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Abstract

The project deals with the design of a small wind turbine generation system (< 2.5
kW) for single phase grid connection. The aim of this MTh is to develop the power
electronics and control system needed for the proper operation of the wind turbine.
This system must be efficient and totally autonomous since in its final stage it is
intended to be commercialized by the company AZ Renovables, who financially sup-
ports this piece of research. In a previous project the selection of the power electronic
topology and the basic control strategy for the power converter has been established.
A demonstrator prototype was built to prove the main features of the system. This
MTh will include new improvements in the control strategy (voltage and current
control loops) needed to improve the system performance, allowing testing different
MPPT algorithms. Since this electronic system is a part of a bigger electromechan-
ical system, a full redesign of the PCB will be required in order to integrate it in
the whole product. It will be also included in this MTh a wireless communication
system to monitor the system main variables in real time. An important part of
the MTh will be devoted to both study and meet the existing regulations in case of
commercialization.
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Title: Associate Professor
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Chapter 1

Introduction

One approximation to micro wind turbines could be a small scale power generation

system (up to 20 kW) which takes the energy from the wind although no clear reg-

ulation exactly define what micro wind turbines are. Usually these systems have a

rotor area (or swept area) of less than 50 m2. Is expected in the near future to set

rules which clearly define which will be the limit of this technology to be considered

as such.

Until now, these kind of systems were often used for standalone applications,

supplying energy in places where there are no electric lines. Typically micro wind

turbines were installed in vegetable patches, corrals, or cabins in the woods, but now

this technology trends to be used for grid connected applications, for self consuming

or power trading purposes.

Whatever is the purpose of the turbine, these are intended to be used in urban or

industrial environments and consume its energy at buildings where it is produced or

near them. These characteristics make micro-wind energy in a distributed energy pro-

duction system, minimizing electrical losses in the energy transportation, preventing

overloads in networks and the proliferation of large electric power plants.
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1.1 Wind energy

The idea of using the energy of the wind as a power source is not new at all. This

energy was used for at least 3000 years for grinding grain or pumping water. Also

this energy was used for transportation in sailing ships.The firsts uses of windmills for

electricity production can be found in the XIX century. Until our days, the technology

of wind energy production has grown a lot, becoming nowadays in one of the most

mature and developed renewable energy sources.

The power that is possible to capture with a wind turbine is given by the expres-

sion:

P =
1

2
CpρAv

3 (1.1)

where ρ is the air density (typically 1.2 kg
m3 ), Cp is the performance coefficient of the

wind turbine, A is the swept area by the rotor blades in m, and v is the wind speed

in m
s

.

Cp describes the fraction of the power in the wind that may be converted by

the turbine into mechanical work, so power coefficient Cp will be responsible of the

shape of the wind turbine power curves. This power coefficient depends on turbine

characteristics and also depends on the tip speed ratio λ and the pitch angle β. This

coefficient, as well as the tip speed ratio and the pitch angle, will be explained deeply

in further chapters.

Broadly speaking, it can be said that the power that can be extracted from the

wind is a cubic relationship with the wind speed. This is true when the system is

operating at the maximum power point so it is important to provide the wind turbine

with some algorithm allowing to track this maximum power point for all conditions,

this being determinant when talking about the efficiency of the system.
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1.2 State of the art

This Master Thesis can be considered as the second part of a previous work, where

it was developed a digital control system for micro-wind energy [1]. There it was

designed a system capable of handle a three phase permanent magnet generator and

inject the extracted power into a single phase network. The rated power of this system

is 2.5kW. This precedent project includes the power electronics topology selection,

the design of the electronic circuits needed for the proper working of the system which

includes control system (DSP), sensors, IGBT firing circuits and all rest of auxiliary

components such as power supplies, communications or protections.

Also in that previous work there were defined some control strategies that allow

the system to control the power from the turbine as well as the software needed to

implement all control loops in a DSP.

At the end of previous project there were achieved the next points:

• A valid power electronics topology selection

• A valid hardware prototype for power injection

• Correct grid synchronization

• Unity power factor

• A valid control strategy for a fixed generator speed

1.3 Objectives of the Master Thesis

The goal of the present Master Thesis is to improve the previous system in such a

way the system can work autonomous, allowing to create a commercial product as

much efficient as it cans sharing a high degree of efficiency.

In this MTh will be presented all improvements considered in hardware compo-

nents, including electronic schemes and a fully redesign of the PCB needed to integrate

it within the turbine nacelle.
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Concerning to the control strategy, this will be modified to achieve a smooth

control in all current and voltage conditions. This new control strategy must allow

the system to request a constant power to the generator and inject it into a single

phase network. Also the control strategy must provide to the system the ability of

implementing Maximum Power Point Tracking algorithms (MPPTs), increasing the

efficiency of the system as much as possible.

It is also the aim of this Master Thesis there to provide the system with a wireless

communication system to monitor the system variables, including a client application

for PC to display them.

All the electrical systems and the improvements included in the present MTh

must be compliant with the actual existing regulations that allow the product to be

commercialized, so an important part of this MTh will be the studying and meeting

of these regulations.

14



Chapter 2

Hardware

This chapter will include the modifications performed in the electronic schemes to

achieve a reliable, robust and flexible system. This chapter will also show the redesign

of the PCB, needed to integrate it in a commercial product.

Previous schematic design include all components needed for a basic working

system. This includes power sources, IGBT drivers, sensors, and power electron-

ics topologies. The system described depended on an external PCB for the DSP

connection (TMS320F28335 Experimenter Kit) and previous current sensors did not

work properly. Besides, there were some isolation problems between the DSP and

the USB connection of the PC, which required to include an external USB isolation

system to prevent short circuits since the ground signal of the USB was earthed.

Although the former system was correctly working, there were some components

that were very tight for the application, and in order to improve the reliability of

the system some of them were substituted by other more reliable. Moreover some

components were added in order to improve the characteristics of the system as it

can be the PWM output where a current buffer was added.

In the previous design, the only point that was not correctly working was the

power supply, making the system dependent on an external one. In this review,

all issues concerning power supplies were successfully solved, being all components

integrated in the same PCB and independent of external devices.

In Fig. 2-1 it can be seen a picture of the previous PCB. In the picture, it can be

15



Figure 2-1: Previous version of the system

appreciated the external current sensors, the board for mounting the DSP and the

high number of capacitors used.

2.1 Design improvements

This section decribes all improvements done in the electronic schemes. This includes

the integration of the DSP in the system, inclusion of PWM current buffers, new

power sources, reduced number of capacitors, new current sensors, and other minor

improvements.

2.1.1 DSP integration and USB isolation circuit

One of the problems found facing a future commercialization of the generating system

is the dependance on an external PBC (Printed Circuit Board) as is TMS320F28335

Experimenter Kit. To avoid this dependance, DSP will be integrated in the main

PCB. To do this, it will be necessary to include both all the DSP connections with

the rest of the components (sensor, drivers..) and the communication part between

16



Figure 2-2: DSP 100 pin connector

the DPS and the USB PC connection.

The connection between the main board and the DSP will be through a 100 pin

connector. This connector will provide access to the main I/O pins of the controller,

among them are included PWM signals, several GPIOs, Analog to Digital channels

and RS232 port. Through this connector will be also wired the FTDI and the circuitry

needed for the DSP USB programming. In Fig. 2-2 it can be seen the interface

between DSP and all the external connections.

For the connection of the DSP and the PC it is needed to add a FTDI chip, which

allows to communicate the DSP with a USB system through the UART port. The

scheme for this circuit was taken from those provided by the manufacturer Texas

Instruments. In order to obtain galvanic isolation between the PCB and the UBS

connection, an ADUM4160BRIZ IC will be used. This is a specific component used

to provide galvanic isolation in USB connections. The component isolates data line of

the serial bus, avoiding current flowing between the PCB and the PC. This isolation is

17



needed since the USB GND signal is earthed so this can cause short circuits between

the system and one line of the grid.

