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Abstract 

This project is concerned with the optimization of energy generation from a wind turbine, and the injection of this 

energy to a DC bus. In order to simulate the whole system, a 10:1 to scale model will be designed, with a maximum 

output power of 100 W. After the design, the model will be simulated and tested with PSIM software. The system will be 

made up with a Permanent Magnet Generator (PMG) linked to the wind turbine that will turn mechanical power into AC 

electrical power. Then, this power will go through a three-phase rectifier diode and a DC boost converter so the system 

can harvest the DC bus. The DC boost converter will be controlled by a microcontroller unit programmed on C with an 

algorithm that will attempt to extract the maximum power given by the wind energy. This project is involved in the 

educational Workbench for Renewable Energy (eWRE): an educational workbench to evaluate and test power modules 

and control strategies on smart grids powered by renewable energies. 
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 INTRODUCTION 

The increase of renewable energy generation and the resulting reduction of emissions to the atmosphere is 

one of the top goals of XXI century, especially after the United Nations Framework Convention on Climate 

Change in Paris in late 2015. In this convention, an international agreement was reached to keep global 

warming below 2ºC between 2015 and 2100, so climate change consequences could be reduced. To reach this 

target, climate experts estimate that global greenhouse gas (GHG) emissions need to be reduced by 40-70% 

by 2050 and that carbon neutrality (zero emissions) needs to be reached by the end of the century at the latest 

[1]. One of the most developed renewable sources is wind energy, as it has been studied since the early XX 

century. It is named as wind energy the one that extracts the energy from air flows. It produces clean and 

sustainable energy from a well distributed source, as the wind is, covering a low fraction of the land so it can 

be used for any other use. One of the key points for wind technology is the control of the whole system, so it 

can capture the maximum power available and send it to the consumer. This is a big challenge, because wind 

speed is in constant change, so the maximum power point differs from one moment to the next, so the control 

system will have to track this point. 

This project will try to model a controlled system to simulate this control strategy. With a simulation 

program, this model will be tested in different working conditions. Results will be obtained and different real 

components will be chosen for the design. 

1.1.  Objectives 

In this project a scaled model 10:1 of a wind energy system will be designed and dimensioned, with a 

control strategy to capture the maximum available energy. This energy will be sent to a DC bus, in which 

other systems will be linked. The system will consist on a wind turbine, a permanent magnet generator 

(PMG), a three-phase rectifier diode and a boost converter. 

The system will be integrated in an educational grid, which determines some specifications: 

 The DC bus is 48  5 V. 

 The maximum output power must be lower than 100 W. 

2. SYSTEM’S DESCRIPTION 

The whole system for capturing wind’s energy is shown in Figure 2.1. 
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Figure 2-1.- Wind energy capturing system 

As it can be seen, the system can be divided in different sub-systems, which will be described below: 

2.1.  Turbine 

The wind turbine is the element that captures the energy from the wind. Wind flow moves the turbine 

blades, so the turbine’s shaft moves. The power that can be captured by a turbine is calculated as: 

𝑃 =  
1

2
· 𝐶𝑝(𝜆) · 𝜌 · 𝐴 · 𝑣3 (1) 

where 𝜌 is the air density (approximately 1.225 [kg/m3]), A is the effective area calculated as 𝜋 · 𝑅2 , where R 

is the blade’s radius [m], and 𝑣 is the wind speed [m/s]. 𝐶𝑝(𝜆) is the power coefficient, and 𝜆 is the Tip-Speed 

Ratio (TSR) of the turbine. This 𝜆 is defined as the relation between the blade tip speed and wind speed, 

calculated as: 

𝜆 =
𝑣𝑏𝑡

𝑣𝑤𝑖𝑛𝑑

 (2) 

