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Abstract: - This work shows the design, analysis, simulation and implementation of a tracking control 
Maximum Power Point (MPPT) in a Small Wind Turbine (SWT) with fixed angle α. The MPPT controller 
extracts the maximum available kinetic energy of the wind V, which is converted to mechanical power Pm by 
the wind rotor shaft, followed by an electrical power Pe . Permanent Magnet Synchronous Generator, (PMSM), 
and a current three-phase rectifier alternating AC-DC, direct current, voltage Vr generated converter is regulated 
by a reducer to DC-DC optimal load to maintain a deep cycle battery, using a Proportional Integral controller 
(PI) and equations relate V, Mn, Vr  and angular velocity of the wind rotor W optimizing the output voltage Vr * 
to maintain maximum energy extraction from the wind at any speed and load demand. A DC-DC boost 
converter with a PI controller and DC-AC inverter provides AC voltage with low harmonic distortion for 
residential applications. 
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1 Introduction 
Solar energy received by the planet earth is about 
174.423 TW, of which an estimated 1 to 2 % is 
converted into kinetic energy (wind) due to wind 
generated by the impact of solar radiation on the 
surface of the land, which is an energy of between 
1744.23 TW and 3488.46 TW 1, surpassing by 
28,859 to 57,718 times the national installed 
capacity for electricity generation in December 2009 
2. This represents a major breakthrough for the use 
of such renewable energy (wind) which does not 
pollute the environment, such as the use of fossil 
fuels like coal, oil and gas for electric power 
demand for the country. In the conversion of wind 
energy to electricity using wind rotors that catch the 
wind's kinetic energy and transform it into 
mechanical energy, which varies according to wind 
speed impacting the blades of the wind rotor. The 
resulting mechanical energy is converted to AC 
power through a generator PMSM, which are so 

commonly used in small wind turbines for 
residential, as they have high efficiency variable 
speed wind 3. Betz limit that provides maximum 
efficiency (power coefficient Cp) that can achieve a 
wind rotor is 59 % which is obtained by keeping an 
optimal point in the relative velocity edge (RRT, Tip 
Speed Ratio) for any speed Wind and load demand, 
and is a function of the wind rotor radius R, W and V 
4. At this point, is the focus of some researchers, 
such as that presented by Md. Arifujjaman 5, which 
provides optimal relationships between the wind 
speed, the angular velocity of the wind rotor and the 
duty cycle d of a DC-DC boost converter that is in 
turn connected to a single-phase DC-AC inverter, 
control of the wind rotor is regulated by a PI 
controller that compares the optimal speed W * and  
W against the current speed and thus be hindering 
rotor axis by actuators, to reach optimal speeds 
maintaining the maximum Cp, and d is set to 
maintain a stable output of the inverter in CA,

this means that the DC-DC converter operates in 
open loop. Some studies focus on three-phase 
rectifier bridge to control  the AC / DC  3 which is 

connected to the generator output to control PMSM 
angular velocity of the wind rotor, or by controlling 
a DC-DC converter that regulates the optimum load 
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a stabilizing system (batteries), so that the Cp is kept 
close to Betz limit 6, 7. 
 
The system proposed in this research is shown in 
Figure 1, the MPPT control (DC-DC buck converter 
with input filter) is done by setting,         for each 
wind speed there is an optimum voltage V and Vr * 

which maintains the output current Ir * necessary to 
charge the battery bank (stabilizer) and due to the 
electromagnetic field generated by Ir * in the rotor, 
this opposes the magnetic field PMSM motor stator, 

thereby reducing the speed W, maintaining the 
relationship TSR and Cp in optimal values of 6 to 8 
and from 0.4 to 0.5 respectively for small wind 
turbines 8. 
 
A DC-DC boost converter is connected to a 24 V 
battery bank to raise the voltage to 170 V, entering 
the DC-AC inverter with SPWM shooting technique, 
generating a voltage of 120 Vrms with low harmonic 
distortion due to filter output.  

 

 
Figure 1. Proposed MPPT control system in a wind turbine. 