Including these communication components it is possible to remain safety while

the DSP and PC are connected for debugging and programming purposes.

2.1.2 PWM buffer

This generation system is thought to be controlled by semiconductor devices. These

devices need to be controlled in order to properly work. The way that the system

is going to be controlled is through Pulse With Modulation (PWM) and in order to

control the PWM accurately, PWM module of the DSP will be used.

In the previous design, the DSP PWM outputs were directly attached to the

drivers of the IGBT. This means that the DSP must provide all the current that the

driver request in order to turn on and off its internal optocouplers. The DSP can

supply or accept currents up to 8 mA through PWM pins while the minimum current

to guarantee the turn on of the optocouplers is also 8 mA. With these numbers all

looks to be fine but the components were very tight and some parasitic resistance due

to aging of the components can make the system fail.

In order to improve this issue and avoid this situation, it has been include a current

buffer. This will also be needed in case of replacing the driver for another one which

could require more current, providing flexibility and reliability to the system.

The buffer selected is a SN74LVC2244APW IC from Texas Instruments. This is

a non-inverting octal buffer which is able to handle up to 12 mA in both directions.

This fits better with the characteristics of the driver and allow to the PWM module

working in low consumption mode enlarging the life of the system.

From the eight signals available in the buffer only five will be used. Four of this

signals are used to drive the inverter and the remaining one is used to drive the boost

converter. The other three signals will not be used, being available for future uses.

18



2.1.3 Power sources

One of the previous design problems were the auxiliary power sources. In the previous

design, it was used a main power source consistent on an AC/DC converter. This

power source was directly connected to the grid providing an output voltage of 15

V which was needed for directly supplying the IGBT drivers. The 15 V rail was

converted to 5 V through a linear regulator which was used to supply the DSP,

relays, and current sensors. A 3.3 V rail needed for voltage sensors and other ancillary

components was obtained from 5V by using another linear regulator.

This cascaded topology did not work properly because the 5 V regulator required

a high amount of current from the 15V power source and got hot very fast, causing

malfunctions in the regulated voltage. This issue was solved in the previous version

using an external power source, becoming the system dependent of external com-

ponents which was acceptale for debugging purposes but prevents from autonomous

operation.

In order to solve this problem, the 15 V main power supply was replaced by a 5 V

one. The 15 V rail needed for firing IGBTs are now obtained from isolated DC/DC

converters (5 V - 15 V). The 3.3 V rail is adapted from the main power supply using

a linear regulator. This solution avoids the heating observed problem in the 5 V

linear regulator, since the 5 V is the most overloaded one due to the relatively high

consumption of the DSP, relays and current sensors with respect to other components.

With this solution it is possible to maintain the number of power sources, the size,

and the cost of power supplies. It must be noted that in previous circuit isolated 15

V-15 V DC/DC converters were also needed for firing the IGBTs.

2.1.4 Redistribution of capacitors

One of the improvements in this schematic review is the redistribution of the capac-

itors. In previous version there were a lot of capacitance available at the rectifier

output with a comparatively small one in the DC-link. However, it can be demon-

strated that a higher value of capacitance in the output of the rectifier impoverish
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the power factor in the generator side.

This can be solved by reducing the rectifier output capacitance , decreasing the

number of capacitors used (and thus the price) and improving the power factor in the

generator side.

The new value for this capacitance can be calculated from the admissible volt-

age taking into account maximum current ripple in the current though the boost

converter.

As it was defined in the previous version of this work, maximum current ripple in

the boost inductor is 1A peak-to-peak and the maximum admissible voltage ripple in

the capacitors is 5V.

The voltage ripple in a capacitor through which flows an AC current can be

calculated as (2.1):

C =
Q(t)

V (t)
→ ∆V =

∆Q

C
(2.1)

where C is the capacitance value, Q is the charge is the capacitors and V is voltage.

The charge due an AC current in a capacitor can be expressed as 2.2:

∆Q =
1

2

∆iAC
2

T

2
→ Vpp =

∆Q

C
=

∆iAC
8 f C

(2.2)

from 2.1 and 2.2 can be obtained the value of a capacitor through the AC current

and the maximum admissible voltage ripple as can be seen in 2.3

C =
∆iAC

8 f Vpp
=

1A

8 20000Hz 5V
= 1.25µF (2.3)

2.1.5 Current sensors

One of the main problems in the previous design were the current sensors. Those

sensors were Allegro ACS709 ICs. They are coreless Hall effect current sensors. The

fact of not having core makes them very sensitive to external magnetic fields so the

output of these sensors can be easily distorted if they are placed near a magnetic field

source.
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Other problem detected with this sensors was the low common mode voltage

supported by them. They can be easily damaged when they are used in voltage lines

above 320V.

The solution adopted for the current sensors was to replace them with a sensor

which can handle high common mode voltages. This sensor is the LTS15 from LEM.

It is a closed-loop Hall effect current sensor with unipolar voltage supply. It can

measure up to ± 15A AC current accurately providing a voltage output.

In order to improve the signal integrity after the AD conversion, an anti-aliasing

filter will be added.

2.1.6 Other minor improvements

Apart of the mentioned improvements, which can severely affect to the control and

behavior of the system, there are also included in the circuit other minor changes

that provide more functionalities and flexibility to the system.

• Two Analog-to-Digital channels are available for additional measurements such

as temperature sensors placed in the stator winding of the generator, or close

to the IGBTs.

• Two LEDs are now included in the circuit for visual inspection. This can be

useful to know the state of the system in every moment with a peek. Also a

buffer was included to properly drive these LEDs.

• A Real Time Clock (RTC) was included over the I2C communication bus. This

will be used to store in a memory relevant events as can be alarms.

• A EEPROM memory over I2C to store relevant events.

• A battery was included, with its own battery charger, to keep the time data in

the RTC.

• All communication buses are accessible for possible future expansions as well as

the boot resistors for flash operation of the DSP.
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Real Time Clock

An RTC was included to know when a relevant event occurs and store it in memory.

The RTC selected is DS3232 from Maxim IC. This clock can count seconds, minutes,

hours, days, months, and years (with leap year compensation).

Also this device has the possibility to create elapsed alarms which can be useful

for periodic routines as can be communications with a remote server.

This component can work over a I2C bidirectional bus with a clock frequency up to

400kHz. The address of this device is 0x68. DS3232 also has embedded a temperature

sensor and a small SRAM memory than could be useful to store configurations or some

relevant data.

To avoid the loss of the stored data or the date, it is needed to add a small

battery to keep the RTC working when the system is not connected, avoiding having

to update the device every time the system is switched on.

EEPROM memory mapping

An EEPROM memory will be also added to the main circuit. This memory is useful

to store relevant events such as alarms or to store data relative to the energy produced

for monitoring purposes. The selected memory is 24AA1026 from Microchip. This is

an I2C device with 131072 memory positions. The slave address for this component

can be easily selected with 4 pins available.

This memory will be splitted in two parts, one part for fail messages history and

the other for data storage.

Each error message will be composed of 7 bytes (Table 2.1) and is possible to store

up to 9216 error messages.

For power data storage, the structure is more or less the same. It is though to

be stored in the memory the average value of the power injected each minute. The

length of a single power data is 6 bytes (Table 2.2).

Error memory will be distributed as it is shown in Table 2.3. In this mapping it

is included the total number of errors stored in the memory (two bytes) and the last
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YEAR
MONTH

DAY
HOUR

MINUTE
SECOND
ERROR

Table 2.1: Fail message storage structure

YEAR
MONTH

DAY
HOUR

MINUTE
PWR DATA

Table 2.2: Alternative fail message storage structure

error read (two bytes).

A pointer to a specific error is easily calculated by (2.4) and (2.5).

Page =
Errornum.− 1

36
(2.4)

Pointer = (Errornum.− 1)%36 + 4 (2.5)

For the power data storing the mapping structure is the same (see Table 2.4). A

pointer to a specific data position is easily calculated by (2.6) and (2.7).

