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Abstract

This work presents the analysis, design, simulation and hardware implementation of the classical Fuzzy Logic
(FL) and the proposed Fuzzy Logic Type 2 (FLT2) MPPT techniques for standalone PV System. FL and FLT2
MPPT algorithms are simulated via MATLAB/ Simulink and implemented via LabVIEW software and CompactRio
hardware, in different climatic conditions. Also, they are compared to the Incremental Conductance (InC) MPPT
algorithm, one of the most common used MPPT techniques. The studied system consists of PV array, DC/DC
converter, MPPT controller, batteries and load. The PV array is connected to the DC / DC buck converter that works
based on the output pulses of the MPPT controller to make the PV system operates at the Maximum Power Point
(MPP). Thereafter, based on the simulations and the experimental results, a comparison is made to be useful for

MPPT designers and researchers in this area.
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1. Introduction

Solar energy is a renewable, non-polluting and economical source of energy which allows obtaining electricity from the
solar irradiation using Photovoltaic (PV) cells [1, 2]. Despite its advantages, solar energy has a remarkable disadvantage. One
of the most relevant problems is that solar energy is intermittent. Therefore, the power produced by PV panels is influenced by
the climatic conditions (irradiation and temperature) and the load impedance [3, 4]. Generally, the intersection of the load and
PV panel characteristics is too far from the MPP, thus, it is important to insert a DC/DC converter, between the load and the PV
source, for the impedance matching [5]. Maximum Power Point Tracking (MPPT) Algorithms are used for the pursuit of MPP
in different climatic conditions [6], by adjusting the duty cycle of the DC/DC converter. Generally, the system consists of a PV
array, a DC/DC converter, a load and finally batteries. Nowadays, several techniques of MPPT exist such as Perturb and
Observe (P&O) [7, 8], Incremental Conductance (InC) [5, 9], Constant Voltage (CV), Open Circuit Voltage (OCV), and Fuzzy
logic (FL) [10-12]. MPPT algorithms can be distinguished by operating principle, performance, complexity, response time,

cost and more.

The classic Fuzzy Logic (FL), introduced in 1965 by Lotfi Zadeh, allows the representation and processing of imprecise
knowledge based on linguistic terms. It relies on human reasoning to convert a linguistic command into an automatic command
to control complex systems [13, 14]. Fuzzy Type 2 (FLTZ2) [15], the proposed MPPT technique, is based on FL. It supports

uncertainties using three-dimensional membership functions.
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In this work, the authors present a comparative study of three MPPT Algorithms (Fuzzy Logic, Fuzzy Logic Type 2 and
Incremental Conductance). MATLAB/Simulink environment is used for simulation studies and LabView Software for

experimental tests.

This paper is organized as follows: Section Il explains the operating principle of a photovoltaic cell and gives the I-V and
P-V characteristics of the studied PV array. Section Ill deals with DC/DC converters and focuses on the DC/DC Buck
Converter, used in this paper. Section IV studies the role of MPPT algorithms and explain FL and FLT2 MPPT Algorithms.
Section V presents the simulation results of the photovoltaic system with FL, FLT2, and InC algorithms and gives a
comparison of them. Finally, Section VI presents the experimental results of the three studied Algorithms by using LabVIEW
software and CompactRio Hardware.

2. Photovoltaic Module

In order to study the behaviour of Photovoltaic cell, we can model it by an electric circuit, as shown in Fig. 1. PV cell
usually consists of an Iph current generator, which models the conversion of light radiation into electricity, a diode D which
represents the PN junction, a parallel resistor Rsh and a series resistor Rs [16, 17].
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Ipv T XZ D ;Rsh v T

Fig. 1 Electric circuit of PV cell

The current generated by the photovoltaic cell is calculated by Eqg. (1):

sh (1)

=1, -1 eq[ 5 _v;le @)

sh

The terms Iph, lo, g, A, K, T are the photodiode current, the inverse saturation current, the electron charge, the ideality factor of

the PN junction, the Boltzmann constant and the temperature of PV cell, respectively.

