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ABSTRACT 
 

Photovoltaic (PV) generators have nonlinear V-I characteristics and maximum power points which vary with 
illumination level and temperature. Using a maximum power point tracker (MPPT) with an intermediate converter can 
increase the system efficiency by matching the PV systems to the load. This paper presents a maximum power point 
tracker based on fuzzy logic and a control scheme for a single-phase inverter connected to the utility grid. The fuzzy logic 
controller (FLC) provides an adaptive nature for system performance. Also the FLC provides excellent features such as 
fast response, good performance and the ability to change the fuzzy parameters to improve the control system. A 
single-phase AC-DC inverter is used to connect the PV system to the grid utility and local loads. While a control scheme is 
implemented to inject the PV output power to the utility grid at unity power factor and reduced harmonic level. The 
simulation results have shown the effectiveness of the proposed scheme. 
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1. Introduction 

 
Photovoltaic generation is becoming increasingly 

important as a renewable resource since it offers many 
advantages such as incurring no fuel costs, no pollution, 
little maintenance, and emitting no noise compared with 
other alternatives. The PV modules still have relatively 
low conversion efficiency. Therefore, the control of 
maximum power point tracking for the solar array is 
essential to a PV system. 

The amount of power generated by a PV generator 

depends on the operating voltage of the array. The 
maximum power operating point changes with insolation 
level and temperature. Its V-I and V-P characteristic 
curves specify a unique operating point at which the 
maximum power is generated. At the MPP, the PV system 
operates at its highest efficiency[1]. Therefore, the tracking 
control of the MPP is a complicated process. To overcome 
this problem, different tracking control strategies have 
been proposed, which are perturbation and observation 
P&O[2], incremental conductance[3], parasitic capacitance 

[4], constant voltage [5], neural network [6], and fuzzy logic 
control [7]. In the literatures[8], grid-connected PV inverters 
have been proposed, but they merely deliver real power to 
the utility and fixed loads. Recently, researchers have 
made efforts to develop parallel PV inverters which can 
deliver real power and reduce harmonic currents caused 
by nonlinear loads[9]. 
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Generally, there are several methods which are 
commonly used to determine the maximum power point. 
With P&O algorithms, the operating voltage V is 
perturbed with every MPPT cycle. As soon as the MPP is 
reached, V oscillates around the ideal operating voltage 

mppV . This causes a power loss which depends on the step 

width of a single perturbation. If the step width is large, 
the MPPT algorithm will respond quickly to sudden 
changes in the operating conditions with increasing losses 
under stable or slowly changing conditions. If the step 
width is very small the losses under stable or slowly 
changing conditions is reduced, but the system can only 
respond very slowly to rapid changes in temperature or 
illumination levels. The value of the ideal step width is 
system-dependent and needs to be determined 
experimentally. Incremental conductance algorithm has an 
advantage over the P&O method in that it can determine 
when the MPPT reaches the MPP, while the output power 
in the P&O method oscillates around the MPP. Also, 
incremental conductance can track rapidly changing 
irradiance conditions with higher accuracy than in the 
P&O method. 

The FLC is somewhat easy to implement because it 
does not require a mathematical model system. Since it 
gives robust performance, the dynamic performance of the 
controlled PV array is improved compared with that of the 
conductance method. This improvement includes 
reduction in power oscillations and fast response 
compared with the output conductance method. 

The harmonic problem in the utility system is not 
unique to the photovoltaic system. Harmonic problem is 
more common with almost all electronic or magnetic 
equipment which are connected to a utility grid. This 
paper proposes a method to track the maximum power 
point using fuzzy logic control, which is efficient in cases 
of atmospheric change, even when conditions change 
suddenly and sharply. Also this paper deals with a 
harmonic cancellation scheme, by which the inverter can 
inject the power into the utility with lower harmonics. 

The proposed FLC behavior depends on the 
membership functions, their distribution, and the rules that 
influence the different fuzzy variables of the system. It is 
important to note that there is no formal method or 
accurate algorithm to determine the parameters of the 

controller. This means that choosing fuzzy parameters to 
obtain an optimum operating point depends on the 
experience of the system designer. The quality of the 
inverter output current waveform shows how efficient and 
reliable the control scheme is. 

