) 36
Total number of cells in parallel (N,) 1

produce an accurate output power for the grid Table 1 shows
the parameters of the PV array used during the simulation
process.

Figure 8(a)-(c) shows the current, voltage, and power
produced by the incremental conductance MPPT method at
solar irradiance of 700 W/m2 with a temperature of 25 °C at a
time interval of 1-10 s. At the initial stage for current and
power tracking, the rapid change in the environmental
condition was unstable which affects the current but later
became stable at 0.2 s with a current of 15.9 A and power of
2450 W which shows the fast-tracking and changing speed of
the proposed INC. The voltage performed well as it increases
from 0V to 155V with the change in the conditions and
quickly becomes stable at 0.1s.

Figure 9(a)-(c) shows the current, voltage, and power
produced by the particle swarm optimization MPPT method
at solar irradiance of 700 W/m*with a temperature of 25 °C at
a time interval of 1-10s. At the initial stage current and
power tracking speed was quite slow and the stability was
being maintained gradually when changing with the envi-
ronmental conditions but few seconds, it changed quickly
and the result shows that the output current and power was
very high generating a power of 4850 W which shows the
great performance of the proposed PSO. The voltage per-
formed well as it was stable and moved from 0 V to 350 V as it
increased with the change in the conditions.

From the results obtained, the incremental conductance
produced an output current of 15.9 A which is higher than
the particle swarm optimization output current of 13.9 A.
However, the current speed rate of incremental conductance
is slow which causes higher instability and affects the output
current generated while the particle swarm optimization
method speed is high and stable. The particle swarm opti-
mization method enhances the output voltage and so more
voltage is produced at a faster speed than the incremental
conductance method. When the output voltage increases, the
output power generated also increases. When the tracking
speed is high, the output power produced is higher and more
power is produced in a shorter time interval.
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Figure 8: Incremental conductance output current, voltage and power
produced. (a) Incremental conductance current produced at solar
irradiance of 700 W/m? with a temperature of 25 °C. (b) Incremental
conductance voltage produced at solar irradiance of 700 W/m? with a
temperature of 25 °C. (c) Incremental conductance power generated at
solar irradiance of 700 W/m? with a temperature of 25 °C.

Figure 10(a) and (b) show the power produced by the
incremental conductance and particle swarm optimization
MPPT method at solar irradiance of 900 W/m* with a tem-
perature of 25 °C at a time interval of 1-10 s. Figure 11(a) and
(b) show the power produced by the incremental conduc-
tance and particle swarm optimization MPPT method at

Figure 9: Particle swarm optimization output current, voltage and power
produced. (a) Particle swarm optimization current produced at solar
irradiance of 700 W/m? with a temperature of 25 °C. (b) Particle swarm
optimization voltage produced at solar irradiance of 700 W/m? with a
temperature of 25 °C. (c) Particle swarm optimization power generated at
solar irradiance of 700 W/m? with a temperature of 25 °C.

solar irradiance of 900 W/m? with a temperature of 55 °C at a
time interval of 1-10s.

From Figure 8(c) and 10(a) of the INC and Figure 9(c) and
10(b) of the PSO generated power, when solar irradiance is
increased from 700 W/m?* to 900 W/m? with temperature of
25°C, more power is generated. At 700 W/m? of Figure 8(c)
of INC and 9(c) of PSO, the output power generated at 10 s
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Figure 10: Incremental conductance and particle swarm optimization
output power produced with change in solar irradiance. (a) Incremental
conductance power generated at solar irradiance of 900 W/m? with a
temperature of 25 °C. (b) Particle swarm optimization power generated at
solar irradiance of 900 W/m? with a temperature of 25 °C.

was 2450 W for INC and 4800 W for PSO and at 900 W/m? of
Figure 10(a) of INC and Figure 10(b) of PSO, the output power
generated at 10 s was 3250 W for INC and 5000 W for PSO
which indicates that when the solar irradiance increases, the
output power increases and vice versa. In Figure 10(a) and
(b) and Figure 11(a) and (b), when the temperature increases
from 25°C to 55°C with solar irradiance of 900 W/m?, the
power generated decreases. At 25°C the output power
generated for INC and PSO at 10 s were 3500 W and 5000 W
respectively, and at 55 °C the output power generated for INC
and PSO at 10 s were 2900 W and 4200 W respectively, which
indicates that when the temperature increases, the output
power decreases and vice versa. This is because at higher
solar irradiance the output voltage increases but at higher
temperatures, the output voltage decreases. When solar
irradiance increases, the tracking speed rate becomes faster
from the results obtained.
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Figure 11: Incremental conductance and particle swarm optimization
output power produced with change in temperature. (a) Incremental
conductance power generated at solar irradiance of 900 W/m? with a
temperature of 55 °C. (b) Particle swarm optimization power generated at
solar irradiance of 900 W/m? with a temperature of 55 °C.

Table 2: Result of output generated current with different solar irradi-
ance and temperature of 25 °C.

