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Abstract. The outcome of this research is to study and validate a photovoltaic (PV) module connected to the resistive
load using soft computing Maximum Power Point Tracking(MPPT). The MPPTs used in this study are the Artificial
Neural Network (ANN) and Fuzzy Logic (FL)which are used to track the maximum power of a 200W PV module.
First, the mathematical analysis for the PV module, ANN technique, and FL technique is done. The MATLAB
Simulink was investigated to model, verify, and simulate the MPPTs. Second, the studied PV system was tested under
step change in load and irradiance conditions to obtain the difference in the performance between the soft computing
techniques and conventional Incremental Conductance (IC) techniques in terms of oscillation value, dynamic speed,
and method’s efficiency. The obtained results from the simulation presents that both ANN and FL techniques have less
steady state power oscillation, and they faster than the IC technique in terms of tracking the MPP. Therefore, the
performance and efficiency of the studied PV module was improved and then the life time of the system is extended.

Keywords. Soft computing maximum power point tracking, the artificial neural network and fuzzy logic, maximum
power point tracking, incremental conductance.

INTRODUCTION

Today, Renewable Energy Sources (RES) are the best most energy used for electricity in the world because it is
clean, free, and friendly for the environment. Renewable sources types of wind, photovoltaic (PV), and fuel cells
are widely supply the electrical power system because they available along the days [1]. RES gained by the solar PV
arrays are the most economic common generator in terms of cost of mechanical installation [2,3]. A PV array is
similar to a semiconductor that converts the sunlight energy to electricity which has physical work such a p-n
junction semiconductor device like diode. A PV array consists of many panels or modules that formed from connect
several small cells. A PV cell is small quit and therefore it can generate small DC power, and therefore these cells
are formed in series configuration in order to produce high output power of the PV cell and utilize a PV panel or
module [4,5].

A PV panel has non-linear characteristics based environmental conditions in terms of power generation.
Therefore, a Maximum Power Point Tracking (MPPT) controller was produced and implemented to enhance the PV
power for the various different irradiation and ambient temperature [5,6]. Several types of MPPT techniques are
implemented and developed in recent years. moreover, these techniques can be summarized on the basis of different
features such as convergence speed, dynamic response, complexity of implementation, number of sensors, and cost
[6,7]. Also, several of MPPT techniques are proposed and reviewed in the literatures [7-10] which are considered
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the most used MPPT techniques in the PV applications. The MPPT techniques are summarized into three main
types conventional techniques, artificial intelligent based techniques, and hybrid techniques.

Baimel D. et al. [8] were proposed a Constant Voltage Controller (CVC) technique to track and get high power
form the PV panel. This method was low cost and simple in terms of experimental implementation but it produced a
lower efficiency and inaccuracy. However, several researchers are proposed and reviewed the simple and low cost
such as incremental conductance (IC) technique [5,7,9] and Perturb and Observe (P&O) [10,11]. Although these
techniques were provided small size components, less computations, and easy to implement but they have a lot of
disadvantages. Accordingly, a P&O technique has more oscillate around the MPP which increase the power loss
and decreased the control efficiency. Also, the IC method has many drawbacks in terms of the oscillation and
transient response under fast change in the solar irradiance [9]. For this reason, the variable size incremental
conductance technique is presented in [6] to solve the present issues in the CVC, P&O and IC techniques.

Nowadays, the MPPT based soft computing is widely used due to have more efficiency with higher accuracy in
terms of the tracking the MPP during the varying in environmental conditions.

Kermadi M. and Berkouk EM. [12] were presented the Al techniques based MPPT are presented to avoid the
main problems in the conventional methods such as fuzzy logic (FL), ANFIS, neural network (ANN) methods.
Moreover, these techniques have more advantages as compared with the conventional techniques due to they work
with nonlinear theory. As a result, they considered an efficient MPPT and have higher accuracy to track the
operating point of the P-V curve for different atmosphere conditions such irradiance and temperature [13-15]. Also,
a hybrid MPPT techniques were used to find the optimal MPP where the Al techniques such as proportional-integral
(P1) with fuzzy and neural networks [14].

