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Abstract—Due to the broad needs for energy as market demands, searching on how to improve the efficiency
of the PV systems is an essential concern for researchers to worry about. So, it is crucial to force the PV system
to work at its peak power point in order to get the maximum available power from the photovoltaic panel. This
paper presents a comprehensive comparison between four Maximum Power Point Tracking (MPPT) Algo-
rithms; Perturb and Observe (P&QO), Incremental Conductance (INC), Modified Variable Step Size Perturb
and Observe (M-VSS-P&O) and Modified Variable Step Size Incremental Conductance (M-VSS-INC) by
using of the DC-DC boost converter for three different kinds of solar cells. These cells are polycrystalline
KC200GT cell, monocrystalline shell SQ85 cell and thin film shell ST40 cell. Simulations have been per-
formed using MATLAB-SIMULINK for the three types of solar cells to investigate their performance under
both standard test conditions (STC) and slowly varying and sudden changes in solar irradiance. The study has
considered the response time, output power efficiency and steady-state-oscillations. The simulation results
of the modified algorithms show an improvement in the cell performance in steady state conditions, tracking
time and boost converter efficiency as well as an enhancement in the dynamic response in tracking the max-
imum power point (MPP) in varying climatic conditions over conventional algorithms.

Keywords: polycrystalline, monocrystalline, thin film, photovoltaic, perturb and observe, incremental con-

ductance, maximum power point tracking
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1. INTRODUCTION

Searching for sustainable and renewable energy
sources becomes an urgent need due to the fade of fos-
sil resources. Among the different alternative
resources, solar energy is the most desirable and pop-
ular one because of its reliability, abundantly [1, 2],
and its effective rule in decreasing the global warming
problem.

Using photovoltaic (PV) systems offer several
advantages [3]. Simply, they can be an important
source of clean energy by reducing fuel use and conse-
quently decreasing air pollution [4]. More advantages
include their low required maintenance to produce
energy and their lower prices [5]. Recently, PV panels
were used in many applications, such as battery char-
gers, water pumping systems, solar water heaters [6],
seawater desalination [7], constructing buildings with
zero energy consumption [8] and it can be used also for

aeronautical applications [9]. The principle of the PV
panel is based on the photovoltaic effect, which con-
verts the incident light from the sun into electricity
[10]. So, the output energy of the panel is affected by
solar irradiation and temperature, which leads to a
nonlinear behavior [11].

Further, this output energy is also influenced by
the internal parameters of the panel [12, 13]. There-
fore, an enhancement of this source of energy is a con-
siderable concern of researches seeking to extract the
maximum available power from the PV panel, espe-
cially in unstable climatic weather conditions with
high reliability and lower cost [14]. In order to do that,
different solutions have been previously discussed in
the literature. The major solution proposed in the lit-
erature to overcome this challenge is the maximum
power point tracking (MPPT) controller that must be
added to the photovoltaic system to maximize power
extraction under all conditions. These algorithms,
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used in MPPT, differ in many aspects such as cost,
effectiveness, response time, steady-state oscillations,
accurate tracking in case of a sudden change in tem-
perature or solar irradiance and partial shading condi-
tion and implementation complexity [15, 16].

Different MPPT algorithms have been proposed in
[17], such as Fractional Short-Circuit Current
(FSCC), Fractional Open-Circuit Voltage (FOCV)
[18], Fuzzy Logic Control (FLC) [19], Artificial Neu-
ral Network (ANN) [20], Perturb and Observe (P&O)
[17] and Incremental Conductance (INC) [17].