3. DC/DC Buck Converter
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Fig. 3 DC/DC Buck Converter

A DC/DC converter is used to convert a DC input voltage to a modified DC output voltage [20]. Currently, several
DC/DC converters exist such as: buck, boost, buck-boost and full bridge [21, 22]. In this paper, the DC/DC buck converter,
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which allows for a lowered voltage, is used. It usually consists of a switch, a diode, a capacitor, and an inductance, as shown in
Fig. 2 [23].

When the switch S is closed, during the period oT, the diode D is blocked and the voltage across the converter is given by:

V=V, -V, @)

When the switch S is open, during the period (1-a) T, the diode is On and the voltage across the converter is given by:

vV, =-V (4)

e

The voltage passing through the inductance L is given by the following relation:

Vo= L%L ®)

The relationship between the input voltage and the output voltage of the Buck converter is given in Eq. (6):

V, =aV (6)

S e

where a is the duty cycle with 0 <a <1.

From Eq. (7), we can rewrite the inductance as follows:

di,

BT

al
V, -V, )——
( e 5) FS Ir (7)
The value of the capacity is given by the Eq. (8):
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The terms Fs, Ir, Vr and ESR are switching frequency, ripple current, ripple voltage and Effective Series Resistance,

respectively.

The switch S is a Mosfet controlled by an MPPT controller which will be detailed in the following part.

4. Maximum Power Point Tracking Algorithms (MPPT)

Climate changes during the day influence the power produced by the PV panel. Therefore, the operating point does not
intersect with the MPP, which causes a loss of power. It is then essential to extract the novel MPP using MPPT algorithms.
They are used to vary the equivalent resistance of the load to extract the maximum power by automatically varying the duty
cycle of the DC/DC converter [10]. Nowadays, several methods of MPPT exist and can be classified by their tracking
techniques to:

(1) Methods with constant parameters such as constant voltage [24], open circuit voltage [25] and short circuit voltage [26].

(2) Methods with trial and error such as the only-current photovoltaic, Perturb and Observe [28] and DC-link capacitor drop
[29].

(3) Methods with mathematical calculation such as curve fitting [30], differentiation method and Incremental Conductance
[31, 32].

(4) Methods with intelligent prediction such as Fuzzy logic control and neural network [33].
In this work, the authors compare two Fuzzy Logic Controls (Classic Fuzzy Logic (FL) and Fuzzy Logic Type 2 (FLT2))

with the Incremental Conductance, in different cases of irradiation.
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4.1. Classical fuzzy logic (FL)
The fuzzy logic algorithm is an intelligent technique. It does not require exact knowledge of the photovoltaic system,

which makes its use simple. In addition, it is a robust and powerful technique [34].

A fuzzy controller typically consists of four parts: Fuzzification, Inference, Rule Base, and Defuzzification, as shown in
Fig. 4.

Rule
Base
Error Inference
DError — ] Engine Duty Cycle

Fig. 3 The Fuzzy Logic Controller diagram

In this paper, the inputs of the FL controller are the Error and the change of error DError. They are given by the Egs. (9)
and (10):

P(k)-P(k-1
Error (k) = \W ©)]
DError (k) = Error (k) — Error(k —1) (10)

where k, P, and V are the sampling time, the PV panel power and the PV Panel voltage, respectively.

In the fuzzification stage, the digital inputs are converted into seven linguistic variables that are: Positive Big (PB),
Positive Medium (PM), Positive Small (PS), Zero (ZE), Negative Small (NS), Negative Medium (NM), and Negative Big
(NB). Fig. 4 and Fig. 5 present the linguistic variables of the Error and DError.

Degree of Membership
'ne NM NS ZE PS - PM PB

0.5

-30 -20 20 30

: 0
Input variable Error
Fig. 4 The input of Fuzzy Logic Controller (Error)

Degree of Membership

1 —— ———— —— — ——— —
NB NM NS ZE PS PM PB
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0
-3 =2 =l 0 il 2 3

Input Variable DError
Fig. 5 The input of Fuzzy Logic Controller (DError)

It is important to understand how the system works to create the rules. In this work, the inference engine based on

Mamdami method applies 49 rules in the form of if-then as explained in Table 1.
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Table 1 Fuzzy Logic rule base
Error DError
PB | PB |PM | PS | ZE | NS | NM
PM | ZE | ZE | ZE | NB | NB | NB
PS | ZE | ZE | ZE | NM | NM | NM
ZE | ZE | ZE | ZE | NS | NS | NM
NS | NS| NS | ZE | ZE | ZE | PS
NM |PM |PM | PS | NS | ZE | PS
NB |PM|PM |PM| PB | ZE | ZE