Robles A. et al [16] conducted design a fuzzy logic MPPT to increase the PV system efficiency for a 65 W under
Matlab software. The proposed technique is investigated to solve the oscillation issues that happen in the traditional
P&O technique under step varying of irradiance. As a result, the simulation results indicated that the fuzzy MPPT is
more efficient than the P&O in terms of power loss, speed of the dynamic speed response and power oscillation.

Rezk H. et al. [17] presented a novel MPPT controller based adaptive FL to raise the system efficiency and
refinement the PV system performance in wide range of the weather conditions. As implemented there, the
performance of the present technique was tested and implemented practically in hardware design using a floating-
point Digital Signal Processing (DSP) microcontroller TMS320F28335. The obtained results indicate that the
proposed controller was more robust that the conventional fuzzy controller in terms of ripple oscillation, harmonic
content, and accuracy.

Jyothy L.P et al. [18] conducted a comparative study for a neural network MPPT with conventional IC, P&O,
and HC techniques which are used to increase output power of a stand-alone PV system. The simulation results are
achieved using Simulink package, and then the performance of these techniques was study under different irradiance
and temperature are discussed. As a result, high efficiency, small settling time, and high accuracy are obtained in
neural network MPPT compared to other techniques.

In this paper, soft computing based an artificial neural network (ANN) and a fuzzy logic (FL) based MPPT are
study and used in simulation to maximize the output PV panel KC200GT 200W PV panel under different load and
weather conditions. In addition, the Matlab toolbox software was used to model and verify the these MPPTs and
then compare the obtained results with that achieved in traditional 1C technique in terms of power oscillation, steady
state speed response, and the output efficiency. The main contribution of this paper is improving the dynamic
response and reduced the power losses around the MPP by decreasing the oscillation using FL and ANN methods.

PHOTOVLATIC CELL MODEL

Figure 1 shows an electrical circuit of a PV cell model used in this study. As seen, the circuit used consists of
single diode, series resistor, shunt resistor, and light- generated current [1, 19-21]. Besides, this circuit is the most
used in several studies due to it has more advantages which is considered simple, and sufficient to model the
behavior of the PV panel [22]. However, the current of the PV cell or module can expressed as in Eq(1) based the
theory of semiconductors [19,20].

=1, — I [exp(
Where the equation terms can be defined as:

qV)_l]_V+RSI

R €y
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V is the output terminal voltage.
Vi (= NgK T /q) is the thermal voltage while Ny is the cells that connected in series.
T is the temperature in °C
K is constant of Boltzmann (1.3806503x10723 J/°K)
R, and Ry are the shunt and series resistances
Ly, is the source of photo-current,
I, is saturation current of diode
« is the diode’s constant
q is the charge value of electron (1.60217646 x 1071°C).
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FiIGURE 1. Electrical single—diode PV cell or module.

Moreover, the source of photo—current of PV module ( I,,) depends on amount of the solar irradiance during
the day and it also influences by the change in the atmosphere temperature as seen in following equation [20,21].

G
Ln = (Ippn + KiAT) ron (2)
n

Where AT =T — T, (T, = 25°C), G is the solar irradiance in W/m2 while G, is the reference value of irradiance
which equals (1000W/m?) at STC.

The saturation current can be computed as follows [21]
T,\3 qE; (1 1
I, =1Iy (= —I(=—-=
s S”(T) exp[al( (Tn T)] ®

Where I, is the revers saturation current of diode at constant temperature (T = 25°C), and E, is the energy of the
band-gap (E,; = 1.12). Moreover, the revers saturation current can be expressed as follows [21],

[, = II/S# 4)
exp | 25| -
th

Where I, is the reference value of the short-circuit current at STC conditions.Also, the open circuit voltage can be
expressed as in Eq(5). the open-circuit voltage is strong effected by the change in the temperature due to it has a
negative sign for the coefficient factor (K,,) [22].