The most extensively standard commercialized
MPPT algorithms used in tracking are Perturb &
Observe (P&O) [21, 22] and incremental conductance
(INC) [23, 24], due to their easy implementation and
medium complexity as they need low requirements in
hardware and sensors. However, with these advan-
tages, P&O algorithm has main drawback, as it pres-
ents some oscillations around the MPP because per-
turbations in the control signal are continuously
changed in both directions to maintain the MPP posi-
tion. Also, it can make an incorrect decision in pertur-
bation direction in case of rapid change in the incident
irradiance level increasing power losses [25, 26]. So,
different approaches and implementations for the
P&O algorithm were proposed to overcome the lim-
itations of the traditional P&O. Asin [25], the classical
constant duty cycle perturbation has been replaced by
a Ad that reduces linearly with the increase of the
power drawn from the PV field combined with further
refinement of the technique. Meanwhile, an adaptive
P&O MPPT algorithm with faster dynamic response
and improved stability according to validated numeri-
cal simulations and experimental tests has been pro-
posed in [26] to adapt the perturbation amplitude to
the actual operating conditions. Another different
implementation of P&O to improve the efficiency of
the system using embedded microcontroller-based
real-time with combined of hardware-in-the-loop
(HIL) and embedded C language were proposed in
[27, 28].

Moreover, the incremental conductance (INC)
algorithm with fixed step size was proposed with the
objective of minimizing the oscillation around the
desired maximum power point by comparing the slope
of the P—V curve with zero at the MPP hoping to have
the ability to track the MPP during dynamic changes
of solar irradiations [29]. Meanwhile, INC operates
complicatedly compared with P&O because it
employs several division computations that need a
timely calculation process and a stronger microcon-
troller to use [24]. So, the algorithm responds with low
speed when fixed step size is used. Moreover, P&O
and INC methods may fail to track the MPP, when
solar irradiation is rapidly changed [15] or partial
shading occurs. Therefore, there was a necessity for
some modifications to be presented for INC algo-
rithm, which found to be a right solution for the
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enhancement of the panel output power and to elimi-
nate the division computations as in [9]. In addition,
modified approaches of INC algorithms that can over-
come the confusion faced by the conventional INC
technique associated with the dynamic response to the
various environmental conditions were proposed in
[30, 31]. However, despite the previous modifications
done for both conventional algorithms as presented
earlier in the literature, some of them are not able to
respond faster and accurately to the first step change in
the duty cycle under rapid environmental changes
[24].

To validate the performance of such MPPT algo-
rithms, it is required to test them under different oper-
ating conditions. However, it is difficult to realize the
desired test case because we cannot control the cli-
matic conditions [32]. MATLAB-Simulink [33] and
different simulation environments [28, 34] are used to
implement and verify the performance of MPPT algo-
rithms instead of hardware implementation.

In this current study, we present and discuss the
results of the simulations carried out using MATLAB-
Simulink to prove the effectiveness of two modified
algorithms; Modified Variable Step Size Perturb and
Observe (M-VSS-P&O) and Modified Variable Step
Size Incremental Conductance (M-VSS-INC) in
tracking the Maximum Power Point (MPP) under
both Standard Test Conditions (STC) and different
variations of climatic conditions and its ability to over-
come the drawbacks of the conventional algorithms;
(P&O and INC) regardless the type of the photovol-
taic (PV) panel.

This paper is structured as follows. Following the
introduction, Section 2 presents the modeling of PV
panel using a single diode model. Section 3 presents
the design of the boost converter. The modified algo-
rithms are discussed in Section 4. Section 5 presents
the results and discussions and the final section is
devoted to the paper conclusion.

2. MODELING OF PHOTOVOLTAIC PANEL

The MPPT system general configuration is shown
in Fig. 1. The main objective is to track the maximum
power point (MPP) of the panel and forcing it to work
at that point [16]. As seen in Fig. 1, the maximum
power point of any PV varies with the variation of the
atmospheric conditions (solar irradiance and tem-
perature). This means that there is always one opti-
mum terminal voltage for the PV array to operate at
with each situation to obtain the maximum power out
of it i.e. increase the array’s efficiency.

DC-DC converters play an important role in the
maximum power point tracking process. As by con-
necting the array’s output terminals with the DC-DC
converter’s input terminals, the array voltage can be
controlled by varying the duty cycle of the converter
APPLIED SOLAR ENERGY  Vol. 56
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Fig. 1. MPPT system general configuration.

and the voltage at which maximum power can be
maintained.

The PV cell is the main component in the photo-
voltaic panel. In order to meet the practical needs,
panels are connected in parallel or series or in both
ways to get appropriate output voltage or current from
the PV panels depending on how these panels are
connected. Putting the cells in series groups will pro-
vide higher voltage, while connecting them in paral-
lel gives higher current. Different PV models have
been proposed in the literature to serve several pur-
poses [35, 36].