Figure 2.2 shows the relationship between the power coefficient and 𝜆, and that there is a 𝜆 which 

corresponds to the maximum of the power coefficient. This means that if the turbine’s rotational speed is 

controlled so 𝜆 = 𝜆𝑜𝑝𝑡, the maximum power is captured from wind by the wind turbine. The variation 

of 𝐶𝑝 with 𝜆 depends on the kind of turbine. 
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Figure 2-2-. Cp vs l 

2.2.  Permanent Magnet Generator 

The Permanent Magnet Generator (PMG) turns mechanical energy in the shaft of the turbine into 

electrical energy. The PMG is directly linked to the turbine, and the rotational movement of the shaft makes 

rotor magnets create an oscillating magnetic field into the generator. This magnetic field excites the coils in 

the stator of the generator, generating an oscillating voltage. A PMG is basically described with two 

parameters: the number of poles 𝑝 in the stator and the 𝐾𝑉 . 

The frequency of the generated voltage 𝑓 [Hz] depends on the number of poles 𝑝 and the rotational speed 

of the shaft 𝑛 [rpm], as it is described in equation 3: 

𝑓 =
𝑝 · 𝑛

60
 (3) 

The Phase-Neutral peak voltage 𝑉𝑃𝑁 [V] also depends on the rotational speed 𝑛 as follows: 

𝑉𝑃𝑁 =
𝑛

𝐾𝑉

 (4) 

2.3.  Three-Phase rectifier 

The aim of three-phase rectifier is to turn the oscillating voltage produced by the PMG into a rectified 

voltage. This rectified voltage will not be constant, but its ripple will be reduced. As we have no need of a 

controlled rectifier, it will be compound by six diodes. Figure 2.3 shows the topology of this rectifier: 
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Figure 2-3.- Three-Phase rectifier 

The average output voltage of a three-phase diode rectifier 𝑉𝐷𝐶 is calculated from the Phase-Neutral peak 

voltage 𝑉𝑃𝑁 as [2]: 

𝑉𝐷𝐶 =
3 · √3

𝜋
· 𝑉𝑃𝑁 (5) 

2.4.  DC Converter 

The DC converter is the main element of the system. It has a double purpose: in one hand, it has to fit the 

voltage from the rectifier to inject it to the DC bus. On the other hand, this element will be in charge of 

capturing as much power from the wind as possible. This will be done with a MicroController Unit (MCU) 

programmed on C language.  

The system will be sized so the average voltage after the rectifier is lower than the voltage in the DC bus. 

Therefore, a boost converter will be implemented. Figure 2.4 shows the topology of this converter: 

L RL

VDC
VBUS

MCU

 

Figure 2-4.- Boost converter 

In which RL is the parasite resistance of the inductor L. For the ideal boost converter, the relation between 

input and output voltage is given by the duty cycle 𝑑. This relation can be obtained analyzing the two 

different states of the converter, depending on the state of the control signal of the MOSFET [2]: 
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𝑉𝐵𝑈𝑆

𝑉𝐷𝐶

 =
1

1 − 𝑑
→ 𝑑 = 1 −

𝑉𝐷𝐶

𝑉𝐵𝑈𝑆

 (6) 

where the duty cycle 𝑑 is defined as the fraction of time in which the control signal of the MOSFET is high in 

the total period. However, for the real boost converter, the expression for 𝑑 depends on the input current as: 

𝑑 = 1 −
𝑉𝐷𝐶 − 𝐼𝐷𝐶 · 𝑅𝐿

𝑉𝐵𝑈𝑆

 (7) 

2.4.1.  MicroController Unit 

The MicroController Unit is in charge of generating signal which controls the MOSFET, ensuring that the 

system works in the Maximum Power Point of the turbine. Therefore, it has to be able to read analog 

variables, calculate the 𝑑 and generate the PWM signal comparing 𝑑 with a triangular signal. 

The MCU will be programmed in C language. The code will depend on the control strategy implemented. 