Voc = Voen + Ky AT ()
Where V., is the reference value of the open-circuit terminal voltage at STC conditions. Table 1 shows the
electrical parameters of the used PV module under STC conditions.
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TABLE 1. Parameters KC200GT solar PV panel at STC conditions

Parameter Value
Maximum power, Py, 200w
Open-circuit voltage, V. 329V
Maximum voltage, V;,,,, 263V
Short-circuit current, I, 8214
Maximum current, I, 761 A
Current coefficient, K; 0.0032 A/K
Voltage coefficient, K, —-0.123V /K
Number of cells, N 54
Shunt resistance, Ry, 415.405 0
Series resistance, Ry 0.221 0
Ideality factor, a 1.3

PROPOSED PV SYSTEM DESIGN

Boost Converter Modeling

The target from the MPPT controller is to interconnecting the PV array or module through a DC/DC converter
and the output load [23-25]. In order to find the MPP, the matching between the PV module and the load depends on
the load impedance must be satisfied as below [23],

Zioad = IL (6)
o
Were Vo, lo are the output voltage and current, respectively. Based on this mechanism the MPP point is
achieved when the input impedance equal to the output impedance. As a result, the optimal impedance for the PV
operationon the 1-V characteristics curve can be defined as follows [23]:
7 _ Vmpp

opt = (7
Ly

Where V_mppand |I_mpp are the maximum values of the PV voltage and current, respectively. Hence, the
optimal value is considered when the load line is passed through the MPP point as shown in Fig.2.
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FIGURE 2. Load lines for PV operation
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However, the step-up boost converter is most DC/DC converter used to implemt the MPPT controller due to it
has more advanteges comparwd with other technologes. Besides, the boost converter can provide a higher output
voltage at the load side, simple electrical structure, easy to implementation as seen in Fig.3.

| | |
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PWM
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L Vi '
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}'—f Vin_vout
[ [ [
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(a) circuit wiring (b) key waveforms.

FIGURE 3. Boost converter used in MPPT controller (a) circuit wiring (b) key waveforms.
The output voltage of boost converter can be calculated from the following equation [23,24],

1
Vo =145V 8

Also, the output current of boost converter can be expressed as [24]
I,b=1, (1—-d) )

The input inductor can be determined from Eq.(10) [24],

Vin d
=— 10
£ AL (10)
where f; is the switching frequency, and Al;, = 0.3}, .

also, the value of the output capacitor can be calculated as in equation below :
o — f:g AVO ( )

where AVy = 0.02V,. the input capacitor can be computed from [24] as below

d

Cin (12)

2 2
8 x f;2 x L x0.01
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Table 2 shows the design parameters of the boost converter under continuous conduction mode operation
conditions.

TABLE 2. Electrical parameters of boost circuit

Item Value
L 1.8 mH
Cout 100 uF
fs 5000 Hz
Cin 220 uF
dmax 0.8

Conventional MPPT Techniques

Several types of MPPT techniques were implemented based on the simple algorithm and low-cost
implementation such as IC and P&O techniques [26]. As presented in Fig. 4, the main mechanism of the IC
technique based on the derivative of the power with respect to the voltage. As observed, the operating point of the
PV module along the P-V curve is moved to achieve the optimal operating point (MPP) [26]. First, when the ratio
of the change in power into the change in voltage is in the left MPP, the module operated with positive sign. Second,

when the voltage is increased by increase the duty cycle and observe the power, the MPP is achieved at Z‘I/ﬂ =0.
pv

Unlike, when the Z‘I/ﬂ < 0, the operating point in the right of the MPP. Therefore, the PV voltage will decrease
pv

by decrease the duty cycle to a specific value to return the MPP again. To clear the principle action of the IC
technique, the flowchart of the IC as in Fig.5, is presented where, the PV panel voltage can be adjust to the MPP by

calculating the ratio of Z‘I/ﬂ and instantaneous value of ‘I/”—" and making use of above equations [27,28].
pv pv

250 . y :
@ T
. S
200} ]
~ 150} ; '
3 dl " /’,,,. dl P e T
ok ool @V Vi dv,, - _
50} ]
0 A A A
0 10 20 30 40
Vo (V)

FIGURE 4. IC MPPT technique mechanism.
The main disadvantages of the IC technique, it fails to make a well decision when irradiance is changed faster. For
this reason, this paper considered the soft computing based fuzzy logic and neural network are used in simulation to
improve the dynamic performance and increase the system efficiency of the PV module instead of conventional 1C

method.
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FIGURE 5. IC-MPPT flowchart.

