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Abstract – Maximum power point trackers have a significant role in optimizing the energy conversion efficiency in a photovoltaic 
system. The numeric achievements of MPPT algorithm can be implemented and tested by using several embedded boards as Digital 
Signal Processor, Field-Programmable Gate Array, Arduino, and dspace. Alternatively, for the low cost, availability and simplicity, the 
PIC microcontrollers can be used compared with the other hardware devices. Therefore, this paper presents the implementation of a 
Takagi–Sugeno fuzzy controller on a low cost PIC microcontroller, for tracking the maximum power point of a PV module. The PV system 
consists of a PV emulator, DC-DC converter, and resistive load. The different steps in design, simulation and realization of the T-S Fuzzy 
logic controller are discussed. The proposed controller system was evaluated by comparing its performance metrics, in terms of efficiency 
and the Integral Square Error, with existing technique in the literature. The results corresponding to the experimental validation show 
that the proposed MPPT controller is able to ensure a perfect tracking of the maximum power point with variation of irradiance and is 
performing better than reported in a previous work.
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1. INTRODUCTION

For the past decades, the maximum power point 
tracking (MPPT) technique, in photovoltaic (PV) sys-
tems, has received a lot of attention in order to opti-
mize the performance in these systems. The maximum 
power point (MPP) is not static; rather, it varies accord-
ing to changes in atmospheric conditions. Therefore, 
MPPT is adopted to track and maintain the optimal 
operating condition of PV system, regardless of chang-
ing environment conditions [1]. MPPT techniques are 

most commonly applied in the DC-DC converters, 
which are used in photovoltaic systems as the MPPT 
circuit. The performance parameters of the PV system 
depend on both these converters and the MPPT algo-
rithms. Many MPPT algorithms have been developed 
and implemented by different researchers [2], [3] and 
have offered various explanations for the problems as-
sociated with the MPPT controller.  Recently, several 
comparative studies, of these algorithms, have been 
carried out in [4]–[6], where the MPPT algorithms are 
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categorized based on three main features: complexity, 
performance, and cost of implementation.

In literature, the conventional MPPTs are mostly used 
due to their ease of implementation. Among these 
MPPTs are Perturb and Observe [7], Hill Climbing [8], and 
Incremental Conductance [9]. Nevertheless, the main 
drawback of these algorithms is the power oscillation in 
the vicinity of the MPP, which leads to power loss and 
increases convergence time of the algorithm [4].

Several modern methods based on artificial intelligence 
have been proposed to remedy these issues, such as Arti-
ficial Neural Networks [10], and fuzzy logic controller (FLC) 
based Mamdani or Takagi-Sugeno model [11], [12]. These 
methods are accurate and efficient compared to the con-
ventional techniques. Moreover, they respond quickly to 
changing environmental conditions and does not requir-
ing any information of the PV model [4]. In order to design 
an accurate system, FLC uses knowledge and experience 
to construct the fuzzy rules base.

The achievement of MPPT algorithm can be imple-
mented and tested by using microcontrollers [13], or 
embedded boards such as Digital Signal Processor 
[14], Field-Programmable Gate Array FPGA [15], Ar-
duino [16], dSPACE [17]. For the implementation of 
MPPT algorithms, a proposal of the most appropriate 
embedded board was presented and discussed in [18]; 
the study was only focused on the low-cost electronic 
board. However, authors did not mention the cost-ef-
fective PIC microcontroller. Therefore, in this paper, we 
aim to contribute to the design and implementation of 
T-S fuzzy logic MPPT controller for a PV system on low 
cost microcontroller of type PIC 16F877. The hardware 
implementation of the MPPT algorithm based T-S Fuzzy 
Logic is carried out and the experimental prototype is 
tested for the PV system. The performance of the pro-
posed controller is compared with the previously re-
ported technique in the literature.

The remaining sections are organized as follows: in 
section 2, the investigation of PV system is presented. 
The section 3 is reserved to present the MPPT control-
ler. Section 4 is devoted to hardware design and soft-
ware implementation. Then, section 5 presents the ex-
perimental results and discussion on the effectiveness 
of the proposed MPPT controller.  Finally, the conclu-
sions are drawn in section 6.