 
Fig. 1  Equivalent circuit of PV array 

 
2. Mathematical Model 

 
Solar cells are devices that convert photons into 

electrical potential in a PN junction, of which an 
equivalent circuit is shown in Fig. 1. Due to the complex 
physical phenomena inside the solar cell, manufacturers 
usually present a family of operating curves (V-I) as 
shown in Fig. 2. These characteristics are obtained by 
measuring the array volt-ampere for different illumination 
values. From these characteristics, the optimum voltage or 
current, corresponding to the maximum power point, can 
be determined. It is clearly seen in Fig. 2 that the current 
increases as the irradiance levels increases. The maximum 
power point increases with a steep positive slope 
proportional to the illumination. An increase in cell 
temperature results in a lower open-circuit voltage and 
therefore a maximum power point without significant 
effect in the short circuit current, as shown in Fig. 3. 

The effect of cell temperature on V-I and P-V 
characteristics of the same array, illustrated in Fig. 2, are 
plotted in Fig. 3 and Fig. 4. The reduction of the 
maximum available PV power and the lower voltage at the 
peak power point are shown clearly at higher temperatures. 

The main parameters which influence the illumination 
levels on the fixed tilt surface of the earth are the daily and 
seasonal solar path, the presence of clouds, mist, smog and 
dust between the surface and the sunlight, and the shade of 
the object positioned such that the illumination level is 
reduced, etc. 

The PV output current I  of PV is expressed as a 
function of the array voltageV   
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Fig. 2  V-I and P-I characteristics at constant temperature 
 

( ][25 Co ) 

 
 

Fig. 3  V-I characteristic at constant illumination (1 [kW/m2]) 
 

 
 

Fig. 4  P-I characteristic at constant illumination (1 [kW/m2]) 
 

where V  and I  represent the PV output voltage and 

current, respectively; sR and shR  are the series and 

shunt resistance of the cell (in Fig. 1); q  is the electronic 

charge; scI  is the light-generated current; 0I  is the 

reverse saturation current; K  is the Boltzman constant, 

and kT  is the temperature in K . 

Equation (1) can be written in another form as[2] 
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where the coefficient 1K , 2K  and m are defined as  
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Fig. 5  Power circuit for PV system 
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Fig. 6  Control circuit for the PV system 
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and Impp is the current at maximum output power, mppV  is 
the voltage at maximum power, scI  is the short circuit 
current and ocV is the open circuit voltage of the array.  

Equation (2) is only applicable to one particular 
operating condition of illumination G and cell 

temperature cT . The parameter variations can be 

calculated by measuring the variations of the short-circuit 
current and the open-circuit voltage in these conditions 
using the parameters at normal illumination and cell 
temperature. Equation (2) is used for the I-V and P-V 
characteristics for various illuminations and fixed 
temperature ( ][25 Co ) in Fig. 2. 

 
3. System Description 

 
A conventional two-stage energy conversion system is 

connected between the PV array and the electrical power 
system as shown in Fig. 5. A boost converter is used to 
increase the PV voltage for the inverter circuit and it also 
plays a role in the intermediate circuit for tracking the 
maximum power point. 

The inverter circuit converts the direct current to the 
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alternating current which flows into the utility or local 
loads. The inverter controller has two main functions. One 
is to synchronize the output current with the grid voltage, 
which means the power factor is equal to unity. The other 
function is to control the DC link voltage. To achieve 
these two goals, an inner current control loop and an outer 
voltage control loop are used, as shown in Fig 6. 

The whole control circuit is shown in Fig. 6, the fuzzy 
logic controller for MPPT generates the inductor(L1) 
reference current which, controlled by a current controller, 
creates the PWM gating signal for the converter switch. 
Fig. 6 shows the overall control blocks for the PV 
generating system. 
 

4. Control Scheme 
 

The maximum power-matching schemes require the 
selected solar panel to have suitable output characteristics 
that can be matched with particular loads. It only 
approximates the location of the MPP because of its basic 
association with specific illumination and load conditions. 

A fuzzy logic controller with linguistic control rules is 
adjusted to generate the maximum available system power. 
The structure of the fuzzy controller (number of rules, the 
rules themselves, number and shape of membership 
functions, etc.) is achieved through an essentially manual 
tuning process, which, although it is time-consuming, is 
generally faster and less problematic than corresponding 
procedures for conventional methods. In general, the FLC 
contains four main parts, two of which are the fuzzifier 
and defuzzifier, which perform transformations. 

The other two parts are the inference engine and 
knowledge base. In constructing the FLC, the system input 
consists of the variation of the array output power, ,dp  

and the last variation in the reference current of the boost 
converter, .IcL δ  The output of the FLC is the new 
variation of the reference current of the boost 
converter, cIδ . The variables of ,dp  IcLδ , and Icδ are 

described by triangular membership functions as shown in 
Fig. 7 and the control laws are given in Table I[10]. The 
following fuzzy levels are chosen for controlling the input 
and output of the FLC: n(negative), nb(negative big), 
nm(negative medium), ns(negative small), z(zero), 
p(positive), ps(positive small), pm(positive medium), and 

pb(positive big). 
 

