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A new fuzzy-based maximum power point tracker for 
photovoltaic applications 
 
M. A. S. Masoum and M. Sarvi 
 

Abstract: A new fuzzy maximum power point tracker (MPPT) for photovoltaic systems is 
proposed. Fuzzy controller input parameters dIdP , )dIdP(∆  and variation of duty cycle 
( DC∆ ) are used to generate the optimal MPPT converter duty cycle, such that solar panel 
maximum power is generated under different operating conditions. A photovoltaic system 
including a solar panel, a fuzzy MPP tracker and a resistive load is designed, simulated and 
constructed. The fuzzy MPP tracker includes a buck dc/dc converter, fuzzy controller and 
interfacing circuits. Theoretical and experimental results are used to indicate the advantages 
and limitations of the proposed technique. 
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1 Introduction1 

Applications of photovoltaic (PV) energy have 
increased significantly over the past decade. This is 
mainly due to the rapid depletion of conventional 
energy resources and the broad availability of solar 
radiation.  

Photovoltaic power is considered as a prime 
candidate of energy in many countries with high solar 
power density. The photovoltaic system technologies 
are rapidly expanding with an increasing role in electric 
power technologies, providing pollution free and secure 
power sources. These applications include water 
pumping, refrigeration and vaccine storage, air 
conditioning, light sources, electric vehicles, PV power 
plants, hybrid systems, military and space applications. 

PV systems are dependent power sources with 
nonlinear I-V characteristics under different 
environmental (insolation, temperature, degradation) 
conditions. In addition they have high fabrication cost 
and low energy conversion efficiency.  These are the 
main reasons for the low electrical efficiency of 
photovoltaic systems. To overcome these problems, the 
maximum power point of the PV system (at a given 
condition) is tracked using on-line or off-line algorithms 
and the system operating point is forced toward this 
optimal condition. 

In the literature, many maximum power point 
tracking (MPPT) techniques are proposed and 
implemented. These techniques include look-up table 
methods [1-2], perturbation and observation (P&O) 
methods [3-4] and computational methods [5-7]. One of 
the computational methods which has demonstrated fine 
performances under different environmental operating 
conditions is the fuzzy-based MPPT technique [8-9].  

The fuzzy theory based on fuzzy sets and fuzzy 
algorithms provides a general method of expressing 
linguistic rules so that they may be processed quickly by 
a computer. Recently the application of fuzzy control 
has been successful in photovoltaic applications [8-19]. 
The fuzzy controller introduced in [8] uses dIdP  and 
its variations )dIdP(∆  as the inputs and computes 
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MPPT converter duty cycle. The shortcoming of this 
approach is the ignorance of duty cycle variations, 
which results in an acceptable accuracy level with poor 
dynamic characteristics (Fig.11 of [8]). The fuzzy 
tracker of reference [9] considers variation of duty 
cycle, but replaces dIdP  by the variation of panel 
power. This tracker has fine dynamic behavior with 
limited accuracy (Fig.21 of [9]). 

This paper presents a fuzzy-based MPP tracker, 
which uses a combination of fuzzy logic presented in 
references [8] and [9]. A photovoltaic system including 
a solar panel, a fuzzy MPP tracker and a resistive load is 
designed, simulated and constructed. Simulated and 
measured results are presented. 
 
2 The photovoltaic system 
Using the equivalent circuit of Fig.1, the nonlinear I-V 
characteristics of solar cells is given by the following 
equation: 
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where SAv and SAi are the output voltage and current of 
the solar cell, respectively, phI  is the generated current 
under a given insolation, oI  is the reverse saturation 
current, q is the charge of an electron, A is the ideality 
factor for a p-n junction, K is the Boltzmann's constant, 
T is the temperature and SR is the series resistance of 
the solar cell. By rearranging the terms of Eq.1, the 
nonlinear V-I characteristic of solar cells is: 
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Using Eq.2, the nonlinear V-I characteristics of a 
solar panel with M parallel strings and N series cells per 
string is: 
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where λ  is a constant coefficient ( AKTq ) that 
depends on cell material and temperature. 