 

2 Problem Formulation 
This section analyzes the MPPT control strategy 
based on optimal relationships between wind speed 
and voltage AC-DC rectifier, in order to establish the 
proportional integral controller design of the MPPT. 
Furthermore, the analysis and design of DC-DC 
boost converter that conditions a bus voltage of 24 V 
to 170 V in DC for the DC-AC inverter, which 
delivers 120 V AC with low harmonic distortion 
(THD) due to technical shots of pulse width 
modulation sine (SPWM) and the LC filter. 
 
2.1 Strategy of MPPT. 
Figure 2 shows the maximum electrical power curve 
Pe SWT turbine for different wind velocities, it can 
be seen that there is a line joining the optimal points 
of electrical power as a result of the product Ir 

*
 x Vr 

*, indicating that for each wind speed V exists an 
optimum value of the rectifier output voltage Vr 

*, 
resulting in maximum power coefficient and relative 
velocity of the wind turbine tip. MPPT controller 
seeks to follow the optimal points of the maximum 
power curve according to Figure 2, using relations 

between the wind speed and voltage of the rectifier 
AC / DC uncontrolled six pulses per cycle. 

 

 

Figure 2. Maximum electrical power curve. 
2.2 Optimal relations  

A wind turbine captures the kinetic energy due to 
wind through the blades, turning some of this 
energy into mechanical energy due to the Betz limit, 
which is given by the following relation 9: 
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(((( ))))VP ρA Cm r p TSR α
1 3

,2
==== (1) 

Where ρ is the density of air density, Ar wind rotor 
area of the power coefficient Cp as a function of tip 
speed and angle of attack (vacated in the case of the 
turbine SWT). TSR tip speed is determined by using 
equation 2 9.  

R WrTSR λ
V

= == == == =  
(2) 

here r is the radius of the wind turbine rotor. 
Whereas the rake angle is fixed and a wind turbine 
SWT, the power coefficient is a function only of 
TSR and can be estimated according to Equation  3 
5. 

C C λ C λ C λ C λ Cp
4 3 2

1 2 3 4
= − + − += − + − += − + − += − + − + (3) 

And: 

C C C0.00044, 0.012, 0.097, 0.2
1 2 3 4
= = = == = = == = = == = = =C

C 0.11
5
====

 

Figure 3. Power coefficient based on TSR. 

Figure 3 shows the relationship between the power 
coefficient and the tip speed match graphed result of 
equation 1 and 2 where it is remarkable that for a 
given speed V and W is a maximum power 
coefficient, however, the normal operation of a 
turbine without control is such that the more wind 
speed, the angular velocity increases in greater 
proportion than V, as a result of this a departure 
from the optimum point of the power coefficient, it 
states that it is necessary to have a controller with 
optimal relations of V, W, and Vr determine the 
maximum extraction power of the wind turbine. 

If the term of Cp does not limit the equation 1, we 
obtain mechanical power nearly doubled, however, 
the parameter Cp leads us to conclude that the 
maximum efficiency that can have a wind turbine is 
59 %. 

The mechanical power is converted to electrical 
power through the PMSM motor, generating a 
voltage from line to line effectively given by 
equation 4.  

 (((( ))))Vg K W Wtvll

1
sin

2
====
√√√√

 
(4) 

Where Kv is a constant that can be obtained by 
experimental measurements according to equation 5:  

 
Vg

llKv
W

2
0.69

√ ×√ ×√ ×√ ×
= ≅= ≅= ≅= ≅  

(5) 

And  t the generator frequency according to the 
number of poles of the generator Np = 12 and W. 

 (((( ))))t W N p

1
2
−−−−

====  
(6) 

The voltage generator is rectified and converted to 
CD by AC-DC rectifier, and is a function of Vgll and 
voltage VD of the rectifier diodes (Equation 7). 

 V Vg Vr Dllπ

3 2
2

√√√√
= −= −= −= −  

(7) 

W 
* The optimal speed for a wind turbine SWT is 

given by Equation 8 5 

 
P* mW

Kopt
3====  

(8) 

Where:  (((( ))))
RrK ρA Cropt p TSR α λ

3
1

,2
====

    
    
    

 
(9) 

Assuming a relative velocity optimum TSR = 7 for 
any wind speed V and introducing the equation 8 in 
equation 4 provides the relationship of the optimal 
generator voltage for a given wind speed. 