  
Fig. 7  Membership functions for inputs and outputs 

 
Table 1  Rules of fuzzy logic controller 

 

 nb nm ns zz ps pm pb 
N pb pm nm ns ns nm nb 
Z nm ns ns zz ps ps pm
P nb nm ns ps ps pm pb 

 

 
 

Fig. 8  Block diagram of fuzzy logic controller. 

 
In the fuzzy logic controller, first of all, the input, 

)(kdp  and )(kIcLδ , is processed by the fuzzifier where 

their linguistic fuzzy subsets and fuzzy membership 
functions are defined. These fuzzy subsets and their fuzzy 
membership functions are implemented as fuzzy 
conditional statements. The implementation of fuzzy 
conditional statements results in a fuzzy subset. Its 
membership function, in the universe of discourse, 
represents control input change. This value is found by 
converting the fuzzy subset and its membership function 
into actual numbers. This conversion process is called 
defuzification. The input and output of the fuzzy logic 
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(
comθ ) is added to compensate for any phase delay due to 

the LPF. The transfer function for the LPF is )( sF , the 

gain K  and the compensation can be expressed as 
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1
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Fig. 12  PV power and current at different illumination levels 
 

 
Fig. 13  Instantaneous grid voltage and current waveforms 

 
6. Experimental Results 

 
Solar illumination varies quickly with time. It means that 

the maximum power point moves to another curve quickly. 
Such a case needs a MPPT controller capable of reaching 
the MPP as quickly as possible in order to reduce the output 
power oscillations and the system power loss. 
Comprehensive simulation studies were made to investigate 
not only the performance of the boost converter controlled 
by fuzzy logic algorithm but also the inverter controller 
performance of connecting the PV system to the grid utility 
at a unity power factor. The PV array was simulated using 
(1) and (2) as described in section II. 

 
 

Fig. 14  Grid power, current and voltage waveform without 
harmonic cancellation (from top) 

 

 
Fig. 15  Instantaneous waveforms with compensation 

(a) Grid current  (b) Grid voltage 
 

Fig. 12 shows the output power changes according to 
illumination variation from the starting point and also 
during illumination variation. The new incremental duty 
ratio varies according to the change in power and the last 
increment or decrement of the boost converter reference 
current. These relations between the input and output are 
determined in the base-rule form. It was noticed that the 
fast dynamic performance was obtained at step variation 
of illumination level. 

Fig. 13 shows the unity power factor operation of the 
grid current and voltage. Fig. 14 shows the grid current 
variation with the PV power and current variation while 
the grid voltages remain at a sinusoidal and 220Vrms 
value, despite the rapid change in the illumination level 
and power. This indicates that the transient state response 
is excellent, and the conversion system provides a smooth 

Voltage Current 
(a)

(b)

(a) 

(b) 

0- 
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and stable operation. Due to this stability and smoothening, 
the grid current and voltage are sinusoidal as shown in Fig. 
15. The simulated grid current waveform contains low 
order harmonics as shown in Fig. 16. A sinusoidal grid 
current waveform is obtained after using the harmonic 
cancellation algorithm as shown in Fig. 17. 

The corresponding harmonic spectrum for both cases is 
shown in Fig. 18. Fig. 18(b) shows the harmonic spectrum 
of the grid current with compensation. The low order 
harmonic components have been suppressed almost 
clearly. 

The performance of the harmonic cancellation 
technique was examined for different loads, and a 
noticeable improvement has been obtained. However, with  

 

 

Fig. 16  Instantaneous waveforms without compensation 
        (a) Grid voltage (b) Grid current 

 

 

Fig. 17  Instantaneous waveforms with compensation 
(a) Grid voltage (b) Grid current 

 

the harmonic cancellation and the LCL filter arrangement, 
the harmonic components are reduced to nearly zero as 
shown in Fig. 18(b). 

7. Conclusions 
 
This paper presented a two-stage energy conversion 

system to connect the PV array to the grid utility and 
local loads. A fuzzy logic controller is used to control 
the boost converter in order to extract the maximum 
power from the PV array. It also presented an inverter 
control scheme to deliver the converter output power to 
the utility grid at unity power factor and at a reduced 
harmonic level. The simulation results have shown that 
the advantages of this system are adaptation of fuzzy 
parameter for fast response, good transient performance, 
and robustness to variations in external disturbances.  

 

Fig. 18  Harmonic spectrum of grid current 
      (a) Without compensation (b) With compensation 
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