Page =
Errornum.− 1

42
(2.6)

Pointer = (Errornum.− 1)%42 + 4 (2.7)
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0x0000 Num. Error H 0x0100 -
0x0001 Num. Error L 0x0101 -
0x0002 Last Error H 0x0102 -
0x0003 Last Error L 0x0103 -
0x0004 0x0104

: ERROR 1 : ERROR 37
0x000A 0x010A
0x000B 0x010B

: ERROR 2 : ERROR 38
0x0011 0x0111

: : : :
: : : :
: : : :

0x00F9 0x01F9
: ERROR 36 : ERROR 72

0x00FF 0x01FF

Table 2.3: Error message mapping

0x0000 Num. Data H 0x0100 -
0x0001 Num. Data L 0x0101 -
0x0002 Last Data H 0x0102 -
0x0003 Last Data L 0x0103 -
0x0004 0x0104

: DATA 1 : DATA 43
0x0009 0x0109
0x000A 0x010A

: DATA 2 : DATA 38
0x000F 0x010F

: : : :
: : : :
: : : :

0x00FA 0x01FA
: DATA 42 : ERROR 84

0x00FF 0x01FF

Table 2.4: Data message mapping
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2.2 PCB redesign

Previous PCB shape was a square good for testing the behavior of the components,

but besides some errors and the commented improvements its shape was not suitable

for the product integration. All the electronics used for control the system must be

integrated inside the generator case. It has been planned to be mounted behind the

generator, inside the nacelle. This is why the PCB must have a certain of circular

shape. A sketch of the final shape can be seen in Fig. 2-3.

The flat zone on the top is for cooling issues. The IGBTs will be attached to the

turbine frame, that will serve as spendthrift. The PCB will have a hole in the center

that will serve for cooling since a fan will be attached to the generator shaft. The

lower in the PCB is to place the brushes needed to allow the turbine to turn, facing

the wind in any direction like a wind vane. The PCB will also include some guidelines

and small holes for assembly purposes.

The mechanical drawings were designed in collaboration with the company that

is funding this project. In Fig. 2-4 it can be seen a picture of a mounted PCB.
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Figure 2-3: PCB Skecth Shape

Figure 2-4: Photo of the built PCB
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Chapter 3

Model and simulation of a wind

turbine

As it was introduced in previous chapters, a wind turbine is a machine that converts

the linear movement of the wind into a rotational movement of the rotor of the

turbine. An electric generator is connected to the rotor shaft and when the wind

blows, the rotor turns and the generator produces electricity.

The maximum power that is possible to capture from the wind follows a cubic

relation with the wind speed. According to (3.1) the power that the turbine is able

to capture depends on the fluid density ρ (typically air 1.2 kg
m3 ) and the size of the

turbine. The larger the turbine, the higher the power that is able to capture.

P (t) =
1

2
πr2ρv(t)3 (3.1)

According to Betz’s law, a turbine can not capture more than 16/27 (59.3 %)

of the kinetic energy in wind [5]. This value is known as Betz’s coefficient and is

the highest performance that a wind turbine can reach. It dates from 1920s. The

basic principle used to obtain this value states that the fluid flow remains rectilinear

when passing through the turbine and maintains a uniform distribution of the fluid

pressure on the turbine. This is a simplification and some aspects as can be the blades

aerodynamic resistance are not taken intro account, so a more accurate value for this
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Figure 3-1: Air flowing through the turbine

limit will be lower.

This limit considers that if all the energy of the wind that is ingoing to the turbine

is taken, there will be no air flow through the turbine. This is because the energy

available from the wind is kinetic energy. If all the energy is taken from the wind,

there would be not kinetic energy and because of this the wind speed would be 0. If

the wind speed after the turbine is 0 there will be no room for more air and is not

possible to capture more energy. In order to keep the wind moving the outgoing air

has to have some movement (Fig. 3-1). Betz’ law shows that as air flows through

area, and when it slows from losing energy to extraction from a turbine, it must

spread out to a wider area. Geometry is what limits the turbine efficiency to 59.3%.

According to this limit the power that is possible to capture from the wind is

limited by the wind turbine performance, that has to be always lower than the Betz’s

limit (3.2). This performance, also called rotor power coefficient Cp is not a fixed

parameter. This parameter varies depending on the mechanical characteristics of the

turbine, and also depends on the actual tip speed ratio λ and the pitch angle β.

P =
1

2
πr2ρCp(λ, β)v3 (3.2)

The tip speed ratio can be defined as the relation between the linear speed or the

tip of the blade and the wind speed (3.3). In this case and almost in all small scale

wind turbines, the pitch angle is fixed, so for this specific turbine this angle will be
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Diameter 1.75 m
Nominal Wind Speed 12 m

s

Nominal rotational speed 600 rpm
Nominal Power 1185 W

Air density 1.2 kg
m3

Table 3.1: Wind turbine parameters

zero β = 0.

λ(t) =
ω(t)R

v(t)
(3.3)

The wind turbine to be modeled has the parameters shown in table 3.1

3.1 Cp estimation

A goop estimation of this coefficient is very difficult to obtain. This parameter is

normally obtained from the power curves of the turbine empirically obtained.

From this curves it can be obtained a mathematical model which behavior is quite

similar to the actual one. This mathematical model is a largely discussed issue and

there can be found several valid options. This is explained in more detail in [6] - [9].

In this case it will be used the model that appears in [10].

Power coefficient is a function of the tip speed ratio λ and the pitch angle β. From

the curves obtained by testing wind turbine it can be obtained the maximum value

for this coefficient. The value for different wind speeds and rotational speeds can be

calculated by using mathematical approximations by using the expression (3.4).

Cp(λ, β) = c1(
c2
λi
− c3β − c4)e

−c5
λi + c6λ (3.4)

with

1

λi
=

1

λ+ 0.08β
− 0.035

β3 + 1
(3.5)

where coefficients c1..6 depend on mechanical characteristics of the turbine.
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c2 200
c4 11
c5 7.5

Table 3.2: Wind turbine c coefficients

In this particular case, expressions (3.4) and (3.5) can be simplified since the pitch

angle of the blades are 0. Simplified expressions are (3.6) and (3.7).

Cp(λ) = c1

(
c2
λi
− c4

)
e

−c5
λi + c6λ (3.6)

with

1

λi
=

1

λ
− 0.035 (3.7)

where c coefficients that fit with the turbine to be modeled are in Table 3.2.

The rest of parameters can be obtained from the parameters of tables 3.2 and 3.1.

λrated =
ωrratedR

vrated
(3.8)

Cpmax =
2Prated
ρAv3

(3.9)

λirated =
1

1
λrated

− 0− 035
(3.10)

Krated =
(− c2c5

λirated
− c4c5 − c2)e

−c5
λirated

λ2rated
(3.11)

c1 =
Cpmax

c2
λirated−c4

e
−c5

λirated +Kratedλrated

(3.12)

c6 = Kratedc1 (3.13)

With these coefficients it is possible to numerically obtain the curves of the turbine,
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Figure 3-2: Power and torque curves obtained with the model of the wind turbine as
a function of the angular speed and the wind speed
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Num. poles 12 Ω

Magnets constant 833
Vpk
krpm

Rs 6.67 Ω
Ls 0.074 H

Table 3.3: Parameters of the generator AZR / PMG-01

Rated power 11kW
Num. poles 4 Ω

Voltage 380Y
Frequency 50Hz

Rated speed 1465rpm
Current 23.70

cos φ 0.82

Table 3.4: Parameters of the induction motor used to simulate the turbine

which will be used to simulate its behavior. In Fig. 3-2 it can be seen the power and

torque curves of the wind turbine for wind speeds from 1 to 15 m/s. The maximum

power points are marked with a ’+’.

3.2 Wind Turbine Simulation

In order to have a platform for testing the generator independently of the climatic

conditions, the wind turbine of table 3.1 has been simulated by using the equations

explained in previous section, where the input of the model is the wind speed.