3. SYSTEMS DESIGN 

The design of the system will be presented in this section. This process will be divided in three parts. In 

the first one, the optimal operating range of the turbine will be estimated for a concrete location based on a 

wind energy prediction. After that, the electrical variables of the systems will be calculated for that operating 

range following the Maximum Power Point. The last part will include the control strategies for the system. 

3.1.  Wind Energy prediction 

Wind energy prediction will be made in base of the Weibull distribution of the wind speed for a specific 

location. For this project this location will be the center of the Polytechnic School of Engineering of Gijón. 

Weibulls density function is given by the expression: 

𝑡[ℎ] =
𝑘

𝐶
· (

𝑣80𝑚

𝐶
)

𝑘−1

· 𝑒−(
𝑣80𝑚

𝐶
)

𝑘

 (8) 

Where k and C are the parameters of the Weibull distribution and t is the distribution of wind speed v at 

80 meters high. For Spanish locations, these parameters are provided by the Spanish Institute for 

Diversification and Saving Energy [3]. As our turbine would be locate 10 meters high, it can be assumed an 

exponential variation in wind speed with high as: 
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𝑣ℎ 𝑚 = 𝑣80 𝑚 · (
ℎ

80
)

𝛼

 (9) 

where is the Hellmann exponent, which depend upon the coastal location and the shape of the terrain on the 

ground [3]. 

 An estimation of the wind energy along a year can be made as the product of the estimated hours/day for 

every wind speed and winds power (1) for every wind speed. This will determine the optimal operational 

range for our design. All the calculations are presented in the Anex A. The optimal operational range is 

determined to be from 2.5 to 17.5 m/s of wind speed. 

3.2.  Sizing the model 

Once the operating range of the system is known, next step is to make use of equations (1) to (5) to 

determine the input voltage to the boost converter and the Maximum Power Point. As this maximum power is 

known, the current at this point and in the bus can be calculated too. 

First step is to determine the size of the turbine. A three-blade turbine is implemented, with radius of 0.15 

m and a power coefficient of 0.35 when 𝜆 = 7. Once the maximum output power of the turbine is determined, 

it’s time to choose the PMG. This PMG has to be able to manage the maximum power while ensuring that 

voltages are always below bus voltage. After that, all the voltages and currents can be calculated, as presented 

in the Anex B.  

3.3.  Control strategies 

After designing the whole system, it’s time to define the control strategy for the converter. Two different 

control strategies where considered: open loop and closed loop. 

3.3.1.  Open-loop control 

The open-loop control is the easiest control strategy we can define. The control system must ensure that 

our system works in the Maximum Power Point. Therefore, we have to be able to determine the current we 

need after measuring the input voltage of the DC converter. Regarding the calculations done in the Anex B, it 

is possible to define a MPPT Line that links the input voltage and current of the DC converter. This line can 

be determined by least square method. In this way, the following block diagram shows the control steps: 
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Figure 3-1.- Open-loop control 

This control strategy is also called feed-forward. As an open-loop control, it has the disadvantage that the 

setting time can be considered high. Another disadvantage is that any perturbation on the system will have a 

huge impact in the control. For those reasons, a closed-loop control has been considered. 

3.3.2.  Closed-loop control 

This control is based on the open-loop control, but the system output will be feedback to the MCU in order 

to improve systems dynamics and remove perturbations impact. Figure 3.2 shows the block diagram of this 

control. 
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 Figure 3-2.- Closed-loop control 

With this control strategy, the MCU will take the system to the estimated maximum power point, while 

the regulator reacts to the changes over the working point. This will improve systems dynamics and decrease 

the perturbations influence. 

3.4.  Real Component Selection 

Real component selection is based on the calculations of electrical requirements of the different elements. 

Looking at the calculations in the Anex B, it’s clear that the tightest requirements are met for the highest 

output power. 

3.4.1.  PGM 

The requirements for the PMG are: 

 Maximum power: 86 W. 

 A Kv high enough to have secure voltages in the rest of the system 
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Taking this into account, a PMG model 4108-380KV from Turnigy is chosen. 