2. PHOTOVOLTAIC SYSTEM AND  
MPPT CONTROLLER

Fig. 1 shows the system configuration used in this 
paper. This system is made up of a PV generator (PVG), 
current and voltage sensors, a DC-DC buck-boost con-
verter, and a resistive load. Once voltage and current 
of the PV module are measured, they are sent to the 
control system, in which the algorithms are embedded. 
The duty cycle value of the buck-boost converter is ad-
justed by the MPPT based on T-S FLC and amplified by 
a driver circuit to get maximum power.

Fig. 1. Circuit diagram of PV system with MPPT 
based on T-S Fuzzy controller

2.1 PV PANEL MODEL

The PV panel is composed of several PV cells con-
nected in series or parallel or both. The equivalent cir-
cuit of the single-diode model for PV cells is shown in 
Fig. 2. By neglecting the voltage drop in the series re-
sistance of the generator and the current in the shunt 
resistor, the commonly used expression of the output 
current IPV and output voltage VPV of a PV panel with NS 
cells in series and NP strings in parallel [19] is:

(1)

Where: Iph, I0 and VT denote respectively the photo-
current, the reverse saturation current of the diode and 
the thermal voltage.

Fig. 2. Equivalent circuit for PV cell

In this work, a didactic bench emulating a solar mod-
ule “CO3208-1A” (Fig. 3) is employed to simulate a PVG 
[20]. This bench consists of three independent blocks 
emulating solar panels; each with adjustable irradiance 
and integrated voltage and current displays.

Fig. 3. “CO3208-1A” didactic bench emulating a solar 
module [20]
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The key specifications of each block of this module 
are shown in table 1 under standard test conditions 
(STC), i.e., 25 °C and 1000W/m2.

Table 1. The specifications of the solar module [20]

Model Parameters Specification CO3208-1A

Open circuit voltage (Voc) 23V

Short circuit current (Isc) 2A

Maximum power (Pmpp) 38W

Voltage at maximum power (Vmpp) 21V

Current at maximum power (Impp) 2A

Electrical characteristics of PV module Current-Voltage 
(I-V) and Power-Voltage (P-V) are illustrated by Fig. 4. It is 
very clear that these characteristics have non linear be-
havior with a single point where the PV power is maxi-
mum. This point varies with irradiation. Therefore, it is 
crucial to control DC-DC converter switch periodically 
via MPPT controller to have optimal energy of PV panel.

Fig. 4. The characteristics I-V and P-V of the solar 
module “CO3208-1A” [20]

2. 2 BUCk-BOOST CONVERTER

Buck-Boost converter, shown in Fig. 1, is chosen in 
the present work for matching the characteristics of 
the load with those of the PV panel. This converter is 
controlled using a Pulse-Width Method (PWM) and the 
duty cycle α is calculated for tracking the MPP of the 
PV panel.

The Buck-Boost converter can operate as Buck (for 
voltage step down) or Boost (for voltage step up) con-
verter. However, the output voltage has the opposite 
sign to the input voltage. There are two operating 
modes for the buck-boost converter, namely, the con-
tinuous conduction mode (CCM) and the discontinu-
ous conduction mode (DCM). Equations (2) to (4) are 
used to modeling buck-Boost converter in Continuous 
Conduction Mode.

(2)

(3)

(4)

Where Vin is the input voltage, Vout is the output 
voltage and α is the duty ratio determined by the ap-
plied MPPT algorithm to directly control the converter 
switching. ΔiL is the current ripple, L is the inductance, 
ΔVout is the output voltage ripple, C is the output ca-
pacitor, R is the load resistance, and fs is the switching 
frequency.

2. 3 MAxIMUM POwER POINT TRACkINg

According to the P-V characteristic of the PV panel 
shown in Fig. 4, the maximum power is produced for 
a particular voltage condition that depends on solar 
irradiation and temperature. Consequently, the MPP 
changes by moving on the PV curve depending on the 
weather conditions. As a result, an MPPT technique is 
needed so that the produced energy is always main-
tained at its maximum. 