Output generated current (A)

Solar irradiance  INC Proposed Conventional Proposed
(W/m?) INC PSO PSO
600 11.6 124 12.2 13.8
800 14.2 15.6 153 16.5
1000 16.1 17.6 17.4 19.2
1200 17.6 19.8 19.1 21.8
1500 18.9 217 214 243

Tables 2-5 shows the output generated current, voltage,
power, and tracking time with different solar irradiance and
temperature of 25°C compared with incremental conduc-
tance, proposed incremental conductance, conventional
PSO, and proposed PSO.
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Table 3: Result of output generated voltage with different solar irradi- Output Current Generated with Different Solar Irradiances
ance and temperature of 25 °C. Compared the Proposed MPPT and Conventional MPPT
30
—INC
Output generated voltage (V) 5 Proposed INC
Solar irradiance  INC Proposed Conventional Proposed Conventional PSO a
(W/m?) INC PSO pso %0 Proposed PSO e
< —
600 227 291 241 348 §15 —
800 272 346 332 373 5 =
1000 293 372 361 407 1
1200 321 394 386 436 5
1500 348 415 402 452
0
600 800 1000 1200 1500
Solar Irradiance (W/m"2)
Table 4: Result of output generated power with different solar irradiance (a)

and temperature of 25 °C. i . .
Output Voltage Generated with Different Solar Irradiances Compared the

Proposed MPPT and Conventional MPPT

Output generated power (W)

600
Solar irradiance INC  Proposed Conventional Proposed
(W/m?) INC PSO PSO
£ p
2 400 e =
600 2633.2 3608.4 2940.2 4802.4 % — RIS =
800 3862.4 5397.6 5079.6 61585 ¢ S e s =TT
1000 47173 6564.8 6281.4 78144 G )00 = Droposed INC
1200 5649.6 7801.2 7372.6 9504.8 Conventional PSO
1500 6577.2 9005.5 8602.8 10,983.6
0 Proposed PSO
600 800 1000 1200 1500
Solar Irradiance (W/m"2)
Table 5: Tracking time of current, voltage, and power. ®)
Tracking time (s) Output Power Generated with Different Solar Irradiances
Output INC Proposed Conventional Proposed Compared the Proposed MPPT and Conventional MPPT
ted INC PSO PSO 12000 -
generate —INC
Current 0.52 0.31 0.36 0.27 10000 ——Proposed INC
Voltage 0.41 0.22 0.27 014~ 5000 Conventional PSO
Power 0.74 0.47 0.53 038 £ Proosed PSO___~~ = i
§ 6000 e
g g
o 4000 - ‘;;...-«»"""""-M'
. 2000 at
Figure 12(a)-(c) shows the output generated current,
voltage, and power with different solar irradiance and 0 )
o s 600 800 1000 1200 1500
temperature of 25°C compared with incremental conduc- A o
tance, proposed incremental conductance, conventional Solar Irradiance (W/m"2)
PSO, and proposed PSO.
From the results, the proposed improved incremental ()

conductance and PSO produced an accurate result by
generating more current, voltage, and power and also
with fast tracking ﬁpeed than thei incremental conduc- temperature of 25 °C. (b) Output voltage generated with different solar
tance and conventional PSO which has already been jrradiance with a temperature of 25 °C. () Output power generated with
proposed. different solar irradiance with a temperature of 25 °C.

Figure 12: The proposed MPPT compared with the conventional MPPT.
(a) Output current generated with different solar irradiance with a
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Figure 13: Experimental design setup.

6 Experimental results and
discussion

In Figure 13, an experiment was carried out to check the
effectiveness of the proposed method. The PV array was
connected to the computer. The proposed MPPT method was
programmed by the computer using MATLAB Software. An
oscilloscope was used to display the output generated power
and the setup was connected with the DC-DC converter,
DC-AC inverter, and a load. The DC-DC converter and DC-AC
inverter circuit connections were done using the circuit
board. The PV array was positioned in the direction of the
sun for more sunlight to be received and also for the tem-
perature of the surroundings to be captured. The output of
the PV array was connected to the computer where the
integration of the MATLAB Simulink code was interfaced
with the dSpace 1104 controller and the proposed method
was simulated. The output of the PV array was connected to
the input of the DC-DC converter. The DC-DC converter cir-
cuit was connected with the capacitor in series to the
inductor and diode. The output of the diode was connected in
series to the capacitor and the capacitor was in parallel to the
resistor. The output of the resistor was connected to the
inverter circuit in series to the inductor, capacitor, and
resistor, and then the output power generated is sent to the
load. The experiment was carried out for 9 h between 8 am
and 5 pm.

Figure 14(a) and (b) show the solar irradiance and
temperature received during the experiment time. The PV
array received solar irradiance with an average between
400 W/m2 and 600 W/m2 and a temperature of 25-30°C
during the experiment period. The highest solar irradiance
received was 600 W/m2 at 2 pm since the sun was very hot
with a temperature of 30 °C and the lowest solar irradiance
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Figure 14: Recorded solar irradiance and temperature during
experiment. (a) Solar irradiance with time. (b) Temperature with time.

received was 400 W/m2 at 5 pm with a temperature of 25 °C.
At 5 pm, the sunlight started to decrease since the weather
was approaching evening. The testing was carried out in the
same experimental conditions with the proposed incre-
mental conductance and particle swarm optimization
method and then carried out with the conventional incre-
mental conductance and particle swarm optimization
method where the MATLAB Simulink code was interfaced
with dSpace 1104 controller. The output power curve was
displayed on an oscilloscope.