 

3.4.2.  Rectifier diode 

The requirements for the rectifier diode are: 

 Peak Reverse voltage: 27.72 V 

 Average forward current: 1 A 

 Low forward voltage 

Taking this into account, a schottky diode DFLS130L-7 from Diodes Incorporate is chosen. 

3.4.3.  MOSFET 

Te requirements for the MOSFET are: 

 Drain-Source max voltage: 53 V. 

 Maximum drain current:  < 2.93 A. 

Taking this into account, MOSFET NDT3055L from Fairchild is chosen. 

3.4.4.  Inductor 

The requirements for the inductor are: 

 Inductance: ~0.5 mH 

 Maximum current: 3 A. 

 Switching frequency: 400 kHz. 

Taking this into account, inductor 60B474C from muRataPS is chosen. 

3.4.5.  Converter diode 

The requirements for the converter diode are: 

 Peak Reverse voltage: 48 V 

 Average forward current: 1.7 A 

 Low forward voltage. 

Taking this into account, a schottky diode MBRS360T3G from ON Semiconductors is chosen. 

4. SIMULATION 

All the simulations done over the designed system will be described in this section. First of all, the 

simulation of the different elements of the system will be presented. After that, the whole integrated system 

will be tested. 

All the simulations will be done on PSIM. 
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4.1.  PMG 

The simulation of the PMG will be done with the element “Permanent Magnet Sync. Machine”. The 

parameters for this element will be introduced based on the datasheet of the real component selected. 

However, units are not the same on the datasheet and in PSIM, so some changes will have to be done. 

Both the stator resistance and the number of poles can be introduced directly. The stator inductances Ld 

and Lq will be set to a low value as 1 H, even though in the datasheet it is indicated they are 0. To determine 

the moment of inertia of the shaft, an estimated calculation will be done. Considering that half of the weight 

of the whole element is located on the shaft (50 g), the moment of inertia can be calculated for a cylinder as: 

𝐼 =
1

2
· 𝑚 · 𝑟2 =

1

2
· 50 · 10−3 · (2 · 10−3)2 = 0.1 · 10−6 𝑘𝑔 · 𝑚2 (10) 

Finally, for the Kv parameter calculations must be done, due to in PSIM is defined with units 

[(VPP)peak/krpm], an in the datasheet is in [rpm/(VPN)rms]: 

(𝐾𝑉)𝑃𝑆𝐼𝑀 =
103[𝑘𝑟𝑝𝑚 𝑟𝑝𝑚]⁄ · √2[𝑉𝑝𝑒𝑎𝑘 𝑉𝑟𝑚𝑠]⁄

𝐾𝑉𝑑𝑎𝑡𝑎𝑠ℎ𝑒𝑒𝑡

 (11) 

Figure 4.1 shows the selected element and it’s parameters.  

 

Figure 4-1.- PMG simulated 

To test this element, it will be excited with a constant speed mechanical excitation and a three-phase 

resistive load. Setting the constant speed to the corresponding with 2.5 m/s wind speed, it can be checked that 

the PMG behaves as it was predicted in the calculations, obtaining and output voltage of 2.4 VFN_peak. 
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Figure 4-2.- PMG test results 

4.2.  Three-phase rectifier 

The three-phase rectifier simulation is based on the circuit shown in  Figure 4.3., in which R, S and T 

simulate the three-phase sinusoidal output voltage from the PMG for wind speed 5 m/s. 

 

Figure 4-3.- Three-phase rectifier testing circuit 

The simulation results are presented in Figure 4.4, in which it can be observed the conversion from a 

three-phase voltage to a DC voltage with ripple = 3 V. The results differ from the predicted in the calculations 

due to diode’s forward voltage. 
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Figure 4-4.- Three-phase rectifier test results 

4.3.  DC converter 

The DC converter simulation circuit is presented in Figure 4.5. It can be seen that the MCU has been 

simulated with a C-block and MOSFET’s control signal is generated comparing the calculations with a 

triangular waveform of 50 kHz. The implemented control strategy will be closed-loop, as it is defined as more 

robust than open-loop. To this end, C-block has as inputs both input and output voltages and the filtered real 

input voltage.  