For the silicon solar panel (M=1, N=36) used for 
theoretical and experimental analysis of this paper 
(Table 1, manufactured by the Iranian Optical Fiber 
Fabrication Co. (OFFC)), Eq.3 can be written as: 
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Fig. 1 Equivalent circuit of solar cells 
 
Table 1 Specifications of OFFC silicon solar panels. 

Current Temp. Coefficient 002086.0=α          [A/°C] 
Voltage Temp. Coefficient 0779.0=β             [V/°C] 
Reverse Saturation Current 4

0 105.0I −×=            [A] 
Short Circuit Cell Current 926.2Iph =              [A] 

Cell Resistance 0277.0RS =             [Ω] 
Cell Material Coefficient 41.20=λ            [1/V] 

 
Computed (Eq.2) and measured V-I as well as P-I 
characteristics for one OFFC solar panel are shown in 
Fig.2 for two insolation levels (e.g., 2.5A/2.9A=%86  
and 1.7A/2.9A=%59 of the full insolation level). 
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Fig. 2 Computed (full lines) and measured (noisy lines) 
nonlinear V-I and P-I characteristics of one OFFC silicon solar 
panel. 
 
3 The fuzzy MPPT 

To determine the operating point corresponding to 
maximum power for different insulation levels, Eq.2 is 
commonly used to compute the partial derivative of 
power with respect to cell current [6] or cell voltage [7]. 
Instead of finding the maximum via derivative, we use a 
fuzzy logic controller (FLC). Usually, a DC/DC 
converter is utilized between the panel and the load for 
the purpose of MPP tracking. 

The fuzzy tracker of reference [8] is not accurate 
under varying temperature conditions. Figure 3 shows 
the P-I characteristic of solar panel at two different 
temperatures. Suppose the temperature is T1 and the 
solar panel operating point is in maximum power point 
as MPP1. By increasing of temperature to T2, the actual 
maximum power point is moved to MPP2. By 
considering the fuzzy rules of [8], the next operating 
point of solar panel is moved to A and then moved to 

the left side of P-I characteristic (e.g., point B in Fig.3). 
In the proposed fuzzy MPPT of this paper, this problem 
is solved by considering the variation of converter duty 
cycle as the input of fuzzy controller, and therefore the 
operating point is moved to MPP2. The fuzzy MPPT of 
reference [9] behaves like the hill climbing technique 
and has similar disadvantages (e.g., steady-state 
oscillation about the solution, wrong tracking direction 
under rapidly changing irradiation, …).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 P-I characteristics of a typical solar panel at two 
different temperature levels (T1<T2). 
 
In this paper a new fuzzy MPPT is proposed.   A 
functional block diagram of FLC for the proposed MPP 
tracker is shown in Fig.4. Inputs of the fuzzy processor 
(FP) include dIdP  and its variations (to improve 
accuracy) as well as the variations of converter duty 
cycle (to improve dynamic characteristics). U(K) and 

)k(U∆ denote the outputs of the fuzzy controller and FP, 
respectively. Note that the output variable 
corresponding to FP is )K(U∆ rather than ).K(U  This is 
due to the PI-like behavior of FLC that reduces the 
system steady state error. 
Input and output variables of FLC are related by the 
following equations: 
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where )k(pSA  and )k(iSA  are the power and current of 
the solar array, respectively, and )K(U is the duty cycle 
of buck converter. 
The fuzzy processor includes three functional blocks: 
fuzzification, fuzzy rule algorithm, and defuzzification. 
 