The PV panel produces a power expressed as follows:   
Ppv = Ipv.Vpv , hence:

(5)

The condition which must be satisfied for the maxi-
mum power point PPM is:

(7)

(6)

The nonlinearity of equation (7) makes MPPT search 
difficult, so it is not easy to come by the MPPT using 
traditional methods. Thus, we will use the T-S fuzzy 
method to find the maximum power point.

3. MPPT T-S FUZZY CONTROLLER

3.1 CONCEPT OF MPPT 
 FUZZY LOgIC CONTROLLER

The power–voltage characteristic illustrated in Fig. 5 
shows that the variation of the maximum power (PMPP) 
of PVG, which corresponds to an optimal PV output 
voltage (VMPP), can be changed as a function of the solar 
irradiation and cell temperature. We introduce the con-
cept of MPPT FLC as follows: The output power of PVG is 
examined by the FLC in each sample time (t) and then 
defines the change in power with respect to voltage 
(dppv/dvpv). If this value is bigger than zero, the controller 
modifies the duty cycle Δα of PWM signal controlling the 
DC-DC converter to increase the voltage until the power 
is maximum (dppv/dvpv = 0). If the value (dppv/dvpv) is low-
er than zero the controller changes the duty cycle Δα to 
reduce the voltage until the power is maximized and so 
on. Fig. 5 illustrates this concept.
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Fig. 5. The concept of MPPT fuzzy logic controller

3.2 THE PROPOSED STRUCTURE 
 OF THE T-S FUZZY CONTROLLER

Two types of Fuzzy Inference Systems (FIS), Mamdani 
and Takagi-Sugeno are used in control applications. The 
Takagi and Sugeno (T-S) fuzzy model can be reformu-
lated as a fuzzy dynamic model to represent nonlinear 
dynamic systems [21]. This fuzzy modelling method 
provides an alternative approach to describing com-
plex nonlinear systems, compared with Mamdani fuzzy 
model; T-S fuzzy model can reduce the number of rules 
in modeling higher-order nonlinear systems [22]. The 
two models differ in compilation of output. The conse-
quence parts of the Mamdani fuzzy model are fuzzy sets 
while those of the T-S fuzzy model are linear functions 
of input variables. In this paper, maximum power point 
tracking is implemented using a T-S fuzzy controller.

The principal operating of T-S Fuzzy inference sys-
tems is shown in Fig. 6. 

Fig. 6. T-S fuzzy model schema diagram principle

The fuzzy inference system contains five functional 
components:

•	 A fuzzification interface is used to convert crisp in-
puts (ERR and DERR) to linguistic variables as fuzzy 
inputs applying membership functions (MF). 

•	 A database is used to define membership functions.
•	 A rule base contains several fuzzy if-then rules.

The T-S style fuzzy rule is: IF x is A AND y is B THEN z is 
f (x, y) where x, y and z are linguistic variables, A and B 
are fuzzy sets on universe of discourses X and Y, and f 
(x, y) is a mathematical function.

•	 The inference engine of the FLC is a decision-mak-
ing unit.

•	 The defuzzification interface is used to convert 
fuzzy outputs into crisp outputs. 

The structure of the proposed T-S fuzzy controller is 
characterized by:
•	 The error ERR (t) and change in error DERR (t) in-

puts, at sampled times t, are calculated by:

(8)

(9)

•	 Ppv(t) and Vpv(t) are respectively the instanta-
neous power and voltage delivered by the PVG.

The membership functions for input error ERR are 
defined as:

(10)

(11)

(12)

(13)

(14)

The change in error DERR membership functions 
is defined by the same Equations above (10 - 14) by 
changing a1, a2 and ERR to b1, b2 and DERR respectively.

•	 The single output variable is the change in duty 
cycle Δα of PWM signal controlling the DC-DC con-
verter. 

Δα is defined by the control law, so that

The duty cycle α is defined as:

(15)

In the Takagi-Sugeno modeling, the final output is 
equal to the weighted average of the output of each 
rule. By using the Equation (16), we evaluate the net 
value Δα of the output variable, in which the summa-
tions are based on the 25 rules.

(16)

With Zi is the output level of each rule Ri and wi is the 
degree of activation of each rule calculated by the fol-
lowing expression:

(17)
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•	 The universe of discourse, which is normalized to 
the interval [-1, 1], is spitted into five fuzzy sets for 
input and output variables.