Based on these rules, the change in the duty cycle is calculated. The output, as presented in Fig. 6, has 7 levels: Positive
Big (PB), Positive Medium (PM), Positive Small (PS), Zero (ZE), Negative Small (NS), Negative Medium (NM), and
Negative Big (NB). In the defuzzification stage, the output is converted to a numerical variable to provide an analog signal.
Thus, the duty cycle of DC/DC Buck Converter is varied to reach the MPP.

Degree of membership
NB NM NS ZE PS PM PB

0 0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9 1
Output Variable Duty Cycle

Fig. 6 The output of Fuzzy Logic Controller (Duty Cycle)

4.2. Fuzzy logic type 2 (FLT2)

Fuzzy Logic Type 2 (FLT2), noted A, models uncertainty better than conventional fuzzy logic. It is characterized by a

three-dimensional membership function u, (X, y) . FLT2 can be expressed by Eq. (11):

A= UA(,X)'(y),ng[O,l] (11)

u

xeX Uejy

where X, Jx, and [[ are the primary variable, the primary membership of x and the union of all the Cartesian product elements

on X, respectively.

Each three-dimensional membership function has superior and inferior membership functions represented by classical
fuzzy logic. The interval between the inferior and superior membership functions is called Footprint of Uncertainty (FOU). Itis
the new third dimension of the FLT2 which gives more precision, compared to the classical Fuzzy logic [35]. The block
diagram of the FLT2, presented in Fig. 7, contains five parts: Fuzzification, Inference Engine, Rule Base, Reducer Type, and

Defuzzification.

Rule
Base

|

Error P
D rror —JMBMGHION] —{ Inference Engine |—

Fuzzy Input Set

Fuzzy Output Set

Duty Cycle Type Reducer

Type Reduced Set
Fig. 7 The Fuzzy Logic Type 2 Controller diagram
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In the fuzzification stage, the two digital inputs (Error and DError) are converted into 3 linguistic variables which are:
Positive (P), Zero (Z), and Negative (N). Each variable has two levels: lower U and higher L. The variables then become (PL,
PU); (ZL, ZU), and (NL, NU). The inputs used in this paper are shown in Fig. 8 and Fig. 9.

Degree of Membership _ | Degree of membership

NU 2u PU 1 NU pal] PU

30 20 -10 0 10 20 30 -1 -05 0 0.5
Input Variable Error Input Variable DError
Fig. 8 Membership function for Error Fig. 9 Membership function for DError

The structure of the rules remains exactly the same in the case of FL algorithm. Table 2 summarizes the rules used in the
employed FLT2 controller.

Table 2 The rule table of FLT2 Controller
DError

p Z N

P PB | PM Z

Z NM Z | NM

N Z N N

Error

The inference engine combines fuzzy rules to perform a transformation from fuzzy sets in the input space to fuzzy sets in
the output space. There are several methods of inference such as the max-min inference method (Mamdami), the max-product
inference method (Larsen) and the AND inference method (Sugeno).

In this paper, the Sugeno method is used. The output of the Inference Engine block is equal to the weighted average of the
output of each fuzzy rule. The FLT2 controller differs from the FL by the output processing module which consists, in this case,
of two blocks: Type Reducer and Defuzzification. For an FLT2 system, each output set of a rule is Type 2. Consequently, the
Type Reducer is used to get a classic set from the Type 2 output sets. The classic set obtained from the Type Reducer is

converted into a well-defined numerical value, in the Defuzzification step, to control the DC/DC Buck Converter.

As numerical value CA of the output, it can be obtained by the Eq. (12):

D VU, (YY)
Ci() =" F—— (12)

where N, y, and uy are, respectively, the number of rules, the output, and the membership function.

The simulation results of the two algorithms studied will be presented in the following section. In addition, they will be

compared to the InC Algorithm.