 

Figure 4-5.- DC converter testing circuit 
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The code of the C-block must calculate the corresponding Idc_ref for the input voltage and then calculate the 

duty to compare it with the PWM signal. This duty will be calculated as the sum of the feed-forward 

calculation (7) and the calculated with the regulator. It’s worth mentioning that, as we will simulate with a 

real diode, the threshold forward voltage has to be added in (7) denominator. A proportional regulator will be 

implemented, whose K was determined by MATLAB. The complete code is presented in the Anex C. 

Figure 4.6 shows the results of the simulation for a wind speed equal to 17.5 m/s. It can be seen how the 

system reacts to variations in the input voltage (A) and in the bus voltage (B). It can also be seen, in the first 

waveform, how Idc follows the calculated reference. 

 

Figure 4-6.- DC Converter test simulation 

4.4.  Integrated system simulation 

The whole system can be simulated on PSIM, integrating the different elements. However, there is no way 

to simulate the turbine. This is because PSIM’s turbine model has an specific design which determines the 

power coefficient according to 𝜆, different from the one that has been supposed in this project. Nevertheless, 

it is still possible to make an accurate simulation. This will be done setting the input rotational speed of the 

PMG as a variable defined in a .txt. file. In this file, wind speed will be introduced, and it will calculate the 

corresponding rotational speed of the shaft. Figure 4.7 illustrates the whole system simulation: 
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Figure 4-7.- Integrated system 

The relation between wind speed and can be expressed based on (2), resulting as follows: 

𝜆 =
𝑣𝑏𝑡

𝑣𝑤𝑖𝑛𝑑

=
𝜔 · 𝑅

𝑣𝑤𝑖𝑛𝑑

→ 𝑛[𝑟𝑝𝑚] =
30 · 𝜆 · 𝑣𝑤𝑖𝑛𝑑

𝑅 · 𝜋
= 𝐾 · 𝑣𝑤𝑖𝑛𝑑  (12) 

 Figure 4.8 shows the simulation results of the integrated system for wind speed 17.5 m/s. The first 

waveform shows how Idc tracks the current calculated in the MCU. The second one shows input voltage of the 

DC converter. It can be seen how this voltage has ripple of 4 V, and the average value is the estimated in the 

calculations. Finally, the last waveform calculates input and output average power of the DC converter, 

which’s value is again close to the estimated value. 
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Figure 4-8.- Integrated system test results 

In order to measure the quality of the designed system, it has been tested for different values of wind 

speed and the efficiency of the system has been calculated. Efficiency will be calculated as follows: 

𝜂 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛

=
𝑃𝑏𝑢𝑠

𝑃𝑤𝑖𝑛𝑑

 (13) 

Figure 4.9 shows the results of tests at different wind speeds. As can be seen, efficiency remains over 80% 

for all the operation range. 

 

Figure 4-9.- Efficiency test results 
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5. CONCLUSIONS 

The design of a wind turbine system for extracting energy from wind to a DC bus was done in the present 

project. This has been done making an estimation of the wind energy prediction and sizing the system to be 

able to capture as much energy as possible. The sizing of the model has been done with a 10:1 scale, in order 

to obtain a low power system that can be used for educational practices. After the sizing, real components 

where selected for every element on the system. 

The carried out design has been simulated in PSIM software, with the selected real components. First of 

all, every component of the system has been tested separately, in order to check its behavior. After that, the 

whole system was integrated, and its behavior tested. Different control strategies where presented. All of them 

had the aim of tracking the maximum power point, which would mean to extract as much power as possible 

from the wind. 