Soft Computing MPPT Techniques

Artificial intelligence techniques, characterized by many characteristics, including the ability to analyze and
engineer the manufacture of smart machines, and the ability of this system to analyze data correctly, directly and
logically, and work to achieve certain goals. These characteristics can be employed by working in data analysis,
working in areas of machine learning, working in advanced science and research centers, and supervising computer
and robotics work.In this paper, soft computing based fuzzy logic and neural network MPPT are used to enhance
and improve the performance of the PV module and then increase the system efficiency by reduce the power
oscillation in steady state conditions.

However, a FL-MPPT is considered one of the most widely MPPT technique used to extract the peak power
from the solar systems since it has several advantages such as no need of exact theoretical model of the system, it
can work with indefinite inputs, and nonlinearity [29-31]. Unlike, there are some disadvantages in this technique
which is formulation of the input and output membership functions is depended on the user experience. Today, an
adaptive FL Controller is investigated to tune the memberships (MFs) and the table of the rule-base to obtain the
optimum performance. The block diagram of the proposed FL used in this study is presented in Fig.6.

060007-7
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FIGURE 6. proposed FL-MPPT diagram.
In this study, the two inputs of the error E and the change in the error AE were used to implement the proposed
FL algorithm. While the change in the duty cycle AD was used as output of the FL algorithm. So, the error can be
expressed as,

P(k) — P(k — 1)
TV - V(Ek-1) 13

AE = E(k) —E(k — 1) (14)

Where P(k) and V(k) are the input power and input voltage, respectively and AE is the change in
error.Furthermore, based on the rules of the FL algorithm decides the next operating point at every change in the
voltage and power. In this algorithm, the five different fuzzy levels are used for inputs and output variables which
are include negative big NB, negative small NS, zero ZE, positive small PS, and positive big PB). Furthermore, the
proposed FL algorithm can be shown in Fig.7 which clear the flowchart and framework of the FL algorithm based
MPPT used in this research.
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FIGURE 7. Flowchart of the FL based MPPT.

At same time, the Artificial Neural Network (ANN) based MPPT is considered an efficient technique and
provide satisfactory accuracy in trucking the maximum power without need of the exact information of the system
parameters. The main issue of this technique it is required a specific training in the implementation process to
obtain the optimum value for the solar PV system [32-34]. Also, ANN has to be trained in specific time intervals to
obtain an efficient and robust tracking for the MPP due to the nonlinear characteristics for the PV system [32]. In
this method, the inputs of ANN are the PV voltage and PV current while the output is the duty ratio. Fig.8 illustrated
the ANN based MPPT which implemented to generate the optimum duty cycle for the dc/dc boost converter that is
connected to the resistive load and then obtaining the maximum power from the PV module. The online training
method based backpropagation algorithm was used in this paper to training the ANN method.

Solar Irradiance (G)

Maximum Voltage

—
(VMPP)

Cell Temp (T)

Input layer Output layer

Hidden layer

FIGURE 8. The developed ANN configuration used to determine reference voltage at MPP.
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In this technique, the input voltage and current are sensed and entered as inputs for the ANN network at different
weather conditions. Unlike some of ANN techniques that used in the inputs of irradiance and temperature.
Moreover, the main idea of the ANN-MPPT is the input data receives the inputs while the second layer and hidden
layer contain many hidden neurons which send the input data to the third layer. In addition, the third layer generates
the optimum output to the system which is the duty cycle. Also, Egs. (15 and 16) reports the input and output layers

as follows [32]:
N
vi=f (2 Wi X, + 9],1> (15)
i=1

N
e =f| D Wi+ 62 (16)
j=1
The parameters of the of the above equations can be summarized below ,
. y! is the output signal values
. X; is the input signal values
. W, ; and W;jare the weights’s values between the three layers
o 67 and Hj-hare the values of the bias for the output layer and hidden layer, respectifly.

