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Abstract
This paper proposes a control strategy to optimize power 
output performance of wind energy conversion system. In 
order to obtain optimum power output from a wind turbine 
generator system, it is necessary to drive the wind turbine at 
an optimal rotor speed for a particular wind speed. Fuzzy logic 
based control algorithm is implemented with the embedded 
microcontroller which will track the maximum power point 
(MPP) by generating appropriate generator load references. 
The designed controller then forces the system to operate 
towards the dictated load reference. This paper discusses the 
low cost implementation of fuzzy logic based MPP algorithm 
in a 8-bit microcontroller using the tools and techniques to 
generate optimized real time code in C which will demonstrate 
how maximum power point tracker might provide elegant and 
efficient solution for increasing the efficiency of wind energy 
conversion systems, based on experimental results rather than 
on mathematical models. The proposed concept is verified and 
results are presented. 
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I. Introduction
As energy sources are depleting due to the energy needs of the 
world, alternative energy sources are being sought after. The 
search for clean and low cost energy alternatives has yielded 
wind energy as an excellent candidate against conventional 
fossil fuel based power generation. 

Large wind turbine based grid connected wind farms have 
proven to be a commercial success in Europe and North 
America. Small wind energy conversion systems (WECS) are 
potential candidates for remote and off-grid power generation 
in standalone or hybrid applications [1]. 

This paper proposes a control strategy to optimize power output 
performance of a permanent-magnet synchronous-generator 
(PMSG) under variable wind speed, fixed-pitch wind turbines 
without the aerodynamic controls. In order to obtain optimum 
power output from a wind turbine generator system, it is 
necessary to drive the wind turbine at an optimal rotor speed 
for a particular wind speed. Wind rotor performance is fixed for 
fixed-pitch variable-speed wind turbine. So, the restoring torque 
needs to be adjusted to maintain optimum rotor speed at a 
particular wind speed to obtain maximum aerodynamic power 
output. Since, the restoring torque is proportional to generator 
load current (TG=f(IG)), So, the function of maximum power 
point tracker is to provide the required load on the generator 
[2]. 

To implement maximum wind power extraction, most controller 
designs of the variable speed wind turbine generators employ 

mechanical sensors, polynomial to approximate the wind 
turbine power coefficient, statistical model to predict the wind 
speed, lookup table based mapping, searching methods. These 
methods increases the cost, reduce the reliability, complex 
and time consuming calculation, significant memory space, 
long searching time respectively to locate the maximum power 
point [3].
This paper proposes calculation of appropriate generator load 
references to obtain maximum power by measuring frequency 
of generator using frequency sensor. The designed controller 
then forces the system to operate towards the dictated load 
reference. 
The proposed system includes a PMSG, a PWM controlled DC-DC 
converter and sensor circuits as shown in Fig. 3.  The designed 
controller regulates the converter output load according to 
MPP load reference by varying duty cycle of the PWM signal 
applied to Boost DC-DC converter. Fuzzy logic is implemented 
on MPPT algorithm for swift maximum power point tracking to 
avoid energy loss [4]. 

II. Aerodynamic characteristics of the rotor
A wind turbine is characterized by its power-speed characteristics. 
The power extracted from a wind turbine is a function of the wind 
power available, the power curve of the machine and the ability 
of the machine to react to wind variations. The power extracted 
from the wind can be expressed as given by (1) [5].  

                               (1) 
Where, ρ is the air density, A is the swept area of the turbine and 
Vw is the wind velocity. The Cp parameter is called the power 
coefficient. The power coefficient is the ratio of the mechanical 
power at the turbine shaft to the power available in the wind, 
given as a function of tip speed- ratio λ as given in (2).
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Where R= radius of blades, ωm= angular velocity. Power 
coefficient CP versus tip speed ratio relationship of the wind 
turbine is shown in Fig. 1. The maximum power coefficient Cp-
max corresponds to the optimal tip speed ratio λopt. Hence for 
a given wind speed the available rotor power can be plotted 
verses the alternator frequency, this is done for variable wind 
speed, as shown in Fig. 2. In order to extract peak power, the 
rotor must be held at its optimal tip speed ratio. Clearly the 
turbine speed should be changed with wind speed so that 
optimum tip speed ratio is maintained. 
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Fig. 1: Wind rotor characteristics

Since rotor angular velocity is proportional to the alternator 
frequency, at optimal tip speed ratio, the maximum available 
rotor power also varies as the cube of the alternator frequency 
for the same rotor-generator combination. The maximum power 
from a wind turbine can be written as (3).

   (3)

III. Maximum power point tracking
The generator torque is controlled with the optimum torque 
curve as shown in Fig. 4 according to the generator frequency by 
varying the effective electric load on the generator. We assume 
that the load power is determined by the curve marked ‘sp, 
as given in Fig. 2 and that the wind speed is 8.4m/s. The 
turbine will be operating at point ‘s’. If the wind speed increases 
to 10.4m/s, the turbine torque exceeds the load torque and 
the turbine accelerates toward point ‘p’. But this point is not 
maximum power point for this wind speed. If the load on the 
generator is forced to increase, the load power will increase, 
causing the turbine to slow down. The new operating point 
would then be point ‘m’.  To reach maximum power point for 
this wind speed, the accelerating/de-accelerating torque is 
calculated from the difference between the turbine mechanical 
torque and the torque given by the optimum curve as shown 
in Fig. 4. Hence the effective load is calculated and operated 
according to this load. Finally, the generator will reach the point 
“m” where the accelerating torque is zero. So (1-.6=0.4pu) 
power will be more extracted using MPPT. A similar situation 
occurs if the wind velocity decreases.  
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Fig. 2: Wind turbine maximum available rotor power (optimal 
load curve) and rotor power curve for changing wind speed.