For simplicity, the single-diode model of the PV
panel is used in this work as it can provide a good com-
bination between accuracy and simplicity, which con-
sidered an effective model for the simulation of PV
panels with power converters [37].

2. 1. Mathematical Model

The basic structure of the single diode model
shown in Fig. 2 can be modeled by a DC photocurrent
source in parallel with an ideal diode and a series and
a parallel resistances R, and R, respectively. The val-
ues of these two resistors are obtained through mea-
surements made from the characteristic of the cell [ 10,
38, 39].

Based on the equivalent circuit of PV panel, the
output generated current can be calculated by [40],

VoI R
I, =1,—1 e( AVy )_1 _va—fpvRs,

w = 1p (1)
Rsh

v, =L @

q
With 1, is the photocurrent which depends mainly
on the radiation and cell’s temperature, [, is the
diode’s reverse saturation current (A), A is the diode
APPLIED SOLAR ENERGY  Vol. 56
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Fig. 2. Single-diode model equivalent circuit of a PV mod-
ule.

ideality factor, ¢ is the electron charge (1.6021 x 10~ C),
Vris the thermal voltage, T'is the junction temperature
in Kelvin, and k is the Boltzmann constant (1.3865 %
1022 J/K).

For an accurate PV model, /,, calculated by Eq. (3)
and I, computed using Eq. (4) need to be adjusted
carefully, as they are used to estimate the values for R;
and Ry, that affect the produced maximum power
point by the panel using parameter estimation method
based on the three major points in the PV panel char-
acteristic [38],

G

Iph = _(Isc+Ki (T_,TSTC))a (3)
GSTC
A + K (T = Tre)
L= (B @
e AVr 1

where G'is the irradiance (W/m?), STC is the standard
test condition (1000 W/m? and 25°C), Gy is the irra-
diance under STC (1000 W/m?), K is the temperature
coefficient of Igc, Tgrc is the temperature under STC
(25°C), and K, is the temperature coefficient of V..

2.2. Models Specifications

This work discusses three different types of solar
cell modules; polycrystalline, monocrystalline and
thin film solar cells. The manufacture’s specification
list for the three types are mentioned in Table 1 mea-
sured at STC. V. is the open circuit voltage, [ is the
short circuit current, V,,, is the voltage at the maxi-
mum power point, /,,, is the current at the maximum
power point, K is the temperature coefficient of the
open circuit voltage, K; is the temperature coefficient
at the short circuit current and N, is the number of cells
per module.

All modules are simulated according to the electri-
cal parameters given in Table 1 under STC. The I—V
and P—V characteristics are presented in Fig. 3 for the
three modules. As shown in P—V curves, the desired
point where the power drawn from the panel is at its
highest value called the maximum power point
(MPP).

These characteristics curves are totally influenced
by the incident solar irradiance and temperature. So, a
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Table 1. Electrical specifications for the PV modules at
standard test conditions (STC)

Type Polycrystalline |Monocrystalline| Thin film
KC200GT Shell SQ85 | Shell ST40

Voe o V 32.9 22.2 23.3
I, A 8.21 5.45 2.68
Vips V 26.3 17.2 16.6
Lops A 7.61 4.95 2.41
Ky, V/°C —0.123 —0.0725 —0.1
K;, A/°C 0.00318 0.0008 0.00035
N 54 36 36

change in the climatic weather conditions leads to a
non—linear PV cell characteristics causing a signifi-
cant difference in the MPP position. Also, the load
exhibits its behavior and affects the MPP. Therefore, it
is necessary to involve MPPT algorithm in the photo-
voltaic systems in order to track and reach the maxi-
mum power point under any circumstances.