RESULTS AND DISCUSSION

To prove the comparative study in this research, the performance of the used MPPT techniques is tested with
Matlab/Simulink program. The proposed Simulink diagram is indicated as seen in Fig.9 which represent the model
circuit of the PV panel, MPPT algorithm and boost converter circuit. Moreover, all MPPTSs are tested with same
conditions to obtain the MPP from the PV module under fast step change in irradiance and step change in load
conditions. Furthermore, the IC-MPPT algorithm was conducted using the m-file function in Matlab package.
Besides, the FL-MPPT algorithm was modeled using Matlab/ Simulink by sensing the voltage and current of the
PV panel and then compute the PV power which is used to estimate the error value and the change in this error as
seen in Fig.10. In the same study, the proposed ANN method is modeled using Simulink as seen in Fig.11. as
illustrated in Fig.12, the change in the PV power is estimated and then this change is feed to find the optimum MPP.
When the MPP is obtained the present voltage and global maximum power is used to find the optimum duty ratio.

Discrete

o

- |

KC200W GT PV module

BOOST Converter
FIGURE 9. Matlab diagram of the proposed system.
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FIGURE 10. Fuzzy logic MPPT technique model under Matlab/Simulink.
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FIGURE 11. Proposed ANN method based MPPT.

In order to verify the used MPPTSs, two scenarios are studied in this paper as follows:

Performance under Different VValues of Irradiance

In order to find the difference between the most used MPPT and the soft computing methods, their
performance is tested under the fast varying values of irradiance G with keeps the system works with fixed
temperature value T=25°C. As indicated in Fig.12, irradiation value was varied from lower level of G=250W/m? at
time t=0sec to t=0.06sec and it is increased from G=250W/m? to G=500W/m? at t=0.06sec, and then, the irradiance
is increased to the STC value of G=1000W/m? for period t=0.12sec.

T 1 1 T T

1000

800

Bsoo

700

Goo

500

Solar Irradiance (Wim?)

400

300

200

1 1 . I 1 i 1 -
o 0.02 0.04 0.06 o0.08 0.1 0.12 0.14 0.16
Time (seconds)

FIGURE 12. Proposed solar irradiance profile.
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First, the conventional IC technique is simulated where the PV power is tracked according to its theoretical
maximum value as seen in Fig.13. As conducted in this figure, the PV power is less than the maximum value and it
has more oscillation around the MPP point which decreased the system efficiency. Also, in IC technique the
tracking power is reached to its maximum after t=0.02sec. accordantly, the IC method results large oscillation in
steady state power values and also it produces low the speed for the response.

1

Ppv,max

200 | P IC

o)
3

[

3

3 100

o.

> 1 3 13

o 50 50 012 8125 013 0138 1
5
0
35

0 0.015 0.02 0.025
0 0.05 0.1 0.15 0.2

Time (seconds)
FIGURE 13. PV power with its theorical maximum value using IC MPPT technique.

Fig.14 presents the obtained results of the PV panel and output boost converter voltages under IC MPPT
technique. As seen, the large ripple content in PV and boost voltages is occurred due to the oscillation of the MPPT
algorithm which produce more loss in power and effect on the output load conditions. The average output voltage of
the boost converter is about 80V at irradiation value of 1000W/m2. Also, Fig. 15 presents the output and input (PV
current) currents for the boost converter at different solar irradiance. Some ripple is presents in the output current of
the boost which is stepdown the PV current to 2.4A at 1000W/mz2.

T

100 Vpv 1
—V-boost|

80 -
< 60
Q
g
£ 40 1
> Ty
20 -
0
0 0.05 0.1 0.15 0.2

Time (seconds)
FIGURE 14. The obtained voltages using IC method.
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A

0 0.05 0.1 0.15 0.2

Time (seconds)
FIGURE 15. Results of the currents using IC method.

Fig. 16 shows the simulation results of the PV power using FL-MPPT technique . as observed, good
performance is achieved using FL-MPPT technique according to the theoretical power of the PV module.
Moreover, the FL has been shown good results compared to the conventional IC method in terms of oscillation,
power loss, and response speed. Figs. (17 and 18) show the simulation results of the voltage and current for the input
PV module and output boost converter. As seen in these figures, the ripple content in output side is improved by FL
technique which lead to enhance the efficiency and produce a smooth waveforms for the load.