IV. Fuzzy logic implementation
Fuzzy logic controllers have the advantages of working with 
imprecise inputs, not needed an accurate mathematical model, 
handling nonlinearity [6]. For controlling such a complicated 

system, FLC looks very promising for this application. The inputs 
to a MPPT fuzzy logic controller are usually an error E and a 
change of error ∆E as given in (4) and (5) respectively.
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Fig. 3: Control structure of a PMSG-based stand-alone variable 
speed wind turbine

The inputs to a MPPT fuzzy logic controller are usually an error E 
and a change of error ∆E as given in (4) and (5) respectively.

                  dref IInE −=)(
                                 (4)                                      

               )1()()( −−=∆ nEnEnE                    (5)
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Fig. 4: Generator torque reference versus frequency

Where Iref  is calculated by measuring the rectifier output voltage 
Vd, (i.e. Iref =Tg×ω/ Vd). Reference torque Tg is calculated by 
using optimum power curve as shown in Fig. 4. E and ∆E are 
calculated and converted to the linguistic variables during 
fuzzification. Linguistic variables are non-precise variables that 
often convey a surprising amount of information. Fig. 5 shows 
the relations between measured error and the linguistic term, 
such as positive small, positive medium and positive big. At 
some point the error is positive small and at some point the 
error is positive big the space between positive big and positive 
small indicates an error that is, to some degree, a bit of both. 
The horizontal axis in the following graph shows the measured 
or crisp value of error. The vertical axis describes the degree to 
which a linguistic variable fits with the crisp measured data.
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program running in an embedded microcontroller, translation 
the graphical representation into meaningful code is needed. 
The following C code fragment gives one example of how to 
do this. The function error- Positive Big ( ) returns a degree of 
membership, scaled between 0 and 1, indicating the degree 
to which a given error can be positive big. This type of simple 
calculation is the first tool required for calculations of fuzzy 
logic operations. 

               char Error_ Positive Big (int  CRISP)
                         {
                            if (CRISP < 0.4)
                                 return(0);
                           else
                                {
                                   if (CRISP >= 0.4) 
                                      return(CRISP * 2.5);
                                  else
                                       {
                                         return(1); 
                          }}          } 

Rule evaluation is done by using an algorithm where loops 
compare the antecedent value depending on the rule being 
evaluated in a repeated fashion until all rules are evaluated. 
       The fuzzy logic controller output is typically a change in 
duty ratio ∆D of the power converter. The linguistic variables 
assigned to ∆D for the different combinations of E and ∆E as 
shown in Table 1 which is based on a boost converter. 

TABLE 1 : FUZZY RULE BASE TABLE
E
∆E

NB NS ZE PS PB

NB NB NS NS ZE ZE
NS NB NS NS ZE PS
ZE NS NS ZE PS PS
PS NS ZE PS PS PB
PB ZE ZE PS PS PB

The final step in the fuzzy logic controller is to combine the 
fuzzy output into a crisp systems output. The result of the 
defuzzification has to be a numeric value which determines 
the change of duty cycle of the PWM signal used to drive the 
MOSFET. There are various methods to calculate the crisp 
output of the system. Centre of Gravity (COG) method is used 
in our application due to better results it gives. The COG for our 
application is expressed mathematically as given in (6).
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Where Y[i] is the ith members of the output vector and F[i] are 
the multiplying coefficients of the output membership function 
as shown in Table 1, and ∆D is the change of duty cycle, and 
this number represents a signed number which is added or 
subtracted from the present duty cycle to generate the next 
system response for reaching the MPP as given by (7).

                     DDD oldnew ∆+=                           (7)              

Fuzzy control output surface using Matlab/Simulink simulation 
is shown in Fig. 6 which represents the change of duty cycle 
for corresponding error and change of error.

Fig. 6: Fuzzy control output surface
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Fig. 8: Simulated performance of the wind turbine

V. Result
The designed controller is capable of rapidly locking into the 
maximum power point under variable wind speed. The model of 
the system along with FLC based MPPT algorithm as shown in 
Fig. 9 is established using Matlab/Simulink and microcontroller 
based hardware implementation. The system response to step 
changes in wind speeds is simulated to examine the response 
of the MPPT controller. As shown in Fig. 7, the step change in 
wind speed the system has a good dynamic response. Hardware 
implementation of fuzzy based gate signal control for changing 
input is shown in Fig. 10. With the given wind speed data, energy 
output over 100s is simulated. Results show that, system with 
Fuzzy Logic controller performs better than searching method. 
Simulated performance is shown in Fig. 8.

VI. Conclusion
The use of fuzzy logic in gate signals control in MPPT is tackled, 
analyzed, and implemented in this paper where Matlab/
Simulink simulation and experimental results are described. 
The results show how well this controller eliminates the 
complexity and maximizes the power extracted from the wind 
turbine and delivered to the load. 
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Fig. 9: Fuzzy MPPT firmware algorithm

(a)

(b)
Fig. 10 Photos of MPPT controlled gate signal, (a) Output gate 
signal of MPPT controller (b) Tuned fuzzy MPPT controlled gate 
signal for changed input.
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