For this purpose an induction motor will be coupled with the generator of the

system. In this case, the induction motor will be controlled by a frequency converter

in order to behave as a real wind turbine, simulating the behavior of the turbine shaft

as a function of the wind speed.

The generator used has been built and designed by ’AZ Renovables’ specifically for

this application. The parameters of this generator can be seen in table 3.3. The asyn-

chronous machine used to simulate the turbine behavior is an ABB 11 kW machine

which parameters are shown in table 3.4.

The wind turbine will be simulated with the induction motor by using a commer-

cial inverter. This converter will be configured in closed loop torque control in which
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the torque command will be obtained by substituting the result of (3.2) in (3.14).

The rotor speed will be obtained through an encoder attached to the motor shaft.

T =
P

ω
(3.14)

The frequency converter used to control the induction motor is a SP2403 from

Control Techniques. The module used to program the calculations needed for the

torque command is SM Application Lite. This way it is possible to create a program

to calculate the torque command with a small processing time.

The wind speed to be simulated can be introduced to the program any time. This

will be introduced manually through the watch window of the program. A screen

snapshot of this interface ca be seen in Fig. 3-3. In Fig. 3-4 it is shown the generator

attached to the induction machine.
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Figure 3-3: Snapshot of the wind turbine simulator
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Figure 3-4: Photo of the wind turbine simulator
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Chapter 4

Control

This chapter will present all modifications and additions related with the control

strategy. In the previous project it was introduced a simplified control strategy that

allowed to inject power into the grid but making hard to control the power required

from the generator side.

In that previous control system the, boost converter was used to control the DC

bus voltage, keeping it to a constant value, with no oscillations. The inverter controller

was the responsible of the current injected in the grid. The power extracted from

the generator was controlled by modifying the injected current command without

implementing any maximum power point tracking algorithm.

One problem of that control strategy is that the power injected in a single phase

system cannot be constant while in a three phase generator the power is constant.

With the previous strategy, instantaneous power variations produced because of the

power injected to the grid were directly transmitted to the generator producing the

subsequent torque fluctuations in the turbine. As the grid has a constant frequency,

this power variation is fixed to the double of this frequency (typically 100 Hz for

European networks) and this fluctuation will be transferred to the generator which

will cause a torque pulsation of 100 Hz in the wind turbine.

Also, there were found some improvements that can be done in the synchronization

process. The algorithm that was used in the previous work obtain the phase of the

single phase waveform by measuring the grid voltage and calculating its phase as
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the arc-tangent of the α β components of this voltage were the β component is

calculated as the derivative of the grid voltage. The synchronization was reached

perfectly but computationally it takes a lot of time due the arc-tangent method that

was implemented before. Also, the previous method was dependent on a band pass

filter that need retuning when connecting the system to a non European network

(50 Hz). Apart from this, the frequency and voltage magnitude cannot be obtained

directly with the arc-tangent method making necessary to separately calculate those

parameters. It is worth to mention that both parameters, network frequency and

voltage magnitudes, are requested to comply with regulation issues as can be the

islanding operation or voltage supporting.

In this chapter they will be presented new methods and a new control strategy to

provide solutions to previous problems plus new improvements that allow to handle

the system safely under high wind speeds.

4.1 Grid synchronization method (PLL)

Many regulations concern frequency network and voltage magnitude issues, mainly

those related with islanding operation modes or voltage support. The method used

in the previous work, achieved grid synchronization with an arc-tangent calculation

that do not provide those two parameters.

Other disadvantage of the previous method is its dependency on a fixed band pass

filter prevent it from working in different frequency networks.

Grid synchronization is a very important issue because this stage will be critical

to obtain an unity power factor. This is why it is important to synchronize well in

all possible networks (50Hz and 60Hz).

One method that can solve these issues is a PLL which can be synchronized with

50Hz and 60Hz power networks without band-pass filters. This method also provides

the information of frequency and voltage level needed to comply with regulations.

A Phase-Locked-Loop (PLL) is an estimator that generates an output signal whose

phase is related to the phase of an input signal. This mechanism can be implemented
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Figure 4-1: Block diagram for PLL synchronization method.

in a DSP and can be used as grid phase detector for a unity power factor.

One of the main problems in single phase networks for PLL implementation is

the availability of only one signal. This problem can be partially solved obtaining

a second signal in quadrature with the original. This second signal can be obtained

by differentiation of the original signal since this is a sinusoidal wave. The main

disadvantage of this method is that the resultant waveform is very noisy and its

dependent of the actual frequency that is one of the unknowns.

As PLL is a closed loop method, grid frequency can be obtained for the differen-

tial and angle calculation. Once the quadrature signal has been calculated, it can be

applied the Park transform and a synchronous PLL [11] and [12]. Synchronous PLL

takes advantage of the synchronous reference frame obtained from Park’s transforma-

tion and synchronizes with q-axis signal in such a way the d-axis variable is used as

the error signal. When vd becomes 0 means the system is synchronized with the grid,

being ωe the grid frequency, θe the phase and vq the amplitude of the grid voltage. A

block diagram showing the implementation of method can be seen in Fig. 4-1.

The PI controller was calculated for a bandwidth of 100 Hz. The resultant con-

troller can be seen in (4.1).

ωe
vgd

= 1.73
s+ 57.8035

s

[
rad
s

V

]
(4.1)

4.1.1 Simulation results

This method was tested by simulations using MATLAB. The input signal will be a

sinusoidal wave of 230 V rms and 50 Hz during the first 0.25 s and after this time
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it is changed to 110 V and 60 Hz in order to test the of synchronization ability with

two different systems. In order to make the simulation as much realistic as possible,

a random white noise of as much ± 10 V have been added to the main signal which is

higher from what is generally present in the DSP measurement after AD conversion.

This noise can be found in the actual system both in the output of the AC voltage

sensor and in the ADC conversion in the DSP.

As the PLL method uses the frequency calculated ωe to calculate the quadrature

signal, this frequency has to be initialized. For this case the initial frequency will be

1 Hz in order to test the dynamic response of the method.

In Fig. 4-2 there are shown the results of the PLL. In the upper part it is shown

the grid voltage in blue vgα and in red the quadrature signal vgβ . This signal is very

noisy due to the random noise added to the original signal, which more or less is what

it can be found in a real system. In the middle-up part of the figure it can be seen

the estimated frequency which response is very fast and allows to detect frequency

changes quickly enough (less than three cycles). In the low part of the figure it can

be seen the phase of the original signal calculated with PLL method. The estimated

amplitude can be seen in the low part of the figure where V e
gd

(in blue) is the error

signal used for the synchronization that in steady state must be 0 and V e
gq (in red) is

the estimated amplitude of the grid voltage.

In order to test how accurate are the values obtained with the PLL, in Fig. 4-3

it is shown a comparison between the original signal (in blue) and the one built from

the PLL data (in red). In the low part of this figure it is shown the error between

both signals that in steady state is of ±15V for 50 Hz signal and ±10 for 60 Hz signal

which compared with noise added to the original signal (± 10 V) is a quite good

result.

4.2 Control strategy

The previous control strategy adopted was split in two different control loops, one for

the boost converter and one from the inverter control. The boost converter control
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Figure 4-2: PLL results.
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Figure 4-4: Blocks diagram of previous control strategy: Boost converter.
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Figure 4-5: Blocks diagram of previous control strategy: Inverter.

loop was in charge of controlling the DC-link voltage level to a constant value, while

the inverter control loop was in charge of controlling the sinusoidal injected current

with a unity power factor.

The boost converter controller had two cascaded control loops, one for voltage

and one for current. The inner control loop was in charge of controlling the boost

current (iB). The reference for this iB current was provided by the voltage outer loop,

that was in charge to control the DC-link voltage (vbus) to a constant value. Block

diagrams for these control loops can be found in Fig. 4-4.