The triangular and trapezoidal membership func-
tions are used in the proposed T-S fuzzy controller for 
inputs and singleton for output as well. Fig. 7 illustrates 
the appearance of these functions.

Fig. 7. Membership functions plots of the input 
variables (ERR, DERR) and the output variable α

•	 Base of 25 rules.

We named the five fuzzy sets as follows: NB for nega-
tive big, NM for negative medium, ZE for about zero, PM 
for positive medium, and PB for positive big. Table 2 sum-
marizes the basis of rules, which includes the 25 rules.

The flowchart in Fig. 8 graphically describes the steps 
of the algorithm required to generate a control signal 
on an output of the microcontroller. The output signal 
is connected to the MOSFET gate driver of the Buck-
Boost converter.

Table 2. Base of fuzzy rules

ERR
NB NM ZE PM PB

DERR

NB PB PB PB PM ZE

NM PB PB PM ZE NM

ZE PB PS ZE NM NB

PM PM ZE NM NB NB

PB ZE NM NB NB NB

Fig. 8. Flowchart of MPPT algorithm based T-S 
Fuzzy logic

4. HARDwARE DESIgN AND SOFTwARE 
IMPLEMENTATION

This section offers details of the hardware compo-
nents and the operation used in the experimental 
prototyping platform along with the software imple-
mentation. For the convenience of demonstration, we 
divided the section into two parts: software implemen-
tation and hardware description.

4.1. SOFTwARE IMPLEMENTATION OF 
 MPPT ALgORITHM BASED T-S FUZZY 
 LOgIC CONTROLLER

We translated the flowchart (Fig. 8) into a program im-
plemented in the PIC 16F877 microcontroller through 
C-code. After several tests, we came up with a version 
of the program, which consists of three subprograms 
that describe the T-S Fuzzy Controller as illustrated in 
Fig. 8. These subprograms are detailed below.

First Sub-Program: The first sub-program, aims to 
calculate the degree of membership μi of the ERR and 
DERR, for the five fuzzy classes used. The membership 
functions are calculated through the block diagram re-
alized under Simulink (Fig. 9), which makes it easier to 
understand the program written in C language. 

Fig. 9. Simulink model for fuzzification process

For the calculations of Equation (10) to (14), we are 
required to create MAX and MIN functions used to de-
termine the degrees of membership for ERR and DERR 
inputs, because the functions available for the PIC 
16F877 microcontroller use integers (Int) and we use 
real numbers (float).

Second Sub-Program: With reference to Fig. 7 and 
based on the aforementioned universe of discourse, 
the purpose of this subprogram is to calculate the ac-
tivation level wi of each rule, using Simulink block dia-
gram (Fig. 10).
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Fig. 10. Simulink model of the fuzzy rules

Third Sub-Program: After the rules application, a de-
fuzzifier with the weighted average method is applied 
to adjust and generate the output analog signal. Thus, 
the call of the last sub-program allows calculating the 
new value of the duty cycle α that controls the switch of 
the Buck-Boost converter. Fig. 11 shows the blocks-set 
which achieve the expression of equations (15) and (16).

Fig. 11. Simulink model for defuzzification process

After obtaining satisfactory simulation results in MAT-
LAB/Simulink, the Proteus 7 professional software was 
used for schematics drawing, circuits simulation and 
printed circuit board design. This software provides 
in its libraries electronic boards and microcontrollers 
such as PIC and Arduino. The PIC16F877 requires load-
ing with a HEX file, through the use of the software tool 
MicroC PRO for PIC from Mikroelektronika. The sche-
matic circuit of the embedded board developed for 
PIC16F877 is displayed in Fig. 12.

Fig. 12. Proteus schematic circuit developed using 
PIC16F877 Microcontroller

4. 2. HARDwARE DESCRIPTION

Fig. 13 below shows the block diagram of the hard-
ware used for the experimentation corresponding to 
the photovoltaic system under study. It is composed 
of a PV emulator used as a power source, a Buck-Boost 
converter, Ipv and Vpv electrical sensors, and a resistive 
load. The PIC16F877 microcontroller is used to imple-
ment the proposed T-S Fuzzy algorithm.