2.3. Effect of Sun Irradiation and Temperature Variation

To present the impact of temperature and solar
irradiance variations, the three PV panels are simu-
lated for different values of irradiance (G) and tem-
perature (7). According to the PV modeling Egs. (3)
and (4), it is apparent that the computed photocurrent
is based on both temperature and the incident irradi-
ance, while the diode saturation current is based on

12 - - 300
—— KC200GT
— SQ85
10 + ST40 4250
o Measuerd
4200
< z
£ g
g 4150 %
S =
—4 100
450
0
35

Voltage, V

Fig. 3. [—Vand P—V characteristics for single-diode model
of polycrystalline cell KC200GT, monocrystalline cell
SQ85 and thin film ST40.
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temperature only. Therefore, the change in irradiance
and temperature has a strong impact on the PV panel
output current and voltage. These effects are shown in
Figs. 4 and 5.

As presented in Fig. 4, PV panels are simulated for
different values of solar irradiance at 7= 25°C. With a
fixed temperature both open-circuit voltage and
short-circuit current are directly proportional to the
solar irradiation. Thus, the irradiance change strongly
affects the PV panel current.

Furthermore, to present the temperature variation
effect, PV panels are simulated for different values of
temperature at G = 1000 W/m? and the /—V and P—V
obtained characteristics are shown in Fig. 5. It can be
inferred that when the temperature increases for fixed
solar irradiation, the open-circuit voltage decreases
and the short-circuit current increases with a little
value. Therefore, the temperature variation affects
only the PV panel voltage.

Increasing solar irradiance, the open-circuit volt-
age increases logarithmically, whereas the short circuit
current increases linearly and thus, the output power
increases. Temperature plays another major factor in
determining the solar cell efficiency. As the tempera-
ture increases, the rate of photon generation increases
and the bandgap decreases; thus, reverse saturation
current increases rapidly. Hence, this leads to mar-
ginal changes in current but major changes in voltage.
Temperature acts like a negative factor affecting solar
cell performance. Therefore, solar cells give their full
performance on cold and sunny days rather on hot and
sunny weather.

3. BOOST CONVERTER DESIGN

It is difficult to extract the maximum power and
regulate the output voltage without a converter. So, in
PV systems, a DC-DC converter, controlled by the
duty cycle output from the MPPT, must be located
between the PV panel and the load to deal with the
occurrence mismatches between the load and the
MPP during the different environmental conditions.
Figure 6 shows the circuit of the DC-DC boost con-
verter (step-up converter) used in this work to boost its
input DC voltage (V) to the required output DC volt-
age level (V).

The design of the circuit components is provided as fol-
lows. The maximum power point resistance is given by,

R, = [Vlj )

mp

The duty cycle for the peak power transferred at
STC is determined by using Eq. (6),

_ 11— |[Bm
o=1 \/Z (6)

And the output voltage is given by,

APPLIED SOLAR ENERGY Vol. 56 No.5 2020
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Fig. 4. I,—V,,. and I;,,,—V},,, characteristics for the three different solar modules at different values of solar irradiance and STC.
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v,=Y_, 7)
1—-a

where V'is the output voltage from the PV cell.

The output current is evaluated using the following
equation,

I,=1(1-0), (8)

where [/ is the output current from the PV cell.

The inductor value can be calculated as mentioned
by Eq. (9) where ris between [0.3, 0.5] [41],

Vo
rif
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The input capacitor value can be designed as fol-
lows,

12 o

> & (10)
8L20.01

The minimum value of the output capacitor can be
designed as mentioned by Eq. (11) [24],

C,>—2 (11)

0.02/R’

For a resistive load of 30 Ohm, and according to the
above equations [40] given in this section, the param-
eters used to operate the Boost converter, used in this
work, are given in Table 2.
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V4

Fig. 6. DC-DC boost converter.

4. MPPT ALGORITHM

The key point for a proper MPPT tracking is to
ensure that the input power and output power for the
DC-DC converter is the same even though load is
changed. Several MPPT techniques have been pre-
sented in the literature seeking to locate the maximum
power point. As mentioned before, conventional P&O
and INC algorithms are the most frequently used
techniques because of their simple implementation
and medium complexity.

4.1. Problems with the Conventional
P&O and INC Algorithms

Both P&O and INC algorithms use the (P—V)
characteristic of the PV panel in the tracking process
based on the condition that the desired point theoret-
ically reached when dP/dV = 0 is accomplished.