The inverter controller was a single control loop which command signal is the

amplitude of the desired injected current. The instantaneous value for this current is

calculated by using the grid voltage phase, calculated previously with the arc-tangent

synchronization method. Once the instantaneous value has been calculated, it was

applied a resonant PI regulator in order to inject current in phase with the grid

voltage. In order to improve the dynamics of the resonant controller, a grid voltage

feed-forward term Vg was included, avoiding distortions by this voltage at the start-up

of the control, improving the behavior of the regulator. This control scheme can be

seen in Fig. 4-5.

The main disadvantage of this control strategy is that besides the generator control

is independent of the inverter control, the fact of controlling a constant DC-link

voltage with a boost converter will require a non constant current from the generator
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since the instantaneous injected power to the grid is not constant (because of the

single-phase grid connection). This current variation in the generator side will cause

torque fluctuations in the generator, modifying the speed of the turbine. These speed

variations can also cause a premature damage to the generator due to the torque

ripple produced. With this strategy Maximum Power Point Tracking (hereinafter

MPPT) methods can be implemented by controlling directly the injected current

with the inverter, but as the injected current is not constant MPPT algorithms are

quite difficult to implement and its performance can be somewhat controversial.

A better control strategy for the system can be implemented by using the boost

converter to control the power required by the generator and injecting this power

with the inverter. In this case, MPPT method will be implemented by varying the

requested generator current with the boost converter. The inverter will control in

this case the DC-link voltage by injecting power to the grid. With this strategy a

constant power in the generator can be achieved and still injecting a non-constant

power into the grid. To decouple this power variation from the input and the output

side, DC capacitors will act as a power buffer.

With this strategy boost controller will only control the current through the in-

ductor while the inverter controllers will control the DC-link voltage and the injected

current.

In Fig. 4-6 it can be seen the block diagram of the boost controller. In this case

the current command i∗B will be calculated by the MPPT algorithm. The MPPT

method will be explained in a further section of this chapter. PI regulator will be

tuned in same manner than the one presented for the previous control strategy. This

is a PI controller with a bandwidth of 500Hz and tuned by cancellation method. The

mathematical expression of this regulator can be found in (4.4).

kp = 2 · π · bw · L = 2 · π · 500 · 5 · 10−3 = 15.7080 (4.2)

ki =
R

L
=

1

5 · 10−3
= 200 (4.3)
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Figure 4-6: Base blocks diagram for boost converter control.

vL(s)

iB(s)
= 15.7080 · s+ 200

s

[
V

A

]
(4.4)

The normalization of the control signal vL into a duty value can be obtained from

(4.5). The demonstration of this equation can be found in the previous project [1].

d =
vl + vbus − vG

vbus
(4.5)

Block diagrams of the inverter control can be seen in Fig. 4-7. This control is

composed of two cascaded control loops: the external one is for DC-link voltage and

the inner control loop is for injected current.

The outer control loop is the one in charge of the DC bus voltage. As it was previ-

ously said as the input power is constant and the output power cannot be constant due

to the single phase connection, bus capacitors will sustain these power fluctuations.

As the output frequency is constant, the instantaneous injected power variation will

also be fixed to the double of the grid frequency. This means that an oscillation will

appear in the bus voltage being double of the grid frequency. To avoid the controller

reacting against this voltage variation (it must be remarked that this variation is the

normal behavior of the system and it is not a disturbance), a notch filter of that

frequency will be included. This notch filter will allow to have a faster regulator that

can react to disturbances which frequency is higher than the one mentioned, being

insensitive to natural voltage ripple.

The output of the regulator will be the current that is needed to discharge the

capacitors to the reference value. If this current is negative it means that vbus is lower

than the reference and needs to be charged. If a negative current is requested from
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Figure 4-7: Blocks diagram for iverter converter control.

the grid, DC bus capacitor will be charged through the grid becoming the system

in a load instead of a generator. To avoid this behavior, the current through the

inverter will be limited only to positive values (generation mode). To avoid windup

in the regulator this current limit will be complemented with a realizable references

algorithm to deal with saturation. This algorithm is based on modify the error to

adjust it to the maximum control signal that the system is able to apply.

This voltage regulator will be tuned for a bandwidth of 50 Hz and an overshoot

of 5% as it was defined in the previous work. The notch filter included will be at a

frequency of 100 Hz and will be -20 dB deep. The expression of the regulator can be

seen in equation (4.6) and the Bode diagram for the controller and the notch filter

can be seen in Fig. 4-8.

iH(s)

vbus(s)
= 0.3690 · (s+ 168) · (s2 + 14.6 · · ·+ 3.95 · 105)

s · (s2 + 146 · s+ 3.95 · 105)

[
A

V

]
(4.6)

The current reference from the voltage regulator will be the rms value of the

current to be injected and must to be converted into the instantaneous sinusoidal

value in such a way the power factor of current injected will be one. This is done

by multiplying the magnitude by the sine of the phase angle θe obtained with the

synchronization method explained before. Once the instantaneous current has been

calculated a resonant controller will be responsible of inject this current into the grid

with no error. This regulator will be the same that the one calculated in the previous

project [1]. The final expression for this regulator can be seen in (4.7).
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vH(s)

iH(s)
=

31.42 · s2 + 6535 · s+ 3.101 · 106

s2 + 9.87 · 104
· [V
A

] (4.7)

As can be seen in Fig. 4-7, the grid voltage will be taken into account as a feed-

forward term in order to improve the behavior of the regulator at start-up, improving

in this way its dynamics.

4.3 Maximum Power Point Tracking (MPPT) al-

gorithm

The MPPT method is a very important issue in a wind turbine. The chosen method

will be determinant relative to wind turbine efficiency. Power of the wind follows

a cubic relation with wind speed and also depends on the parameters of the wind

turbine, as can be the swept area A or the power coefficient of the wind turbine Cp.

As it was explained in chapter 3, this power coefficient is not a constant value, it

depends on the tip speed ratio λ and the pitch angle β. A good MPPT method tries

to match the λ which gives the maximum performance each time.

As can be seen in [17] there are different methods to get the maximum power from

the wind. One of them needs some external data as can be the rotational speed of

the turbine or the wind speed, with the inherent increase in cost. Others try to get

the correct λ value by slightly modifying actual conditions and looking what happens

to the injected power.

To store wind turbine data in a look-up table can be a solution to track the

power. In order to use this solution it is needed to have a good knowledge of the

power characteristics of the turbine. It is also needed to know either the rotational

speed of the turbine or the wind speed [14].

Other methods consist of measuring the actual power that is being extracted by

from the wind turbine and modify the current absorbed from the generator. If power

increases, more current is demanded, if power decreases, less current is required. This

is known as a perturb and observe (P&O) method. The main characteristic of this
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method is that a constant power point is never reached, this is continuously oscillating

around the maximum power point. This method is implemented in [15].

Alternatively, one interesting method that can be found in [13] is a mixture of

both systems. At the beginning the method tries to characterize the wind turbine by

implementing a P&O MPPT method. Once it is considered the wind turbine have

been correctly characterized, the algorithm changes and behaves as a look-up table

which only requires to know the generated voltage.

The method implemented for the present system is not properly a MPPT al-

gorithm, but an approximation of the MPPT curve by a quadratic function. This

solution can be done without large errors for low wind speeds where the approxima-

tion is very close to the cubic function of the MPPT trajectory. This approximation

is not accurate for very low wind speeds, when the turbine is not able to produce

energy, and it is also bad for high wind speeds, were the correct values of λ in order

to track the maximum power corresponds to values out of range from the ones sup-

ported by the turbine. The main idea is to adjust this function in such a way that fits

as maximum as possible with the cubic MPPT curve in the working range that for

this application is among 5 m/s and 15 m/s. The following demonstration explains

the adopted algorithm.

As was indicated in chapter 3, the power that is possible to obtain from the wind

turbine can be expressed as (4.8).