Fuzzification: 
The fuzzy logic controller requires that each control 
input variables be expressed in fuzzy set notations using 
linguistic variables. These variables (characterized by 
membership functions) are used to decompose each 
system variable in the fuzzy regions. FP inputs can be 
measured or computed from the voltage and current of 
solar panel. Fig.5 shows the membership function of 
input and output variables in which membership 
functions of input variables dI/dP  and )dI/dP(∆  
have five fuzzy subsets and only three fuzzy subsets are 
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considered for .DC∆  Five fuzzy subsets are considered 
for the membership function of the output variable. 
These input variables are expressed in terms of 
linguistic variables (such as Z   (zero), P   (positive), N 
(negative), PB (positive big), PS (positive small), NB 
(negative big), NS (negative small)) using basic fuzzy 
subsets. 
 
The Fuzzy Rule Algorithm: 
The fuzzy rule algorithm includes 75 fuzzy control rules 
(five fuzzy subsets for each input variables dI/dP  and 

)dI/dP(∆  and three fuzzy subsets for )DC(∆ ). These 
rules are implemented by a personal computer and used 
for the control of buck converter (tracker) such that 
maximum power is achieved at the output of the solar 
panel at all different conditions.  

In the realization of the FLC, the linguistic 
description is expressed in terms of  “IF … THEN” 
labels and the following fuzzy logic inferences: 
• 1R : IF dI/dP  is PS AND )dI/dP(∆  is NB AND 

)DC(∆ is N THEN U∆  is PS. 
• 2R : IF dI/dP  is PS AND )dI/dP(∆  is NS AND 

)DC(∆  is P THEN U∆  is PB. 
Two achieve system stability under variable temperature 
conditions and to overcome the limitations of [8], 16 
additional fuzzy rules have been considered. For 
example, two of this rules as follows: 
• 1R : IF dI/dP  is NB AND )dI/dP(∆  is NB AND 

)DC(∆ is Z THEN U∆  is PB. 

• 2R : IF dI/dP  is PS AND )dI/dP(∆  is NS AND 
)DC(∆  is Z THEN U∆  is NS. 

In the proposed MPPT, the Mamdani’s fuzzy inference 
method is used with the Max-Min fuzzy combination 
operator. Fig.6 illustrates the Max-Min composition for 
a typical case, where 02.0dI/dP = , 40)dI/dP( =∆  and 

.01.0)DC( −=∆  
 Defuzzification: 
The output of fuzzy controller is a fuzzy subset. As the 
actual system requires a nonfuzzy value of control, 
defuzzication is required. Several methods of 
defuzzification are available. Of these, the Mean of 
Maxima (MOM) and Center of Area (COA) methods 
are most commonly used. The COA method is usually 
selected for control applications. Therefore COA 
method is used for defuzzification in the proposed MPP 
tracker of this paper: 
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where iD are the centers of Max-Min composition 
output membership functions and )k(U∆ is the output of 
the fuzzy processor. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 Functional block diagram of the fuzzy logic controller (FLC). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Membership functions for: (a) input ,dIdP (b) input ),dIdP(∆  (c) input ),DC(∆ (d) output U∆ . 

)K(
dI
dP 

 1Z− 
Fuzzification 

   Fuzzy Rule  
    Algorithm 

Defuzzification 

 

1Z− 
U(K) 

U(K-1) 

)K(U∆ 

Fuzzy Processor (FP) 
))K(

dI
dP(∆ )1K(

dI
dP

−

1Z− + + 

+ 
- 

)K(DC∆ 

)K(
dI
dP

DC∆µ

DC∆

(c) 

1 

0 

-0.03 0 0.03 

Z N P 

(d) 

U∆µ

U∆

1 

0 

0.04 -0.04 -0.02 0 0.02 

NB NS Z PS PB 

(a) 

dI
dPµ

dI
dP

NS NB 1 

0 

0.04 0.02 o -0.02 -0.04 

Z PS PB 

(b) 

0 

)
dI
dP

(∆
µ

1 

0 

-80 -40 40 80 

NB NS Z PS PB 

)
dI
dP(∆



Iranian Journal of Electrical & Electronic Engineering, Vol. 1, January 2005.  31

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 Illustration of the Max-Min composition for a typical case. 
 