Figure 15(a) and (b) show the output power generated by
the proposed INC and PSO compared to the existing INC and
PSO. From Figure 15(a), the proposed INC waveform shows
that at 0.1s, the power quickly changed and increased to
16.5 KW at 1s and then maintained its stability by changing
quickly with the change in the environmental conditions
and the conventional INC waveform shows that at the initial
stage, it was able to change with the environmental condi-
tion from 0-1s by attaining a power of 26 KW but at 1.1s, it
dropped to 22 KW and at 10 s, the power dropped from 22 KW
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Figure 15: Experimental output power produced by the proposed MPPT Time (seconds)
methods compared with conventional MPPT methods. (a) Output power (b)

generated by the proposed INC compared with INC. (b) Output power
generated by the proposed PSO compared with conventional PSO.

at 1.1s to 8KW at 10 s which shows the instability of the
conventional INC.

From Figure 15(b), the proposed PSO waveform shows that
at 0.1s, the power quickly changed and increased to 50 KW at
0.1s and then maintained its stability by changing quickly with
the change in the environmental conditions and the conven-
tional PSO waveform shows that at the initial stage, it was able
to change with the environmental condition at 0.1s with a
power of 45 KW but at 1.1 s, it dropped to 40 KW and at 10 s, the
power dropped from 40 KW at 1.1s to 10 KW at 10 s which
shows the instability of the conventional PSO.

The proposed INC and PSO method generated more
power and changed quickly with the change in solar irra-
diance and temperature without causing a decrease in the
output power.

Figure 16: Experimental tracking speed by the proposed MPPT method
compared with the conventional MPPT. (a) Output power generated
tracking speed by the proposed INC compared with INC. (b) Output power
generated tracking speed by the proposed PSO compared with
conventional PSO.

From Figure 16(a), the proposed INC tracking speed
waveform shows that at the initial stage when the algorithm
was connected, the change in environmental condition takes
only 0.05s for the proposed INC to change along which
shows its high tracking speed by generating a power of 3 KW.
At 0.1, the power increased to 36 KW to maintain its high
tracking speed and stability. The tracking speed changes
along with the environmental conditions which just takes
only 0.05 s continuously. But the conventional INC dropped
from 3 KW to 0 KW at 0.02 s because it couldn’t maintain its
change with the change in the environmental condition at
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the initial stage. It then changed at 0.07 s and increased to
22KW at1s.

From Figure 16(b), the proposed PSO tracking speed
waveform shows that at the initial stage, the tracking speed
at 0.01 s attained a power of 15 KW but then dropped to 1 KW
and at 0.06 s, it increased to 8 KW and at 0.2 s, it increased to
10 KW. The change in the tracking speed was 0.03s. The
conventional PSO tracking speed waveform shows that at
the initial stage, the tracking speed at 0.01 s attained a power
of 3KW and dropped to 0 KW and at 0.07 s, it increased to
25KW. At 0.1s, it maintained its stability with a tracking
speed of 0.07 s.

Comparing Figure 16(a) and (b) show the output power
generated with the tracking speed by the proposed INC and
PSO compared with already existing INC and PSO. The
tracking speed by the proposed method is very fast which
generates more power and changed quickly with the change
in solar irradiance by extracting more power from the PV
array. When the solar irradiance is high, the tracking speed
increases, and more power is extracted from the PV array
faster. When the solar irradiance changes, the tracking
speed changes along. When solar irradiance decreases,
the output power decreases, and vice versa but when the
temperature decreases, the output power increases. High
temperature decreases the output voltage of the PV array.

From the experimental results, when there is a change
in solar irradiance, the output of the PV array changes along
with a fast-changing observed changing time is 0.1 s which
shows the fastness of the proposed algorithm.

7 Conclusion

A control structure is designed to produce power using an
improved incremental conductance and particle swarm
optimization method to be the maximum power point
tracker. The proposed PSO has been improved whereby
maximum power is tracked quickly from the PV array under
fast-changing solar irradiance and temperature without any
tracking failure or delay. The proposed INC method has been
improved by using signals to track maximum power from
the PV array using high convergence speed. The system was
then connected to DC to DC converter and DC to AC inverter.
A simulation was carried out in MATLAB Simulink with
different solar irradiance and temperature whereby the
conventional INC and PSO were compared with the pro-
posed INC and PSO. An experiment was carried out for a
whole day from 8 am to 5 pm to test the validity of the
proposed algorithm and compared it with the conventional
INC and PSO. From both the simulation and experimental
results, the proposed INC and PSO performed better by
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attaining high power and tracking speed with stable output
results than the conventional INC and PSO.
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