After all, a scaled 10:1 model was designed, operating from wind speed of 2.5 to 17.5 m/s and with a 

maximum output power of 80 W. This output power is sent to a DC bus of 48 V with high efficiency.  
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ANEX A: WIND ENERGY PREDICTION 

An estimation of the available wind energy will be obtained based on the data provided by the IDAE [3]. 

The first step would be to define the location: in this case the place would be be the center of the Polytechnic 

School of Engineering of Gijón. The corresponding UMT coordinates for this location are (280643, 4824969). 

For this location, we have the Weibull parameters shown in Table 1. The average for the whole year was also 

calculated: 
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  Spring Summer Autumn Winter Average 

v 5,48 4,73 6,01 6,57 5,6975 

c 6,12 5,34 6,94 7,38 6,445 

k 1,987 2,163 1,878 1,928 1,989 
Table 1.- Weibull's parameters 

It will be necessary to know Helman’s exponent to consider the variation in wind speed with high. For the 

selected location, it will be used  = 0.14, belonging to Neutral air above flat open coast. 

Implementing eq (1), (8) and (9) as described in section 3.1, the following graphic could be obtained: 

 

Figure A.1.- Available energy estimation 

Attending to Figure A.1. the operation range is determined from 2.5 to 17.5 m/s. 

 

ANEX B: CALCULATIONS 

Once the operation range has been determined, all the electrical parameters along the system can be 

calculated using equations (1) to (5), and always considering current as the power divided by voltage. 

Operating this way, results for different wind speeds can be seen in Table 2. 

  Vwind [m/s] P[W] nshaft [rpm] fPMG_output[Hz] VFN_peak[V] Vrect[V] Irect[A] Ibus(A) 

cut_in 2,5 0,24 1114,08 408,50 2,39 3,959 0,060 0,005 

  7,5 6,39 3342,25 1225,49 7,18 11,878 0,538 0,133 

  12,5 29,60 5570,42 2042,49 11,97 19,797 1,495 0,617 

cut_out 17,5 81,21 7798,59 2859,48 16,7566 27,715 2,930 1,692 

Table 2.- Calculation results 
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Once this has been done, the MPPT line can be calculated approximating Vrect and Irect by least square 

method. Introducing Vrect and Irect for the different wind speed values on MATLAB, the MPPT line obtained 

is: 

𝐼𝑑𝑐𝑟𝑒𝑓
= 𝐴 · 𝑉𝑑𝑐

3 + 𝐵 · 𝑉𝑑𝑐
2 + 𝐶 · 𝑉𝑑𝑐 + 𝐷 (14) 

A = 0,0000000 

B = 0,0038134 

C = 0,0000000 

D = 0,0000000 
Table 3.- Least square approach parameters 

In Figure B.1. can be checked the goodness-of-fit of the estimated curve. 

 

Figure B.1.- Estimated MPPT line 

ANEX C: MCU CODE 

Variable/Function definition 

#include <Stdlib.h> 

#include <String.h> 

#include <math.h> 

 

#define GRADO 3 

#define R 0.1 
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#define K 0.5 

#define Vd 0.63 

float pol[4]={0, 0.003813425158734, 0, 0}; 

float Vbus=48, Ireal, Vdc, Idc; 

double d, Ad, duty; 

int i; 

RunSimUser Fcn 

Vbus=in[0]; 

Ireal=in[1]; 

Vdc=in[2]; 

 

Idc=0; 

for(i=0;i<=GRADO;i++){  Idc=Idc+pol[i]*pow(Vdc,3-i); } 

 

if(Vbus == 0) Vbus=0.001; 

 

d=1-(Vdc-R*Idc)/(Vbus+Vd); 

Ad=K*(Idc-Ireal); 

 

duty=d+Ad; 

 

if(duty>1) { duty=1; } 

if(duty<0) { duty=0; } 

 

out[0]=duty; 

out[1]=Idc; 

 