Fig. 13. Hardware implementation of the proposed 
T-S Fuzzy controller

The basic hardware components of the building blocks 
we used are included in the following sub-sections.

•	 Buck-Boost converter

The DC-DC converter is the main element of the PV 
system. It is an impedance matching circuit between the 
PVG and its load. A prototype of Buck-Boost converter 
shown in Fig. 14 is successfully developed to operate in 
the continuous current mode (CCM), according to the 
design steps developed in [23]. It is composed of a pow-
er MOSFET switch (IRF540), a Schottky diode (MBR20H), 
an inductor (2.75mH) and electrolytic filter capacitor 
(470μF) at the output side. The values of filter elements 
are calculated for the switching frequency of 15 KHz.

Fig. 14. Practical realization of the Buck-Boost 
converter.

The MOSFET transistor is controlled by a PWM signal 
generated from the MPPT control through an isolated 
Mosfet gate driver (IR2111) using simple optocoupler. 
The gate driver circuit is used to translate the voltage 
level of the PWM signal.
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•	 Current and voltage Sensors

Fig. 15 illustrates a block used for measuring the 
current and voltage of the solar module. The block is 
equipped with a current sensor, based on a Hall-effect 
cell, and a voltage sensor; it consists of a model that 
incorporates sensors with the conditioning modules, 
which are arranged in an accessible form by printed 
connection terminals.

Fig. 15. The picture of the Current and voltage 
Sensors block.

The analogue outputs of sensors are given to on-chip 
Analog to Digital Converter (ADC) of the PIC16F877 mi-
crocontroller, which converts each analogue voltage to 
a decimal number thanks to the 10 bits resolution of 
the input ADC.

•	 The PIC18F16778 Microcontroller Board

Microcontroller is the common option of implement-
ing the MPPT algorithm. The microcontroller selected, 
for our application, is PIC16F877 from Microchip Tech-
nology due to the availability of the device for the pro-
totype. It is an 8-bit, 40-pins dual inline package (DIP). 
Table 3 describes key features of PIC16F877, which we 
used in this study.

Table 3. Key Features of the PIC16F877

key Features PIC16F877
Operating Frequency 20 MHz

Resets POR, BOR

Flash Program Memory 8 K

Data Memory 368

EEPROM Data Memory 256

Interrupts 14

I/O Ports Ports A,B,C,D,E

Timers 3

Capture/Compare/PWM modules 2

Serial Communication USART

Parallel Communication PSP

10 bit A/D module 8 input channels

Instruction set 35 instructions

Fig. 16 shows the embedded board developed for 
the PIC16F877, which represents the brain of the MPPT 
controller. It was designed and assembled using elec-
tronic circuits for programming. To generate the clock 
signal of the microcontroller, a 20 MHz crystal oscillator 
was used. The power supply of microcontroller board 
is considered basic and is, therefore, not discussed in 
this paper.  

The microcontroller operation depends on the code 
that already programmed and uploaded into the board 
by using the software tool MicroC PRO for PIC, which 
provides a very efficient and advanced IDE (Integrated 
Development Environment).

Fig. 16. The development board based on the 
PIC16F877 microcontroller

The output PWM signal is a square waveform with an 
amplitude value of 5 V at steady frequency of 15 kHz, 
and a variable duty cycle α based on the MPPT algo-
rithm. The PWM signal feeds the MOSFET switch in the 
converter through the MOSFET driver.

5. ExPERIMENTAL RESULTS AND DISCUSSION

5.1. POwER–VOLTAgE CHARACTERISTIC OF 
 THE MPPT BASED T-S FUZZY ALgORITHM

In this subsection, we consider the tracking perfor-
mances under STC. To determine the system perfor-
mance, we adopted three distinctive levels of irradi-
ance G (600 W/m2, 800 W/m2 and 1000 W/m2). 

Fig. 17. Ppv (Vpv) characteristic of the Solar Module 
for different irradiation
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Before launching the T-S MPPT controller, it is first 
necessary to carry out the plot of the static character-
istic Ppv (Vpv), as a function of irradiation G, of the solar 
module used in this study. This characteristic is ob-
tained using the block diagram of the hardware shown 
in Fig. 13 and the Matlab/Simulink environment. The 
Experimental Ppv (Vpv) characteristic (Fig.17) is provided 
to validate the performance of the proposed MPPT 
controller implemented on the PIC microcontroller. 