P P* m mVg K tvll K Kopt opt

1
sin3 3

2
====
√√√√

    
    
    
    

 
(10) 
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For TSR = 7 has the maximum point Cp

WSEAS TRANSACTIONS on CIRCUITS and SYSTEMS
David R. López Flores, José A. Pineda Gómez, Roberto Herrera S., 
Marcelino S. Alvarado, José A. Duarte Moller

E-ISSN: 2224-266X 255 Issue 8, Volume 12, August 2013



Here: 

 (((( ))))
RrK ρA Cropt p TSR

3
1

72 7
==== ====

    
    
    

 
(11) 

 (((( ))))VP ρA Cm r p TSR

1 3
72

==== ====
 

(12) 

Finally, by substituting equation 10 into equation 7 
we obtain an optimum ratio between the voltage of 
the rectifier and the wind speed through Vgll *. 

 * *
V Vg Vr Dllπ

3 2
2

√√√√
= −= −= −= −  

        (13) 

Since TSR is set to an optimal point 7 for any value 
of V according to Figure 3, it is possible to 
determine the angular velocity W using equation 2 
and the power coefficient according to equation 3, 
these parameters are essential for determining Mw 
and kopt in equation 9, which implies that it is only 
necessary sensing wind speed V to determine the 
optimum voltage Vr * which should reach the AC-

DC rectifier to maintain the maximum possible 
power up on the wind turbine (Fig. 2). 

 

Figure 4. Power coefficient based on Vr. 

2.3.   PI controller MPPT. 
From Figure 1, if the voltage of the rectifier Vr is 
not manageable voltage that we would grow while 
the wind speed increase, causing a decrease in the 
power coefficient Cp due to increased angular speed 
W and in turn increased TSR relative speed, this can 
be seen in Figure 4. 
 
To maintain the voltage Vr in an optimum point 
controlled according to equation 13, interconnects 

the output of the AC-DC rectifier to a DC-DC buck 
converter with LrCr input filter that reduces the 
ripple voltage and current caused by the switching 
of the switch Q1 (see Figure 1). 
 

 

Figure 5. PI controller MPPT. 
 
The DC-DC buck converter is controlled by a 
proportional integral PI regulator (see Figure 5), 
where the feedback is from the voltage Vr, since it is 
the parameter to be controlled, this voltage is 
compared with the reference voltage Vr * by 
equation 13, so that if the voltage of the rectifier Vr 

exceeds the reference voltage Vr *, the PI controller 
generates an increase in the duration on Q1 
(increased duty cycle d1) until the voltage Vr is set 
equal with Vr *, that due to increased demand by the 
drive current, which causes the decrease of Vr. 
Otherwise the PI controller decreases the on time of 
Q1 (decreased d1) until Vr and Vr * reach, so the 
driver constantly maintains optimal value Vr and Vr 

* and the same according to equation 13, and as a 
result this keeps the maximum power coefficient Cp, 
moreover, that the output current of the converter Io1 
always maintains its maximum load to the battery 
bank to any wind speed and load demand by the 
DC-AC inverter. 
 
MPPT system response has open loop delay times L 
is not greater than 40 ms and rise time T not greater 
than 50 ms (see Figure 6), from this stage, applying 
the rules of Ziegler-Nichols tuning 10 approximate 
the constants of the PI controller, resulting in 
integration time Ti = 0.1 s and a proportional 
constant Kp = 1. 
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Figure 6. Open loop response of 

2.4 DC-AC inverter and DC

converter. 

A DC-DC Boost Converter in voltage mode 
controlled by a PI controller (see Figure 7) is 
necessary to condition and stabilize the voltage of 
the battery bank to the input voltage bus 
V) DC-AC Inverter.  

Figure 7. DC-DC boost converter in voltage mode.

Considering that the converter operates in 
continuous mode of driving the relationship between 
the output voltage Vo2 and the duty cycle 
function G (s)) is given by the following equation 

 

 
Figure 6. Open loop response of MPPT. 