But practically, through the real implementation, it
is hard to found the zero point on the slope of the
power curve because of the truncation error in digital
processing as in INC algorithm. So, both techniques
were found to be not totally accurate in tracking the
MPP due to the resulted steady-state oscillations
around the MPP and high response time. The concept
of P&O algorithm is based on applying perturbation in
the duty cycle in order to change the operating voltage,
and then the change in the operating power is
observed. Based on this observed value, the next per-
turbation decision is made. Theoretically, when the
algorithm reaches the peak of the P—V curve, there are
no additional perturbations added to the duty cycle
and the system should respond with no oscillation in
the output power. But practically, this principle leads
the system to operate near to the MPP but not at the
point accurately. As these oscillations are proportional
to the offset (step size) and contentious perturbations
must be done to preserve the MPP location, oscilla-
tions appear after reaching MPP lead to higher oscilla-

Table 2. Boost converter parameters
Parameter f C G, L R

Value 10 kHz 3mH | 30 Ohm

100 uF | 100 pF

KHODAIR et al.

tions for larger step size and slower tracking with high
response time in case of small step size.

However, the INC algorithm basic idea is depend-
ing on using the incremental conductance of the panel
to determine the slope of the power curve, and if the
incremental conductance is equal to its instantaneous
conductance, the MPP can be tracked and no more
perturbations are added to the duty cycle. Further-
more, INC process mainly depends on several division
computations, so the usage of strong microcontroller
is necessary, reducing the chance of using a low-cost
development board [30] and taking a longer time to
reach the MPP. In addition to these drawbacks pre-
sented by both algorithms, they fail to perform and
track the maximum point accurately when the solar
irradiance is suddenly changed.

4.2. Modified Algorithms

According to the previous discussion, both conven-
tional algorithms are modified to overcome their lim-
itations and the trade-off between faster response and
steady-state oscillations associated with the fixed step
size. The concept of a variable step size adjustment was
presented in the literature [42, 43]. It used a scaling
factor depending on the change in both PV power (AP)
and PV voltage (AV). But also, this modification may
show poor tracking efficiency in irradiance variations
and an increase in the oscillation power [9].

As in the case of stable solar irradiance, AV is very
low in the area near to MPP and its right region; con-
sequently, the change in AP and AV is large. So as a
result of these large step sizes, the steady state power
oscillations is increased. Thereby the algorithm effi-
ciency is decreased.

While, in case of solar irradiance variations espe-
cially in the sudden variation, conventional variable
step can decrease the performance of the algorithm
because the change in the irradiance affects PV cur-
rent instead of PV voltage so AV will be very low
whereas there is a significant power variation (AP).
Consequently, the change AP and AV is very large.
Therefore, the operating point moves far away from
the new maximum power point, which in turn
increases the time needed to reach new MPP. So, the
algorithm efficiency is decreased.

To overcome this limitation, modified MPPTs are
designed and implemented following [9] by using of
the MATLAB-SIMULINK, based on a modified
variable step size, that depends only on the change AP
with scaling factor adjusted to compromise between
the response time and reducing the steady state oscil-
lations to minimize the output PV power oscillations
as shown in Figs. 7 and 8.

APPLIED SOLAR ENERGY  Vol. 56
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Fig. 7. Modified variable step size P&O (M-VSS-P&O).

5. RESULTS AND DISCUSSION

In this section, steady-state and dynamic perfor-
mance resulted by using conventional and modified
algorithms, P&O, INC, M-VSS-P&O and M-VSS-
INC, are investigated for the three types of solar cells
(polycrystalline KC200KT, monocrystalline shell
SQ85 and ST40 thin film), and tested by using of the
MATLAB-SIMULINK. Simulations are presented
and analyzed for different variations in solar irradiance
(step and ramp change in irradiance) to compare the
performance of the algorithms in terms of the response
time needed to track the M PP, tracking efficiency and
steady state oscillations.

5.1. Test under STC

Figure 9 presents the performance of the polycrys-
talline cell KC200GT by the four algorithms using. All
simulations are conducted under irradiance of
1000 W/m? and temperature of 25°C. According to the
simulations observed in the figure, both conventional
algorithms P&O and INC (65% duty cycle) could
reach the peak point with the same output power
(198.6 W) with response time (62.7 ms) but with high

APPLIED SOLAR ENERGY  Vol. 56

No.5 2020

steady state power oscillations. While using the modi-
fied algorithms M-VSS-P&O and M-VSS-INC can
improve cell performance.