4 Simulation of the fuzzy MPPT 

For the simulation of fuzzy MPPT with solar panel 
and resistive load the Matlab/Simulink software and its 
facilities are used as shown in Fig.7. This system 
includes: 
 
• PV Source Block – simulates the nonlinear V-I 

characteristics of one OFFC solar panel (Fig.7(b)) 
employing the solar panel short circuit current, scI , 
(is equal to phI  in Eq.2) as a measure of insolation 
level. The “V-I characteristic” block calculates the 
PV voltage as a function of PV and short circuit 
currents (Eq.2). We have introduced a delay function 
to improve the convergence of solution. 

• PWM Block – generates the pulse signals for the 
buck converter based on the desired duty cycle 
(Fig.7(c)). 

• Fuzzy Controller Block – simulates the fuzzy 
MPPT process and computes the desired duty cycle 
of the buck converter using solar panel voltage and 
current (Eqs.3-7) and the fuzzy processor unit of 
Fig.4.  The “FP” block performs the fuzzification, 
fuzzy rule algorithm and defuzzification processes 
(Fig.6(d)). 

• Buck Converter Block – simulates the buck 
converter characteristics (Fig.7(e)). 

 
5 Construction of the fuzzy MPPT 

For the experimental investigation of the proposed 
fuzzy MPPT techniques. A microprocessor-based 
tracker (Fig.8) with the following capabilities was 
constructed and used: 
a) Implementing the fuzzy MPPT technique. 
b) Continual control of buck DC/DC converter 
according to the fuzzy tracking method. 
c) On-line measurements of solar panel voltage and 
current as well as computing the fuzzy processor input 
parameters (Fig.4). 
The constructed fuzzy-based MPP tracker consists of 
the following parts (Figs. 8-9): 
 
• Silicon solar panel - one silicon solar panel 
manufactured by OFFC with a maximum output power 

of about 35W is used to generate solar energy. 
 
• Peak power tracker unit - a buck DC/DC 
converter is used between silicon solar panel and load. 
This converter tracks the maximum power point of the 
solar panel based on PWM signal generated by control 
unit. The PWM signal is used for turn on and off of 
converter switching element. The IRF 540 power 
MOSFET is used as the switching element. Input and 
output current and voltage sensors are used for signal 
measurements and reduction of noise and harmonics. 
 
• Control unit - a personal computer, A/D and D/A 
converters card, interface circuits and a fuzzy controller 
algorithm are used to record and process measured 
voltage and current waveforms and to compute required 
signals for control and drive circuits of buck converter. 
The ADDA-12 card is an A/D and D/A high 
performance data conversion card operating at a twelve-
bit resolution for IBM PC and compatible systems. This 
card operates with one channel for twelve-bit data 
transfer from digital to analog and sixteen channels for 
twelve-bit analog to digital data conversion. The 
software program is in basic language. The personal 
computer implements the proposed fuzzy algorithm and 
generates the required signals for the IC op07 
comparator.  The fuzzy algorithm including 
fuzzification, defuzzification and fuzzy rules are 
implemented by the personal computer. The other input 
of IC op07 comparator is the ramped signal and is 
generated by function generator. The output of 
computer can not be used for driving the IRF 540 power 
MOSFET.  Therefore, a driver unit is used. The 
generated signals by the driver unit are used as the input 
of the MPP tracker. Load voltage and current are 
continuously measured and used by the fuzzy algorithm 
to compute the optimal converter duty cycle. Input 
variables of fuzzy controller are filtered and measured 
by “ the input and output filters & sensors sections”, as 
shown in Fig.8.  
 
• Load - a resistive load is connected to solar panel 
via buck converter. 
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Fig. 7 Simulation of the fuzzy MPPT with resistive load (R=1.2 Ω , L=1 mH, Ω= 05.R1 , F2200C1 µ= , Ω= 001.R 2 , 

F2200C2 µ= ): (a) circuit diagram; (b) detail of “PV Source” block; (c) detail of “PWM” block; (d) detail of “Fuzzy Controller” 
block; (e) detail of “Buck Converter” block. 
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Fig. 8 Block diagram of the constructed fuzzy MPP tracker. 
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Fig. 9 The constructed fuzzy MPPT system. 
 