P =
1

2
ρCp(λ, β)Av3 (4.8)

where ρ is the air density, A is the swept area and Cp is the power coefficient that is

a non linear function of λ (3.6) since the pitch angle β is fixed in this application. λ

is the relationship of the rotational speed of the wind and the wind speed as can be

seen in (4.9)

λ =
ωrr

v
(4.9)

From (4.8) and (4.9) can be concluded that
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Pmax ∝ v3 ∝ ω3
ropt (4.10)

where ωropt is the optimum rotational speed which gives a tip speed ratio for a maxi-

mum Cp.

As the generator is a Permanent Magnet Synchronous Generator (PMSG), the

back electromotive force E is a linear function of the rotational speed [2] (4.11) and

the terminal voltage can be obtained from (4.12).

E = KeΦωr (4.11)

where Ke is a constant and Φ is the generator flux.

Vac = E − Iac(Rs + jωeLs) (4.12)

As the generator is connected to the system though a three phase diode rectifier

the rectified voltage can be expressed as [3]:

Vdc =
3
√

3

π
· Vac (4.13)

From (4.11), (4.12) y (4.13) it can be said:

Vdc ∝ ωr (4.14)

Expression (4.14) can be applied to the system when it is in the maximum power

point:

Vdcopt ∝ ωropt (4.15)

From (4.10) and (4.15) it is possible to say:

Pmax ∝ V 3
dc (4.16)

This maximum power in the generator can be translated to the DC side in the
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system where:

Pdc = ηPmax = VdcoptIdcopt (4.17)

where η is the conversion efficiency into DC. From (4.16) and (4.17), at maximum

power point:

Idcopt ∝ V 2
dcopt (4.18)

From (4.18) the maximum power point can be achieved by following a quadratic

expression. The approximation that was taken into account for the MPPT was cac-

ulated as the linearization of (4.18) in the working range of the turbine (5 m/s - 15

m/s). From the power curves obtained in chapter 3 and applying expressions 4.11 and

4.17 current-voltage curves of the turbine can be obtained. This curves are shown in

Fig. 4-9 where the maximum power points are marked with ’+’. The linearization of

the MPPT path is in purple.

The trajectory for the MPPT approximation was calculated as the straight line

that passes through maximum power points for a wind speed of 5 m/s and for 15 m/s.

In Fig. 4-10 it is shown the power that is possible to obtain for a wind speed and

the power that is able to track with the proposed method. The error between both

trajectories is small compared with the one that can be produced by measurement

errors due to the uncertainty of the sensors, being the largest deviation of 1.66%

produced for a wind speed of 13 m/s where it is obtained 1482 W instead of 1507 W.

4.4 Over-current and over-speed protections

One of the disadvantages of the variable speed micro wind turbines is that they have

to be exposed to a large variations of current and speed. It must be noted that

when speed changes, according to expressions (4.11) and (4.12) voltage also changes.

Current limitations are determined by the thermal behavior and the resistance of

the components, voltage limitations are determined by the rating of the components.
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Figure 4-9: Current-voltage characteristics of the wind turbine.
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Figure 4-10: MPPT approximation trajectory compared to real power curves.
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Typically, a component is more suitable to withstand over-voltages than over-currents.

Once it is reached the voltage limit of a component this component is immediately

damaged forever meanwhile an over current can be sustained a certain period of time

before the component is permanently damaged.

For this kind of systems an over-voltage condition can be easily reached during

the whole life of the system due to high wind speeds. Looking at Fig. 4-9 it can be

noticed that when the wind blows too strong, the maximum power point is at one

speed that can not be achieved by the system. One simple solution for this problem

is to stop the wind turbine at the cost of losing energy.

A solution for this issue is to keep injecting power even when the wind speed is

high by keeping the turbine at a fixed speed. This solution requires to move away

from the maximum power point at high wind speed in benefit of keeping the turbine

generating.

It is interesting to put in practice this protection without the need of changing the

control structure, avoiding sudden jumps in voltage or current references and keeping

the turbine under control in every moment. With these protections included in the

turbine control, the transition among the limits will be done in a natural way, being

these changes very smooth.

The method presented in this Master Thesis is a new new control strategy pre-

sented here first time.

4.4.1 Over-speed protection

A high speed can produce an over-voltage that can cause damages in the electronic

components of the system. This is why it is important to keep the turbine working

in an acceptable speed range apart from the vibrations that can be produced in

mechanical components of the turbine.

The idea of this protection is to allow the system to track the MPPT algorithm

when the speed of the turbine is in the design range and try to brake the turbine

when it is out of limits, moving away from the MPPT trajectory. The goal of this

protection is to keep the turbine at the maximum speed when this limit is reached,
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preventing to the turbine to speed-up when the wind is too strong.

This protection can be done by applying more electric torque in the generator

when it is needed to reduce speed. As the torque is proportional to the active cur-

rent demanded from the motor, this protection can be implemented requesting more

current when it is needed to reduce the speed.

In order to be able to control the current requested from the motor, it is important

to have enough control signal (ie. current) to do this. This means that vbus have to be

higher than the voltage of the generator vdc, so the limit for the generator voltage have

to be lower than the DC bus voltage reference, leaving some margin for the ripple

produced because of the single-phase power injection. A reasonable margin value

is 100 V for this particular system. This margin can be increased by using better

voltage sensors with less noise. It can be also increased including in the controller an

anti-windup algorithm.

Looking at the current-voltage curves (Fig. 4-9) of the wind turbine, in order to

decrease the voltage generated by the turbine and therefore its speed, it is needed to

increase the amount of current requested from the generator, in order to keep constant

the speed. In Figure 4-11 it can be seen the trajectory that must to be followed in

order to track the maximum power point with over-voltage protection. Notice that

the MPPT algorithm has been modified reducing the linearized points, linearizing it

between the minimum power point 5 m/s and the maximum power point closer to

the voltage limit, in this case 12 m/s.

In order to avoid changes in the control architecture that can cause undesired

transients in the behavior of the system, a voltage regulator will be included to

the base control scheme seen in Fig. 4-6. This controller will control the rectified

voltage of the generator by modifying the requested voltage. One of the problems

including this regulator is that when the voltage is lower than the maximum voltage,

the regulator could request negative current in order to try to speed-up the generator.

This cannot be done due to the diode rectifier and also is not the desired operation

mode because if the voltage is lower than the voltage limit, MPPT algorithm must be

followed. In order to avoid negative references in the requested current, this regulator
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Figure 4-11: Trajectory of the MPPT approximation with over-speed protection.
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Figure 4-12: Boost control blocks diagram for MPPT and over-speed protection.

will be limited to only positive values. In order to avoid windup, realizable references

will be implemented.

The output of this regulator will be added to the current demanded from the

MPPT algorithm, in this way, when the voltage is lower than the maximum one,

the current demanded will be only the one requested by MPPT being the current

requested by voltage regulator zero. Once reached the voltage limit, MPPT will

require the correspondent amount of current and the voltage regulator will require

the correspondent current to provide the needed torque and keep the speed in range.

The block diagrams for this controller can be seen in Fig. 4-12.

The PI regulator will be tuned to control the generator speed taking into account

its inertia. The bandwidth for this regulator (4.19) is 10 Hz and will be tuned for a

maximum overshoot of 5%:

∆iB(s)

vG(s)− VGmax
= 0.3690 · s+ 168

s

[
A

V

]
(4.19)

4.4.2 Over-current protection

The over-voltage protection has been explained in the previous subsection, but it is not

enough to protect the system against high power values. Until now if the wind is too

strong, the speed of the turbine is kept to a maximum value. If this maximum limit is

kept constant, the power generated will also increase with the wind speed, increasing
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Figure 4-13: Trajectory of the MPPT approximation with over-speed and over-current
protections.

also the current that flows through the converter. This high currents can damage the

converter so it is also important to protect the system against over-current.

The increase in current can produce over-heating of components and some of them

can eventually fail. This is the reason why it is also important to keep the current

among limits. As it was mentioned before, components can often handle more current

than the rated one for a short period of time, but after this time, they get damaged

due to overheating. Looking at the power curves, there is a region where the power

decreases for all wind speeds when the speed decreases. The proposed method try

to move the operation point to this region where voltage an power can be controlled

without surpassing the limits of the system.