Both modified algorithms (M-VSS-P&O and M-
VSS-INC) can reach the peak point with a much
faster response (10.4 ms) and with a better peak power
of (199.8 W), with the same duty cycle as both conven-
tional algorithms under STC. As a summery, the per-
formance parameters of a polycrystalline cell
KC200GT by the four MPPT techniques using are
listed in Table 3.

The same comparative study is conducted on the
other monocrystalline Shell SQ85 and thin film Shell
ST40 solar cells. Like the earlier case with KC200GT
cell, all different algorithms are tested under the same
conditions and the modified algorithms show a better
performance for both cells. Regarding the monocrys-
talline Shell SQ85 solar cell, simulations using the four
MPPT techniques are presented in Fig. 10 and cell
performance parameters are listed in Table 4. While
the tracking process of the thin film Shell ST40 is
observed in Fig. 11, with its appropriate 51% duty
cycle and a summary of the cell performance is illus-
trated in Table 5.
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Fig. 9. (a) Performance of polycrystalline KC200GT solar cell, (b) corresponding duty cycle, under STC.

From the above simulations and performance forms with the less efficiency among the three differ-
parameters listed in the previous tables in the STC ent cells and presents high oscillations to reach the
test, it can be noticed that the conventional P&O per- maximum power point. Also, it is observed that INC

APPLIED SOLAR ENERGY Vol. 56 No.5 2020
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Table 3. Comparative study between the MPPT algorithms under STC for the single-diode model of polycrystalline

KC200GT cell

MPPT Technique MPP, W Power, W Tracking time, ms Oscillations, W Efficiency, %
P&O 200.143 198.6 62.7 1.4 99.22
INC 200.143 198.6 62.7 1.4 99.22
M-VSS-P&O 200.143 199.8 10.4 Neglected 99.82
M-VSS-INC 200.143 199.8 10.4 Neglected 99.82

Table 4. Comparative study between the MPPT algorithms under STC for the single-diode model of monocrystalline shell

SQ85 cell

MPPT Technique MPP, W Power, W Tracking time, ms Oscillations, W Efficiency, %
P&O 85.14 84.55 61.2 0.5 99.3
INC 85.14 84.55 61.2 0.5 99.3
M-VSS-P&O 85.14 84.97 13.03 Neglected 99.8
M-VSS-INC 85.14 84.97 13.03 Neglected 99.8

algorithm gives the same performance in the tracking
process for the MPP as P&O in the polycrystalline and
monocrystalline cells. They both reached the MPP
with 99.22% boost converter efficiency with response
time equal to 62.7 ms in the KC200GT cell. As noticed
in the SQ85 observations, they reached the peak point
slightly faster than the polycrystalline cell in 61.2 ms
with 84.55 W peak power and 99.3% converter effi-
ciency.

However, according to the thin film solar cell sim-
ulations, it is noticed that P&O could reach ~99.8%
converter efficiency, but INC was slightly faster than
the P&O as it takes 33.71 ms to reach MPP 0f40.01 W,

90 @)
80
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60 f
2 50k
5
Z 40
[T}
30
20} — P&O
- - - INC
111] S v M-VSS-P&O
---------- M-VSS-INC
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while P&O algorithm took around 34.19 ms to reach a
peak point 0of 39.92 W.

On the other hand, in both KC200GT and SQ85
cells, modifications done to both P&O and INC
MPPT algorithms success to enhance the perfor-
mance of the solar cell seeking the maximum available
power from the panel and reach the MPP faster than
the conventional algorithms with lower oscillations
level as much as possible. This is obviously appeared in
the simulation results of the polycrystalline KC200GT
solar cell, as the efficiency of the MPPT increased to
99.82% in 10.4 ms by using of the both M-VSS-P&O
and M-VSS-INC, but in the SQ85 monocrystalline
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Fig. 10. (a) performance of monocrystalline shell SQ85 solar cell, (b) corresponding duty cycle, under STC.