DC-DC boost 

Boost Converter in voltage mode 
controller (see Figure 7) is 

necessary to condition and stabilize the voltage of 
the battery bank to the input voltage bus (Vo2 = 170 

 

boost converter in voltage mode. 

onsidering that the converter operates in 
continuous mode of driving the relationship between 

and the duty cycle d2 (transfer 
) is given by the following equation 11: 

 

(((( ))))

W WV Vo i

d D

1 1

2
2 2

12 1

+ −+ −+ −+ −

====
−−−− + ++ ++ ++ +

        
                
        

Where: 

 

(((( )))) ((((W d R R L
Z

2
1

2 2 2
= − −= − −= − −= − −
    
    
    

 ((((W ESR* C
Z

1
1 2
====

 

(((( ))))W R d R R L Co L

2
1

2 2 2
= + −= + −= + −= + −

    
    
    

 

 

(((( )))) ((((((((((((Q W R L C R ESRo L 1= + += + += + += + +

and the inductor resistance 
ESR of the capacitor C2, with values 
0.Ω respectively. 

Figure 8. Bode plots of gain and phase 
converter in closed loop.

Steady state design parameters and taking as 
according to figure 1, the choice of 
with an ESR of 0.1 Ω and 
0.12 Ω, if the converter operates at maximum power 
load output is equivalent to 

s s

W W
Z z

s s

W Q Wo o

1 1

1 2
2 2

1
2

+ −+ −+ −+ −

+ ++ ++ ++ +

        
                
          

(14) 

))))W d R R L
L

2

2 2 2
= − −= − −= − −= − −
    
    
    

 

(15) 

))))W ESR* C1
1 2

 (16) 

(((( ))))W R d R R L C
2

2 2 2

    
    
    

(17) 

(((( )))) )))) )))) ))))Q W R L C R ESR1 2= + += + += + += + +  
(18) 

and the inductor resistance RL L2, internal resistance 
, with values of 0.12 Ω and 

Figure 8. Bode plots of gain and phase DC-DC boost 
converter in closed loop. 

Steady state design parameters and taking as 
according to figure 1, the choice of C2, is 210 µF 

and L2 of 2 mH with RL = 
ter operates at maximum power 

load output is equivalent to R ≈ 145 Ω to a d2 ≈ 85 
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%. Following the design of the converter to 
calculate the PI controller takes into account the 
Nyquist stability criteria (MG margin of at least 
dB crossing of phase by 180° and a phase margin 
between MF 30° and 60° to the crossing of the gain 
from 0 dB) in the frequency domain 
that the new crossing of the gain from 0 dB is at 1/6 
of the resonant frequency Wo ≈ 236 Hz with the 
order to minimize loss caused by the zero
minimum-phase (Eq. 15). Resulting in 
0.0139 s = 0.1098 Kp = R7/R8. Using 
Bode plot gain and phase with the PI 

be seen in Figure 8, which shows that meet the 
stability criteria described. The transfer functions of 
the controller C (s) and PI, the sensor 
divider) and the pulse width modulator 
are indicated in the following equations:

 (((( )))) (((( ))))C K s K Tp ps i= += += += +

(((( )))) (((( ))))C ss 0.1098 7.89 s= += += += +  

 

(((( )))) (((( ))))H V R R Rs o
0.01176

2 11 9 11
= + == + == + == + =

 (((( ))))A Vps 1 0.2857= == == == =

Figure 9. Step response of DC-DC boost converter in
closed loop. 

Figure 9 shows the step response of 
converter in voltage mode controlled by a 
controller, which reaches the final value (
V) in a time of no more than 1 second, due to low 
bandwidth of 39.2 Hz selected to avoid the effect of 
minimum-phase zero. 

%. Following the design of the converter to 
controller takes into account the 

Nyquist stability criteria (MG margin of at least -6 
dB crossing of phase by 180° and a phase margin 

30° and 60° to the crossing of the gain 
from 0 dB) in the frequency domain 11, moreover, 

g of the gain from 0 dB is at 1/6 
≈ 236 Hz with the 

order to minimize loss caused by the zero-phase 
phase (Eq. 15). Resulting in Ti = C5R7 = 

= R7/R8. Using MATLAB the 
PI controller can 

be seen in Figure 8, which shows that meet the 
stability criteria described. The transfer functions of 

, the sensor H (s) (voltage 
divider) and the pulse width modulator A (s) (PWM) 

wing equations: 

i s
 

s  

(19) 

0.01176  

(20) 

1 0.2857  (21) 

 

boost converter in 

Figure 9 shows the step response of DC-DC boost 
converter in voltage mode controlled by a PI 

controller, which reaches the final value (Vo2 = 170 
V) in a time of no more than 1 second, due to low 
bandwidth of 39.2 Hz selected to avoid the effect of 

The technique of firing puls
sinusoidal (SPWM) is applied to activate the 
inverter 12, which is shown in Figure 10. The 
technique consists in comparing a sinusoidal control 
signal VControl respect a Vcarrier

carrier, the result of the compa
of modulated pulses that are injected into the gates 
of the switching devices Q3, Q4, Q5

when become activated bus inverter input voltage to 
a voltage of +170 V to bipolar
harmonic distortion THD. 