This protection must also allow the system to track the maximum power point

when the wind conditions are among limits, and also be compatible with over-voltage
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protection. The idea is that once the rated current of the system is over passed, the

voltage is reduced (therefore the speed of the turbine) in such a way that the current

needed to maintain the turbine in that voltage fits with the nominal current of the

system. This trajectory can be seen in Fig. 4-13. While moving through the curves,

current can be higher than the nominal one, this is the reason why the nominal value

must not fit with the maximum peak current that is possible to handle.

The maximum value of the current in the system must be higher than the peak

that can be produced when the turbine is is speeding-down. Due to the shape of

the current curves, there will be a maximum of the current to be handled in the

interval between 0 and the maximum voltage limit whatever the wind speed be. If

the peak current is higher than the one supported by the system, voltage limit must

be decreased to fit the maximum current value of the turbine among that range with

the peak value of the components.

In order to implement this protection in such a way that the system behaves

naturally without sudden changes, this protection will be made decreasing the voltage

limit when the current is higher than the nominal one. This will be done integrating

the current difference between the nominal one and rated. In order to avoid a voltage

limit increase, this regulator will be limited only to negative values, and in order to

not completely stop the turbine the voltage reference cannot be lower than 250 V in

order to allow to the turbine to generate. To avoid windup issues realizable references

will be used. In Fig. 4-14 can be seen the blocks diagram for both, speed and current

protections.

4.5 Simulation of the system

A simulation of the system was performed with the aim of testing the behavior of the

system, implementing the control strategy explained in this chapter. Although each

control loop was tested separately, here it will be only presented the simulation of the

complete system, trying to follow a full wind profile.

The profile chosen for the wind simulation, must contain several speed variations
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Figure 4-14: Boost control blocks diagram for MPPT with over-speed and over-
current protection.

in order to test the system under very different conditions, trying to get a simulation

as much complete as possible. All the components will be parametrized in consonance

with the real components to be used, this means that all parasitic components as can

be ESR in capacitors and inductors will be taken into account as well as the RON and

voltage drop of the semiconductors. To simulate the behavior of the wind turbine, a

wind turbine model following the expressions presented in Chapter 2 will be used.

In Fig. 4-15, it can be seen in the upper part the wind speed profile used for the

simulation and in the lower part the maximum instantaneous power that the turbine

can deliver. This profile have regions where the power is smaller than the nominal

power and the turbine can follow the MPPT trajectory. Winds over 13 m/s can cause

over-voltages in the turbine so the system must keep the voltage controlled once this

limit is surpassed.

Fig. 4-16 shows the current and voltages resultant from the simulation. It can

be seen how the bus voltage is constant along the whole simulation (except during

start-up). This voltage has a 100 Hz ripple since the power injected into the grid is

not constant while the power taken from the generator is constant at steady-state.

This can be seen in Fig. 4-17 where it is presented a detail of these results.

In Fig. 4-16 it can be seen how the current increases with the input voltage,

following the relationship explained in previous sections. Once the voltage reaches

450V (the voltage limit for this case), current continues increasing in order to maintain

the turbine speed controlled.
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Figure 4-15: Wind speed and power profile used for simulation purposes.
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Figure 4-16: Current and voltage (simulation results).
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Figure 4-17: Detail of output current and voltage waveforms for a wind speed of 18
m/s (simulation results).
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The output current also increases when the input current does. This occurs be-

cause the bus voltage must to be kept constant, so it is needed to inject more current

in order to avoid charging the capacitors. The ripple amplitude of the bus voltage is

dependent on the output current level but the frequency is fixed to 100 Hz.

4.6 Experimental results

Simulation results have been presented in previous section, where different wind speed

changes have occured. In order to compare this simulation results the same wind

profile will be applied to the actual system. This profile will be programmed in the

frequency converter as a time dependent function.

In order to start-up the motor, this wind profile will not start from a zero wind

speed, but from 7 m/s.

In this test, all control loops and protections have been implemented, not as in

the simulation case where over-current protection was not implemented due to model

limitations. In this case the applied wind profile is the same. The results for this test

can be seen in Fig. 4-18 where it is presented the injected current measured in the

line, the rectified generator voltage measured at the output of the rectifier, and the

DC bus voltage measured in the bus capacitors. In can be seen how the response is

similar to the simulated one taking into account that in actual test the inertia comes

only from the generator plus the induction motor coupling. Input current cannot be

presented due to there is no room to place the current probe in the PCB. Notice that

in order to start-up the motor, this wind profile will not start from a zero wind speed,

it will start from 7 m/s.

In this experimental case, voltage protection is working for winds speeds higher

than 14 m/s. It can be seen how the system keeps the voltage to the maximum value.

Over-current protection occurs when the wind speed is 18 m/s. A high current is

being demanded from the turbine, so the system reduces the input voltage trying to

find a point in the power curve where both voltage and currents are in range. Once

the wind speed is below these limits, the system continue following MPPT trajectory.
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Figure 4-18: Current and voltage (experimental tests).
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Figure 4-19: Detail of output current and voltage curves for a wind speed of 14 m/s
(experimental tests).

During the interval between 5 and 6 s, it can be seen how the voltage decreases

more than in the simulation case, this is because in the experimental test the only

inertia that was present was the generator one. This is why the speed of the generator,

and hence the voltage, have faster dynamics.

In Fig. 4-19 it can be seen a detail of the injected current and DC bus voltage. In

this case there also can be seen the voltage ripple in the bus voltage which frequency

is double of the grid frequency.
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Chapter 5

Communication system

As it was introduced in the previous project, an interesting part from the point of view

of commercialization of a product is providing a communication module that enable

the user to monitor some data relative to the generation process. It is also interesting

from the point of view of commercialization to provide the user with some tool to

control the turbine, this may include the chance of starting/stopping the turbine,

or decrease its maximum speed during the night with the aim of decrease the noise,

making the system more competitive and appealing.

But this is not only interesting from the point of view of the commercialization,

it can be also interesting for debugging processes, where it is needed to check some

parameters or measurements avoiding to store data in a memory, allowing to see what

is happening in real time.

In the present project, the communications module will be handled only for de-

bugging purposes, but the same design can be also used in a commercial application

by modifying the data to be sent.

In order to meet the market trends, a WiFi module will be chosen due to this tech-

nology is broadly extended and it is very common to find it in any personal computer.

The WiFi module chosen is WiFly RN-174 from Roving Networks company.

This module will create its own network to which is possible to connect with any

WiFi device (PC, mobile phone, etc.). Once the socket is established, the generating

system will act as a server and will be waiting for a client. This connection can be
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done by opening a socket from a client. Once the socket is opened, the communication

process can start.

From the point of view of handling this module in a DSP, it can be connected

though the SCI or in a future version of the WiFi module it can be through SPI which

is faster than SCI. In this case SCI module will be used.

For debugging process, DSP will be continuously sending data to the module,

which only will send the data over WiFi if a socket has been opened from a client.

The data to be sent are the actual power taken from the turbine, the current that is

being taken from the generator and a status variable. This status variable contains

useful information from control strategy as could be if the turbine has entered in

speed control mode or if some alarm occurred. This variable will also be useful as

acknowledgment of the commands sent to the system from the client applications as

could be the stop order.

In order to interact with the turbine, an application client was developed. This

interface has been written in visual C with Embarcadero Studio RAD XE3 previously

known as Borland C++ Builder. This tool allows to create an application with the

basic interface elements needed as can be charts to represent data, a log screen, or

buttons to give functionality to the system.

This application is ready to show the actual generating values, check if one event

has occurred, or send commands to the turbine such as Start/Stop the turbine or

decrease its speed. Also, it will have a button to open or close the socket, controlling

this way the communication path. A snapshot of this application can be seen in Fig.