5. Simulation Results

In this part, the simulation results, under MATLAB/Simulink, are presented. The system, shown in Fig. 11, is composed
of six Tesla Solar modules (Solar TS250-P150-60), a DC/DC Buck Converter, MPPT Controller and four series batteries
(48V-165Ah). The PV panel characteristics are presented in Table 3.
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Table 3 The specifications of the PV Panel

Parameter Value
Pm 255 W
Imp 8.32 A
Vmp 30.6 V
Isc 8.75 A
Vsc 376V
Rsh 529.6538 Q
Rs 0.29192 Q
Module efficiency 15.58%
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FL, FLT2, and InC MPPT Algorithms are tested via the MATLAB/Simulink environment in the case of stable and

variable irradiation.

i

Irradiance PV Array
Temperature

5.1. Uniform irradiation
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Fig. 10 The global system in Matlab/Simulink

Vbuck

The simulations of the PV system with the FL, FLT2, and Inc algorithms are done under uniform irradiation (880W/m3

and fixed temperature (26°C). The voltage and the current of the PV array are used as inputs to calculate the error and the

variation of error that represent the input of the FL an FLT2 controllers as shown in Fig. 11 and Fig. 12. They are designed

following the steps in the previous section.
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Fig. 11 FL algorithm in Matlab/Simulink
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Fig. 12 FLT2 algorithm in Matlab/Simulink
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Fig. 13 The PV Voltage with InC, FL, and FLT2 MPPT algorithms
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Fig. 14 The PV Current with InC, FL, and FLT2 MPPT algorithms
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Fig. 15 The PV Power with InC, FL, and FLT2 MPPT algorithms

Fig. 13, Fig. 14, and Fig. 15 present PV Voltage, PV Current and PV Power, respectively. Fig. 15 shows that the power
obtained by InC oscillates between 1265 and 1272W and the MPP is reached at t=0.25s. With FL, the power is equal to 1300W
at time t=0.17s. It reaches the MPP and remains stable. By using an FLT2 controller the MPP is reached at time t=0.08s with
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remarkable stability. The maximum power is 1335W, which offers better results than those of the FL and InC controllers in
terms of speed and output power.

Fig. 16 shows the Output Voltage of the DC/DC Buck Converter.

—PV Buck (FL)
512 —PV Buck (FLT2)
—PV Buck (InC)

51 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18
Time (s)

Fig. 16 The Output VVoltage of Buck Converter with InC, FL, and FLT2 MPPT algorithms

5.2. Non-uniform irradiation

To test the performance of the three algorithms in different climatic conditions, non-uniform irradiation is applied to the
input of the PV array. The irradiation takes 880W/m? at the beginning of the simulations. After t=3.2 s, it rapidly decreases to
310W/m? and returns to the initial state. Fig. 17, Fig. 18, and Fig. 19 show the voltage, current, and power generated from the
PV array with the three algorithms (FLT2, FL, InC) in the case of variable irradiation. After the disturbance, the FLT2
controller shows a better performance in term of response time, stability and generated power.
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Fig. 17 The PV Voltage with InC, FL, and FLT2 MPPT algorithms
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Fig. 18 The PV Current with InC, FL, and FLT2 MPPT algorithms
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Fig. 19 The PV Voltage with InC, FL, and FLT2 MPPT algorithms

Fig. 20 shows the variation of the Output VVoltage of the Buck Converter in the case of variable irradiation.
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Fig. 20 The output voltage of buck converter with InC, FL, and FLT2 MPPT algorithms

6. Experimental Results

In order to verify the real working of the studied MPPT Algorithms, a hardware setup was implemented, as shown in
Fig. 21.

PC+ LabVIEW

Bnt‘teries

Fig. 21 Experiental setup with the PV array

The setup consists of six Tesla Solar modules (Solar TS250-P150-60), a DC/DC Buck Converter, CompactRio Controller,
National instrument Modules, irradiation sensor (IRRB2 THIES), temperature sensor (LM35) and load. For voltage
measurement, NI 9225 (Analog Input Module, 300Vrms) is connected in parallel with the PV array. NI 9247 (Analog Input
Module, 50 Arms) is connected in series with the PV array to sense the current. All sensed Data is given to the National
Instrument CompactRio NI 9025, an embedded real-time controller. It controls the MOSFET of the DC/DC Buck Converter
using NI 9474. The studied algorithms are programmed and implemented using LabVIEW Software. LabVIEW is a graphical
software from NI for system design, measurement, and control. The choice of this software is based on the ease of

implementation of the program in the NI hardware as well as its simple interface of programming and use.
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To read the experimental results, the Front Panel of LabVIEW Software is used. The observed parameters, collected from
the CompactRio are irradiation, temperature, PV current, PV voltage, PV Power and Buck Voltage, as presented in Fig. 22. FL,