Figure 10. DC-AC inverter controlled by 
technique.

THD factor to decrease and increase the quality of 
output waveforms of the inverter, the fundamental 
frequency is extracted by an 
cutoff frequency fc = 290 Hz which is suitabl
because it is less than the frequency of the carrier 
signal fcarrier = 5 kHz, resulting 
10 µf. The magnitude of the fundamental signal 
depends on the relationship, 
Vo2) / √ 2, where m is called the modulation index 
and is given by the Vcontrol / 

 
3 Simulation and Experimental 

Results 

For the implementation of the wind turbine and 
DC buck converter modules are used 
the boost converter and DC

KW inverter power input, 24
sine wave with low harmonic distortion. The 
control circuit is integrated development with the 
SG3524, the architecture contains an error amplifier 
for the implementation of the 
PWM circuit. The calculation of 
out in an experimental simulation is taken from the 
reference value Vr * and adjusted with a knob at the 

The technique of firing pulse width modulated 
) is applied to activate the DC-AC 

, which is shown in Figure 10. The 
technique consists in comparing a sinusoidal control 

Vcarrier against a triangular 
of the comparison generates a train 

of modulated pulses that are injected into the gates 
Q3, Q4, Q5 and Q6, which 

when become activated bus inverter input voltage to 
a voltage of +170 V to bipolar -170 V, with high 

 

inverter controlled by SPWM 
echnique. 

factor to decrease and increase the quality of 
output waveforms of the inverter, the fundamental 
frequency is extracted by an LC filter designed for a 

= 290 Hz which is suitable 
because it is less than the frequency of the carrier 

= 5 kHz, resulting L3 = 30 mH and C3 = 
f. The magnitude of the fundamental signal 

depends on the relationship, Vfundamental = VO4 = (ma x 
is called the modulation index 

/ Vcarrier. 

3 Simulation and Experimental 

For the implementation of the wind turbine and DC-

buck converter modules are used Lab-Volt. For 
DC-AC inverter is used a 2 

KW inverter power input, 24 V and 120 V output 
sine wave with low harmonic distortion. The MPPT 
control circuit is integrated development with the 

, the architecture contains an error amplifier 
for the implementation of the IP, in addition, the 

circuit. The calculation of Vr * is not carried 
out in an experimental simulation is taken from the 

* and adjusted with a knob at the 
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entrance to the positive terminal of the 
MPPT, this, before establishing a speed of 
the Lab-Volt module, therefore it is not possible to 
perform experimental tests of a speed change to 
another to analyze the controller's response time, but 
in this simulation procedure is possible.

According to Figure 1, the circuit simulation is 
implemented in MISP (power simulation program) 
taking into account the parameters indicated in 
Figures 1 and 7. 

Due to high electrical currents that can withstand the 
Lab-Volt modules was established as a wi
limit at 7m / s, for which in Figure 11 shows the 
results of Vr * Vr, Ir and Cp simulation considering a 
load connected to the inverter of 60W, wherein the 
power coefficient is maintained at a value greater 
than 0.4 and the optimum value of the re
voltage is reached, as determined in Section I.

Figure 11. Simulation results of Vr * Vr, Ir and 
= 7m / s. 

In Figure 12 appears the experimental results for a 
wind speed of 7 m / s Vr and Ir,  in which there is a 
voltage of 52.5 V and a current of 1.27 A, very 
similar to the simulation results. Figure 13 and 14 
shows the experimental and simulation results, 
respectively, of the step response (
system for Vr and Ir, in which we see 
that stabilizes the 53V is approximately 1s.