6 Simulated and measured results 

In order to investigate the performance and 
accuracy of the proposed fuzzy MPPT technique 
measured voltage, current and power waveforms 
(Fig.8) under different operating conditions are 
compared with theoretical results generated by 
Matlab/Simulink facilities (Fig.7). Two different cases 
are investigated: 
 
Case 1  without the MPP tracker (e.g., direct 
connection of solar panel and the load). 
Case 2  with the MPP tracker (placed between the 
solar panel and load). 
 

Two different operating conditions are investigated: 
high insolation level (at 1:30 p.m., June 4, 2002) and 
low insolation level (at 9:30 a.m., June 4, 2002). 

Experiments are performed using the constructed 
system of Fig.8. 

Fig.10 shows computed and measured solar panel 
voltage, current and power characteristics as well as the 
load )2.1R( Ω= voltage under high insolation condition. 
These results indicate an increase of about 350% in PV 
output power in the present of the fuzzy MPP tracker.  

Our extensive measurements indicate that the 
amount of increase in PV output power highly depends 
on the environmental conditions and the load level. 
Note that the transient responses are not measured and 
only their computed waveforms are shown. Fig.11 
shows computed and measured results for a low 
insolation level (e.g., maximum solar panel power is 
only about 15 W). As expected, MPP tracker 
introduced a considerable increase of PV output power 
(e.g., from 4W to 15W). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10 Computed (dotted lines with + sign) and measured (full noisy lines) results under high insolation condition: Case 1- without 
the tracker (direct connection of solar panel and load), Case 2- with the fuzzy MPP tracker. Experiment date: June 4, 2002, 1:30 p.m., 
Tehran, Iran. 
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Fig. 11 Computed (dotted lines with + sign) and measured (full noisy lines) results under low insolation condition: Case 1- without 
the tracker (direct connection of solar panel and load), Case 2- with the fuzzy MPP tracker. Experiment date: June 4, 2002, 9:30 a.m., 
Tehran, Iran.  
 

The proposed fuzzy tracker has better accuracy and 
dynamic response as compared with [8-9] since: 
• The same traditional fuzzification and 

defuzzification approaches and formulas are used as 
in the proposed method of [8-9]. 

• More rule basis are used in the proposed fuzzy rule 
algorithm (e.g., 75 rules as compared to 25 rules 
used in references [8-9]). This will increase the 
accuracy of the proposed MPP tracker. 

• More fuzzy inputs are used (e.g., three inputs as 
compared to two inputs used in references [8-9]). 
Since the variations of converter duty cycle is 
considered as a fuzzy input parameter, the dynamic 
performance is improved. 

 
7 Conclusion 

This paper presents a fuzzy-based maximum power 
point tracker for photovoltaic applications. Input 
parameters of the proposed fuzzy controller include 

dIdP  and its variations as well as the variation of 
converter duty cycle. Simulated (Fig.7) and measured 
(Fig.8) waveforms show good agreements for the 
constructed photovoltaic system with fuzzy MPP 
tracker and a resistive load. Some main advantages of 
the proposed fuzzy MPP tracker are as follows: 
• The proposed fuzzy tracker is naturally robust 

to environmental (e.g., insolation, temperature 
and aging) and parameter variations. 

• Considerable increase in solar output power in 
the presence of fuzzy MPP tracker is achieved 
(e.g., about 350%). 

• The fuzzy tracker has high accuracy under 
different operating conditions. 

• The proposed fuzzy tracker performs online 
adaptive search of solar panel maximum 
power. 

• The proposed tracker does not require any 
external sensor or a dummy solar panel for 

detecting temperature and solar intensity. 
• The proposed fuzzy tracker has fine 

performance for different load types (R, L, C, 
RL, RC, etc.) since the performances of fuzzy 
controllers are not load dependent. 
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