APPLIED SOLAR ENERGY Vol.56 No.5 2020



318

50 - (a)
40
2 30
=
3
A&~ 20
— P&O
0f - -~ INC
----- M-VSS-P&O
---------- M-VSS-INC
0 0.02 0.04 0.06 0.08 0.10
Time, s

KHODAIR et al.

(b)
0.7
0.6 +
0.5
2
Q
Q>; E
=
a ok
0.3
— P&O
0.21 === INC
y = M-VSS-P&O
---------- M-VSS-INC
0.1 ] 1 ] ] J
0 0.02 0.04 0.06 0.08 0.10
Time, s

Fig. 11. (a) Performance of thin film ST40 solar cell, (b) corresponding duty cycle, under STC.

cell, both M-VSS-P&O and M-VSS-INC share the
same performance to reach the MPP, they success to
enhance the cell performance and improve the effi-
ciency to 99.8% and with faster response (13.03 ms)
compared to the conventional algorithms with
neglected steady state oscillations in both solar cells
and also, simulations done using the thin film solar
cell show different behavior in tracking. Both modifi-
cations reached 100% converter efficiency with (40.2 W)
maximum power point and lower oscillation level in
faster response time than both P&O and INC, as the
M-VSS-P&O could reach the MPP in 26.21 ms and
the M-VSS-INC reached it faster in 23.02 ms.

5.2. Test under Sudden Change in Irradiance

To extend our comparative study, two different
irradiance changes are tested to each solar cell, as
shown in Fig. 12. Firstly, in the sudden change varia-
tion test, as shown in Fig. 12a, the irradiance was at
1000 W/m? then it suddenly decreased from 1000 to
600 W/m? at ¢ = 5 's. Then, when the simulation time
reached 10 s, a rise in the solar irradiance from 600 to
1000 W/m? is applied abruptly and the irradiance

maintained constant at 1000 W/m? until the end of the
simulation time at = 15 s.

Secondly, a ramp change in solar irradiance is
done, as seen in Fig. 12b. Here, the irradiance
decreased slowly from 1000 to 600 W/m? between 2
and 4 s and maintained constant at 600 W/m? until it
reached ¢ = 6 s. after that, a slow increase in irradiance
from 600 to 1000 W/m? between 6 and 8 s. The simu-
lation time lasts for 10 s.

These simulations are done following [44] to
ensure the effectivity of the algorithms to reach the
MPP, especially by the modified ones according to
different types of solar irradiance change and varying
climatic conditions.

In testing the KC200GT cell, as presented in
Fig. 13. In case 1, as seen in Fig. 13a, the algorithms
performed initially at the STC irradiance as discussed
before then, when the irradiance decreased suddenly
to 600 w/m?, both P&0O and INC algorithms suc-
ceeded in tracking the MPP with much oscillations,
showing the same behavior with a response time of
5.026 s; nearly 26 ms error whereas both modified
algorithms could converge to the same peak point
faster than conventional techniques by the same

Table 5. Comparative study between the MPPT algorithms under STC for single-diode model of thin film Shell ST40 solar cell

MPPT Technique MPP, W Power, W Tracking time, ms Oscillations, W Efficiency, %
P&O 40.006 39.92 34.19 0.21 99.78
INC 40.006 40.01 33.71 0.15 100
M-VSS-P&O 40.006 40.02 26.21 0.1 100
M-VSS-INC 40.006 40.02 23.02 0.1 100

APPLIED SOLAR ENERGY  Vol. 56 No. 5 2020
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Fig. 12. Different change in solar irradiance: (a) step change, (b) ramp change.
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Fig. 13. Performance of polycrystalline cell KC200GT under sudden change in irradiance.

response time of 5.012 s and less error of 12 ms and also
could minimize the steady-state oscillations around
the MPP. In addition, the modified algorithms could
also detect the sudden increase in solar irradiance with
only 10 ms error with a slight increase in power from
198.6 W, as submitted by both P&O and INC in 10.03 s
to 199.2 W with a quicker reaction.

The output power curves of the four MPPT tech-
niques with ramp change in solar irradiance are shown
in Fig. 13b. It can be noticed that the output power of
the improved MPPT techniques changes with smaller

APPLIED SOLAR ENERGY Vol. 56
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oscillation than the power of the other conventional
MPPT methods.