Fig. 18 shows the experimental results of the MPPT 
tracking operation for different irradiations. We noticed 
that, due to the T-S Fuzzy MPPT algorithm implement-
ed on PIC microcontroller, the MPP is reached with very 
little oscillations. These oscillations are occurred at the 
vicinity of MPP leading to power losses, which are al-
most neglected [4]. Hence, the proposed MPPT con-
troller "T-S Fuzzy" is able to ensure a perfect tracking 
of the PPM of a solar module under variable irradiance.

Fig. 18. MPPT tracking for different irradiation

The Tests of the MPPT controller "T-S Fuzzy", imple-
mented on PIC microcontroller, are realized in static 
and dynamic conditions. Fig. 19 depicts the PV power 
for T-S Fuzzy MPPT technique for step-change in the ir-
radiance from 600W/m2 to 1000W/m2.

According Fig. 19, the respective maximum values of 
output power were 11.01, 16.13 and 20.35 W. These val-
ues are extremely close to the maximum values of the 
PV module as deduced from the experimental Ppv (Vpv) 
characteristics (Fig. 18).

Moreover, for the dynamics of the MPPT controller, 
it is noted from Fig. 19 that the output power reaches 
96% of the MPP corresponding to G = 600 W/m2 in 4.47 
s. Based on these findings, we conclude that the pro-
posed T-S Fuzzy MPPT controller achieves the correct 
tracking of the MPP, consequently proving its good 
performance in terms of finding the MPP under sud-
den changes in solar irradiation.

5.2. PERFORMANCES OF THE T-S FUZZY 
 MPPT CONTROLLER IMPLEMENTED ON 
 PIC MICROCONTROLLER

•	 Comparison of Output Power of Solar Module with 
and without MPPT: 

A comparison is done between the output power 
with the MPPT circuit and without the MPPT circuit. The 
load here is taken to be the same for both circuits that 
is 30 Ω.

In Table 4, the efficiencies of the Photovoltaic System 
are compared with and without the MPPT. The Table 
displays the output power at load and the maximum 
power that can be delivered by the solar module under 
different irradiance.

Fig. 19. Output power versus time under T=25 °C 
and step increasing of irradiance G

Table 4. Comparison of output power of solar 
module without and with MPPT based T-S Fuzzy

Irradiance 
g (w/m2)

Ppv at load 
without 

MPPT (w)

Ppv at load 
with MPPT 
based T-S 
Fuzzy (w)

Efficiency 
(η)

Efficiency 
(%)

600 10.92 11.01 0.09 0.8

800 11.71 16.13 4.42 37.74

1000 12.87 20.35 7.48 58.11

Based on the results presented in Table 4 and for the 
developed MPPT T-S Fuzzy controller, the PV output 
power achieves the values 11.01, 16.13 and 20.35W, for 
the respective G values of 600, 800 and 1000 W/m2. This 
presents almost 100% of the maximum power that the 
solar module can provide under the same experimen-
tal conditions. Comparing these results with those we 
found without of the presence of an MPPT controller, 
we conclude that the MPPT T-S Fuzzy controller con-
tributed to a power gain of up to 58%, in the case of G 
=1000 W/m2.

•	 Performance criteria

 The experimental evaluation of the MPPT controller 
performances, implemented on PIC microcontroller, is 
presented by two performance criteria.
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•	 The performance criterion ηMPPT, which character-
izes the efficiency of the MPPT controller, defined 
by Equation (18). 

•	 The Integral of the Squared Error (ISE) criterion, 
which characterizes the speed of response of MPPT 
controller. This criteria is defined by Equation (19):

(18)

(19)

The criteria ηMPPT and ISE are calculated by means of 
the Simulink block diagram as shown in Fig. 20 (a) and 
(b), which are developed from the Equations (16) and 
(17) respectively.

Fig. 20. Simulink model to determine: 
(a) Efficiency, (b) ISE.