For a load of 60 W, in Figure 15 and 16 shows the 
experimental and simulation results, respectively, of 
voltage and current of the inverter output 
and m = 0.99, in which a good quality c
waveform and magnitude values 
equal. 

entrance to the positive terminal of the PI controller 
, this, before establishing a speed of wind in 

module, therefore it is not possible to 
perform experimental tests of a speed change to 
another to analyze the controller's response time, but 
in this simulation procedure is possible. 

According to Figure 1, the circuit simulation is 
(power simulation program) 

taking into account the parameters indicated in 

Due to high electrical currents that can withstand the 
modules was established as a wind speed 

limit at 7m / s, for which in Figure 11 shows the 
simulation considering a 

load connected to the inverter of 60W, wherein the 
power coefficient is maintained at a value greater 
than 0.4 and the optimum value of the rectifier 
voltage is reached, as determined in Section I. 

 

, Ir and Cp, for V 

In Figure 12 appears the experimental results for a 
in which there is a 

voltage of 52.5 V and a current of 1.27 A, very 
Figure 13 and 14 

shows the experimental and simulation results, 
respectively, of the step response (V = 7 m / s) 

, in which we see that the time 
that stabilizes the 53V is approximately 1s. 

For a load of 60 W, in Figure 15 and 16 shows the 
experimental and simulation results, respectively, of 
voltage and current of the inverter output LC filter, 

= 0.99, in which a good quality can be seen in 
waveform and magnitude values approximately 

Figure 12. Experimental results of 
ms / DIV) and Ir (Ch3: 500 mA / div, 2 ms / 

Figure 13. Simulation results of 
= 7m / s.

Figure 14. Experimental results of 
400 ms / DIV) and Ir (Ch3: 5 A / div, 400 ms/ 

a step of V = 7m / s.

The response of PI controller 
changes in wind speed of 5 m / s to 7 m / s can be 
seen in Figure 17 for Vr * 
as transitioning the Cp and 
optimum values. 

 

Figure 12. Experimental results of Vr (Ch1: 20 V / div, 2 
ms / DIV) and Ir (Ch3: 500 mA / div, 2 ms / DIV). 

 

Figure 13. Simulation results of Vr and Ir with a step of V 
= 7m / s. 

 

e 14. Experimental results of Vr (Ch1: 50 V / div, 
) and Ir (Ch3: 5 A / div, 400 ms/ DIV), with 

a step of V = 7m / s. 

controller MPPT simulation to 
changes in wind speed of 5 m / s to 7 m / s can be 

* Vr and Cp, which is seen 
and Vr to stabilize at their 
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Figure 15. Simulation results of voltage and output 
current of the inverter to a power of 60W.

Figure 16. Experimental results of voltage (Ch1: 50 V / 
div, 10 ms / div) and current (Ch3: 1 A / div, 10 ms / 

DIV) output of the inverter.

Figure 17. Simulation results of Vr * Vr 
speed transitions. 
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Is shown in this simulation, an applied research, 
design and implementation of a tracking control 
system of the maximum power point of a small 
isolated wind turbine applications to conventional 
electricity network, also design and simulation of a 
boost converter CD -CD and DC-AC

high quality in its output waveforms for the power 
conditioning from the stabilizer to the load. The 
experimental and simulation results were as 
expected, thus validating the theory and 
methodology of system control MPPT

 

Figure 15. Simulation results of voltage and output 
current of the inverter to a power of 60W. 

 

Figure 16. Experimental results of voltage (Ch1: 50 V / 
10 ms / div) and current (Ch3: 1 A / div, 10 ms / 

DIV) output of the inverter. 

 

 and Cp for wind 

Is shown in this simulation, an applied research, 
design and implementation of a tracking control 
system of the maximum power point of a small 
isolated wind turbine applications to conventional 
electricity network, also design and simulation of a 

AC inverter with 
high quality in its output waveforms for the power 
conditioning from the stabilizer to the load. The 
experimental and simulation results were as 
expected, thus validating the theory and 

PT wind turbine. 

The relationship between the rectifier voltage and 
wind speed according to equation 13, support the 
value of reference to follow for the PI controller 
MPPT and thus maximum power coefficient of the 
wind rotor to wind speeds and load variab

PI controller of the boost converter 
designed to compensate before the phase loss due to 
the minimum-phase zero the system presents, 
however, this approach limits the compensation 
bandwidth to 39.2Hz giving response times to 1 
seconds (see Figure 8). 
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