—P_FL ' '
200 | Ppv,max
=150
S 200 HiLLL
'q-) . .
=100 (Bl -
o et
> 185
B 59 - 0125  0.13 1
20
0- | 0 | |
0 0.005 0.01
0 0.05 0.1 0.15 0.2

Time (seconds)
FIGURE 16. PV power with its theorical maximum value using FL-MPPT technique.
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FIGURE 17. The obtained results of the voltages using FL method.
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FIGURE 18. The results of the currents using FL method.

Fig. 19 shows the result PV power using the ANN method. As seen, the ANN-MPPT technique was represented
the best choice for the PV module that used in PV system when it operation with high irradiance levels which is has
low oscillation, high speed response compared to IC and FL techniques. But this method is generated a low dynamic
response in case of low irradiance level which is produce low output power in PV module and then decrease the
efficiency. unlike, more smooth results in voltage and current of output boost converter are obtained in case of ANN
as compared to other used methods as seen in Figs.(20 and 21).
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FIGURE 19. PV power with its theorical maximum value using ANN- MPPT technique.

060007-15




|=——Vpv

80 L —— Vboost

N
o
T

Voltage (V)
F N
o

N
o

[
-

0 0.05 0.1 0.15 0.2

Time (seconds)
FIGURE 20. MATLAB results of the voltages using ANN technique.
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FIGURE 21. The simulation results of the currents using ANN technique.

Performance under Different Load Conditions

As discussed before, the used MPPTs are validated under different load conditions to see the difference between
them in terms of efficiency, and response’s speed. Therefore, the pure resistive DC load is connected across the
boost converter. This load is changed by changing the resistance value during the simulation as presented in Fig.22.
Therefore, Fig. 23 shows the simulation results of the PV module using conventional IC method. As seen, the IC
method presents high ripple oscillation the voltage, current and power which reduced the overall system efficiency.
Also, when the load resistance is varied from 40Q to 201, the steady state PV power is decreased from 200W to
100 W at end of the interval, and this due to the reduction in the PV current.
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FIGURE 23. Simulation results of the PV module under conventional 1C method.

Furthermore, the FL-MPPT has been tested under the same load profile and it is producing a well results when
the resistance is decreased to lower value as seen in Fig.24. As seen, there are some ripples in the PV current but this
doesn’t affect on the output power which is maximized into 200W under this load conditions. As a result, more
efficient and accurate method using FL is presented and it suitable for the PV module under different load
conditions. While the proposed ANN method has been shown acceptable results in terms of different load condions.
It results good results in terms of oscillation in steady state operation compared than the conventional IC method but
it considered less efficient in terms of response to the changing in the load as presented in Fig.25. Finally, the PV
module can be improved by using FL-MMPT which is considered the best choice for the MPPT under different load
conditions and low irradiance levels.
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FIGURE 25. The obtained results of the PV module under conventional ANN method.

CONCLUSION

In this research, a comparative study between the soft computing MPPT techniques types an artificial neural
network (ANN), and fuzzy logic (FL) and conventional incremental conductance (IC) technique for a 200W PV
module is presented. The studied PV module type KC200GT is modeled in MATLAB software and it was simulated
under different load and irradiance conditions to seen the performance of these methods. First, the used MPPTs are
validated for fast change in solar irradiance for simulation time 0.2 seconds, where irradiance has been varied from
250W/m? to 500W/m? and then increased to 1000W/m? value at constant temperature C=25°C. The simulation
results shown that the soft computing techniques have low oscillation in steady state power, fast speed and higher
efficiency compared to the results of the IC technique. Second, the studied MPPTSs are tested under fast change in
the load resistance value which is varied from 40Q to 20Q during the simulation. From the obtained results, the
proposed ANN technique was shown acceptable results in terms the oscillation in steady state operation compared
than the conventional 1C method but it considered less efficient in terms of response to the changing in the load.
Unlike, the FL-MPPT presents good results in terms of power loss, oscillation, and speed of trucking which is
considered the best choice for the MPPT under different load conditions.
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