Under the same experimental conditions that is for 
a step change of solar irradiance from 0 to 600W/m2 
and a period of 60s, we compare the performances of 
the two techniques used for the implementation of T-S 
Fuzzy MPPT controller; the rapid prototyping (T1) re-
ported in [23] and the proposed technique (T2).

The results from comparing the criteria ηMPPT and 
ISE are presented in Figs. 21 and 22 respectively. The 
results of the proposed technique were obtained from 
the experimental measurements using the platform 
shown in Fig. 13, while those of the rapid prototyping 
are obtained from the experimental measurements us-
ing the PCI 1711 acquisition card [23]. 

As Fig. 21 shows, the curves associated with the two 
techniques are quite similar. However, we noticed that 
the T1 method tends to increase rapidly than T2. But, be-
yond 40 s, the trend is reversed, which enables reading 
the steady state faster with the proposed technique.

Under steady state condition, if the efficiency of an 
MPPT is greater than 97% then it is considered the best 
as reported in [24]. Hence, from the comparison of the 
ηMPPT, it follows that the proposed technique is quite ef-
fective, with its ηMPPT = 97.44% against ηMPPT = 96.32% 
for the rapid prototyping technique.

Under the same experimental conditions, Fig. 22 
shows the "Integral of Squared Error" ISE curves de-
termined for the two respective techniques T1 and T2. 

In this comparison, it is clear that the T2 technique is 
more efficient, with its ISE=1.28 lower than that of the 
T1 technique characterized by its ISE=1.44.

Fig. 21. ηMPPT criteria comparison

Fig. 22. ISE criteria comparison

Summary of the comparison between the two techniques

After presenting the results obtained by the real-
ized T-S Fuzzy MPPT controller implemented on PIC 
microcontroller and compared with rapid prototyping 
reported in [23], we offer a summary of the results in 
Table 5. In this Table, we compared the two techniques 
based on three criteria: the efficiency ηMPPT, ISE Criteria 
and the response time.

Technique ηMPPT (%) ISE Response Time (s)

Rapid Prototyping [23] 96.32 1.44 2.39

Microcontroller 
implementation 97.44 1.28 4.74

Table 5. Comparison of parameters between rapid 
prototyping and implementation of MPPT "T-S 

Fuzzy" on PIC microcontroller

Based on the results obtained in this work and the 
criteria previously cited, we can see that the proposed 
technique contributes to better results than the rapid 
prototyping in terms of efficiency and ISE criterion. 
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However, we notice that the response time of the pro-
posed method is about two times greater than the rap-
id prototyping one. This difference is due to transient 
response of converter circuit and other circuitry. The 
low cost microcontroller as compared to the reported 
method compensates for this disadvantage, taking into 
account that the desired point to be reached in this sys-
tem is obtaining the maximum yield from the PV panel.

6. CONCLUSION

This paper described the design of control strategy 
based on the Takagi–Sugeno fuzzy algorithm control-
ler for the MPPT of a PV energy system. The T-S fuzzy 
algorithm has been successfully implemented in a low 
cost PIC 16F877 microcontroller. The proposed control-
ler has been tested in a PV system consisting of a solar 
module, a Buck-Boost converter and a resistive load. 
Simulation and experimental results have been carried 
out to evaluate the effectiveness of the proposed con-
troller system.

The results show that the MPPT controller "T-S Fuzzy" 
is able to ensure a perfect tracking of the PPM of a so-
lar module under variable irradiance. The performance 
of the proposed controller is compared with the previ-
ously reported technique in the literature built around 
the PCI 1711 acquisition card in terms of efficiency 
and the Integral Square Error (ISE) index. The experi-
mental results show the superiority of our T-S Fuzzy 
controller with ηMPPT = 97.44% against ηMPPT = 96.32% 
and ISE=1.28 lower than ISE=1.44 as compared with 
the existing techniques. Thus, the proposed controller 
based on low-cost microcontroller tends to perform 
better than controllers reported in previous work and 
can work properly for MPPT applications. 

This work and the results presented herein, which 
can be used for PV energy harvesting as well, may be 
helpful for the design of the energy harvesting-based 
embedded systems. For further research, we intend to 
conduct a deeper experiment that corroborates our 
conclusions from this work by using more efficient 
MPPT algorithms to extract maximum power from PV 
system at real time. 
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