FLT2, and InC are tested via LabVIEW environment in the case of stable and variable irradiation. Those experiments were

done on May 2, 2019, on a sunny day. The measured parameters are shown in the figures below.
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Fig. 22 LabVIEW Front Panel of the MPPT Algorithms
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The experiment of the PV system with the FL, FLT2, and Inc algorithms are done under uniform irradiation (880W/m3

and fixed temperature (26°C).
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Fig. 23 Experimental results of INC MPPT Algorithm at stable climatic conditions
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Fig. 25 Experimental results of FLT2 MPPT Algorithms

at stable climatic conditions
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Fig. 23, Fig. 24 and, Fig. 25 present InC, FL and FLT2 experimental results, respectively. Fig. 23 shows that the power
obtained by InC oscillates between 1217. With FL, the power is equal to 1271W. It reaches the MPP and remains stable. By
using an FLT2 controller, the MPP reaches 1335W, which offers better results than those of the FL and InC controllers in terms
of speed and output power.

6.2. Non-uniform irradiation

To test the performance of the three algorithms in different climatic conditions, a variation of the incidence angle of
irradiation was made. The irradiation takes 880W/m? at the beginning of the simulations. After t=3.2 s, it rapidly decreases to
310W/m? and returns to the initial state. The variation of the irradiation was obtained by the change of solar incidence angle.
Fig. 26, Fig. 27, and Fig. 28 show the experimental results of InC, FL, and FLT2 MPPT algorithms in the case of variable

irradiation. After the disturbance, the FLT2 controller shows a better performance in term of response time, stability and
generated power.
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Fig. 26 Experimental results of INC MPPT Algorithm at variable irradiation
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Fig. 27 Experimental results of FL MPPT Algorithm Fig. 28 Experimental results of FLT2 MPPT Algorithm
at variable irradiation at variable irradiation
7. Discussion

From the previous simulations and experimental tests, we can see that the studied MPPT controllers make it possible to
reach the MPP in the case of FL, FLT2, and InC algorithms. In the case of stable and variable irradiation, FLT2 controller is

faster than FL and InC controllers. In addition, the power obtained with FLT2 controller is higher.

The number of rules in the FL controller is very high, which stabilizes the system around the MPP but, at the same time,
makes the controller more complex and increases the calculation time while the FLT2 controller uses a minimized number of
rules with Lower and Upper Standard Deviations to help avoid uncertainties and reduce computation time. Unfortunately,
FLT2 controller is more difficult to use and understand than FL controller.
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The results of this work are presented in table 4. It gives the PV power and the efficiency of the three controllers. The
difference between experimental results and simulations is due to several factors such as measurement errors and losses in the

conversion chain.

Table 4 Simulation and experimental results of InC, FL and FLT2 MPPT algorithms

Simulation results Experimental results
Techniques | PV Power (W) | Efficiency (%) | PV Power (W) | Efficiency (%)
InC 1265-1272 94.22 1217 90.14
FL 1300 96.29 1271 94.14
FLT2 1335 98.81 1288 95.40

8. Conclusions

The objective of this paper is to extract the maximum power of a photovoltaic system using FL, FLT2, and InC MPPT
algorithms.

The proposed system was studied under two different conditions; fix and variable irradiation. MATLAB/Simulink
environment is used for simulation studies and LabVIEW Software for experimental tests. The simulation results and
experimental tests show that the best MPPT technique is FLT2. It shows high performance and gives a good track of MPP with
a minimized response time, it presents high robustness in case of disturbances. InC shows its limit in response time and
stability. In addition, FL algorithm is a robust and powerful technique that does not require exact knowledge of the
photovoltaic system. However, FLT2 is more difficult to use and understand than FL and InC. The difference between

experimental and simulations results is due to several factors such as measurement errors and losses in the conversion chain.

As a perspective, the InC, FL, and FLT2 MPPT Algorithms will be tested in the case of a grid-connected system.
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