Similarly, the SQ85 cell performance is presented
in Fig. 14. It is observed that the four MPPT algo-
rithms could reach the MPP when the irradiance was
suddenly decreased and with around 20 ms error by
the modified algorithms. On the other hand, when the
irradiance increased suddenly, the modified algo-
rithms could also detect the MPP faster with 84.7 W
and only 10 ms error with a minimum level of oscilla-
tions. While, both P& O and INC could reach the peak
point of 84.55 W after an error of 30 ms. Moreover, as
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Fig. 14. Performance of monocrystalline cell SQ85 under sudden change in irradiance.
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Fig. 15. Performance of thin film cell ST40 under sudden and ramp changes in irradiance.

seen in Fig. 14b, similar to the performance of the
KC200GT solar cell, the modified algorithms show
better performance and lesser oscillations level.

Finally, simulation results of the thin film ST40
solar cell are shown in Fig. 15. When the irradiance
was suddenly decreased to 600 W/m?, both P&O and
INC algorithms succeed in tracking the MPP of 26.41 W
with high oscillations. They both showed the same
behavior with response time equal to 5.032 s; almost
with 32 ms error, while both modified algorithms
could converge to the peak point faster than the con-
ventional techniques by the same response in 5.013 s

with less error of (13 ms) and also could minimize the
steady-state oscillations around the MPP.

Moreover, the modified algorithms could also
detect with faster response the sudden increase in the
solar irradiance with only 20 ms error and approxi-
mately the same power of 39.95 W. On the other hand,
both P&O and INC could reach the peak point with
an error of 50 ms.

According to Fig. 15b, it is noticed that P&O and
INC algorithms are less efficient in dealing with ramp
change in the irradiance and the modified algorithms
succeed in tracking the MPP with lower oscillations.
APPLIED SOLAR ENERGY  Vol. 56
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From the simulations of the previous case studies,
it is noticed that the conventional P&O performs with
less efficiency among the three different cells and
presents high oscillations to reach the maximum
power point, also it is observed that INC algorithm
gives precisely the same performance as P&O in the
polycrystalline and monocrystalline cells, but it was
better than the P&O in the thin film cell.

On the other side, in both KC200GT and SQ85
cells, modifications made to both P&O and INC
MPPT algorithms showed the same performance,
succeeded in improving the performance of the solar
cell to get the maximum available power from the
panel and reaching the MPP faster than the conven-
tional algorithms with lower oscillations level as much
as possible.

However, the ST40 solar cell simulations showed
different behavior in tracking the MPP. According to
the observed simulations, the M-VSS-INC gives the
best algorithm with higher efficiency and lower oscil-
lation level than the other three algorithms.

On the other hand, according to the simulations
done in both sudden and ramp changes in the solar
irradiance, both P&O and INC algorithm succeed in
tracking the MPP presenting higher oscillations. In
comparison, both modified algorithms M-VSS-P&O
and M-VSS-INC performed better and faster with
lower steady state power oscillations among the three
types of solar cells.

CONCLUSIONS

This paper provides a comparative study between
two common and famous MPPT algorithms; (perturb
and observe (P&O) and incremental conductance
(INC) techniques) against two modified versions of
variable step size for both techniques; (M-VSS-P&O
and M-VSS-INC) using boost DC-DC converter for
three different types of solar cells (polycrystalline
KC200GT, monocrystalline SQ85 and ST40 thin film
solar cells). Within the context of this paper, simula-
tions using MATLAB-SIUMULINK are carried out
for PV systems containing the four algorithms, under
both STC and different variations forms in solar irra-
diance. The obtained simulation results are very
promising and proved in general that the modified
MPPTs controller (M-VSS-P&O and M-VSS-INC)
performances, in terms of efficiency, oscillations and
the tracking speed of the MPP are much better than
those of the conventional MPPT algorithms (P&O
and INC). This work could be extended by changing
the working environmental conditions. The four algo-
rithms could be tested under different conditions not
only in the incident solar irradiance but also in the
ambient temperature. Moreover, these algorithms
could be implemented practically, and the simulation
results are validated against the experimental results.
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