5-1.
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Figure 5-1: Snapshot of the PC application for communications.
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Chapter 6

Regulations

Every product intended to be marketed has to comply with all regulations concerning

the product. Due to the commercial nature of this system, this chapter is included in

order to study the actual regulations. This project only covers to the electrical part

of the system, so it only will present the regulations concerning the electrical system,

in this case to comply with Spanish regulation.

The regulations that are going to be studied here are the ones related with grid

connection conditions, electromagnetic compatibility (EMC) and harmonics. Due to

some test require to check the behavior of the system as a whole, some of them cannot

be done because the case is needed to pass the test.

6.1 General connections

According to BOE number 295 from December 15th 2011, RD 1699/2011 November

18th by which is regulated the grid-connection of small scale power production fa-

cilities. every system intended to be connected to the grid must do it under some

specific conditions. The technical conditions needed to connect a system to the grid

are presented in this RD and must to be complied with.

In regular working conditions, the system must not cause disturbances the network

higher than the admissible ones. In the case that a distribution line is disconnected

from the grid, the system must not provide voltage to the grid for safety issues. There
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Figure 6-1: Response time of the PLL.

can only be one single connection point by each single installation.

Concerning the power of the system, in the same regulation it is indicated that

the maximum power for a single phase system is 5 kW, otherwise the system must

be a balanced three-phase system (admissible an unbalance of as much 5 kW). The

power factor of the installation must be higher than 0.98 when it is operating over

25% of the rated power.

The system must to be well protected, providing it with all automatic and differ-

ential protections as required in article 4 of the mentioned RD. This protection must

be done with mechanical devices in order to break the current path and can not be

done by using semiconductor devices.

For our particular case, the system has a single-phase connection since its maxi-

mum power is 2.5 kW. The power factor of the system is very close to unity factor
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Parameter Threshold Response time
Over-voltage un +10% 1.5s
Over-voltage un +15% 0.2s

Minimum voltage un -15% 1.5s
Maximum frequency 50.5Hz 0.5s
Minimum frequency 48Hz 3s

Table 6.1: Response time for frequency and voltage level protection required by reg-
ulations

for all power ranges, specially when the power is high since the current is controlled

every moment.

In order to provide protections, relays has been placed in the system in order to

connect or disconnect from the grid, being this relays mechanical and no semiconduc-

tor devices.

Concerning to maximum/minimum frequency protections and maximum/minimum

voltage protection the system table 6.1 shows the limit values that must to be com-

plied.

In case of maximum frequency fault, the system must stay disconnected until the

frequency be less or equal 50 Hz.

With PLL explained in chapter 4, it is possible to detect frequency and voltage

changes very fast. In order to test this , a 230 V and 50 Hz signal was perturbed.

In time t=0.15 s, the frequency goes from 50 Hz to 50.5 Hz and in time t=0.35 s

the frequency returns to 50 Hz. In time t=0.50 s but the voltage increases 15%. In

Fig. 6-1 it can be seen the results of this test. It can be noticed as all changes has

been noticed by the PLL very fast, allowing the protection to be faster enough to

comply with the regulations, detecting the voltage increase in less than 0.1 s while

the regulation requires 0.2 s.

Earthing conditions are also required by the regulation, however, according with

EN 61000-6-3 and EN 61000-6-4 earthing requirement are compliant if lightning pro-

tection regulations are also compliant, which are more restrictive. This lightning

protection mus be evaluated as a whole system needing the complete system (case,

blades..) in order to test the earthing connection.
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According with article 15 point 2 in EN 61000-6-4, the installation must have a

galvanic isolation among the distribution network and the generator. This means that

it is needed to install a transformer to connect it to the grid. This transformer can

also act as a filter behaving both as galvanic isolation and as a filter. This transformer

cannot be formed with semiconductors.

Due to the system is a prototype, the transformer has not been placed yet, being

the filter the only device between the system and the grid. In a commercial application

this transformer must be taken into account.

6.2 Electromagnetic Compatibility (EMC)

All electronic devices must comply with Electromagnetic Compatibility regulations.

It exists a specific standard for EMC in wind turbines. This standard is UNE-CLC TR

50373. In this regulation are presented all the issues that must be taken into account

for EMC test and refers to the specific regulation that deals with this issue in detail.

The regulations to be met with depend on the final placement of the system, being

different if the system is going to be installed in industrial or residential environments.

In this case, the system is going to be connected to a low voltage public distribution

grid and it will be placed near residential, commercial or light industrial places,

so it must comply with EN 61000-6-2 and EN 61000-6-3, which are the strictest

standards. In these standards are defined the the limits of emission and immunity to

electromagnetic fields.

Immunity is a measure of the ability of electronic products to tolerate the influ-

ence of electrical energy (radiated or conducted) from other electronic products and

electromagnetic phenomena. The limit and the reference to the corresponding test

can be found in EN 61000-6-2.

Emission limits and the reference for the specific tests can be found in EN 61000-

6-3.

According to UNE-CLC TR 50373 the CEM test must to be passed with the

system fully mounted. This is why no test EMC test were take into practice with the
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Harmonic Order Present [%]
1 100
3 13.78
5 5.05
7 5.59
9 1.57
11 1.05
13 0.75
15 0.57
17 0.44
19 0.35
21 0.29
23 0.24
25 0.20

Table 6.2: Maximum Amplitudes of Harmonic Currents [18]

PCB.

In order to make this test, it could be carried out at the Prodintec facilities at the

University of Oviedo, where can be done all the test needed to obtain the CE mark.

If the test are not successful, it can be added to the system an on-board electro-

magnetic interference (EMI) filter. There are two kind of EMI filters, narrowband

EMI in case of exceed emission limits or broadband in the case of surpass immunity

limits.

There are commercial EMI filters that can be easily adapted to the system that

depends on the voltage level and the attenuation needed. These filters will be included

in case they were needed.

6.3 Harmonic distortion

One of the main issues concerning the developed system is the harmonic content of

the injected current. This is a low power system and can be connected to a single

phase network. However, a large number of inverters tied to the same feeder can cause

problems if the inverter’s harmonics are excessive. This is why IEEE recommends

certain values for the harmonics that is better not surpass. Those values are presented

in table 6.2
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This is only a recommendation given by IEEE, the mandatory standard for mea-

suring and evaluating the quality of supply characteristics for wind turbines connected

to the grid is UNE-EN 61400-21. Here there are included all magnitudes that must

be stipulated to characterize the power quality of a wind turbine as can be voltage

fluctuations, connection operations, active and reactive power, and current harmon-

ics.

The most relevant issue for this type of systems are the harmonics injected into

the grid. As it is included in the standard, these harmonics have to be measured in

different portions of the rated power: 0, 10, 20 ... 100% of Pn. Regulation requires

specify the harmonic content up to frequencies 50 times higher than the grid frequency.

Inter-harmonic current components must be specified up to 2 kHz according to

IEC 61000-4-7:2002, and high frequency components must be evaluated from 2 kHz

to 9 kHz. All these harmonic analysis must be evaluated for a unity power factor.

In order to analyze the results of the harmonic content, it is recommended by

UNE-EN 61400-21 to use a window length of 10 cycles for a 50 Hz system and 12

cycles for a 60 Hz system. Discrete Fourier Transform (DFT) must be applied with

a rectangular ponderation. This window can also be used to calculate active power.

According to UNE-EN 61400-21 and IEC 61000-4-7:2002 the Total Harmonic Cur-

rent (THC) must be evaluated as follows:

THC =

√∑50
h=2 I

2
h

In
(6.1)

where Ih is the harmonic content for the harmonic subgroup h and In is the funda-

mental harmonic.

For harmonic components lower than 2 kHz, must be split into groups according

to IEC 61000-4-7:2002 annex A:

C2
isg,n =

8∑
i=2

C2
k+i (6.2)

For harmonic components from 2 kHz to 9 kHz they have to be measured and

grouped according to annex B in IEC 61000-4-7:2002. The output of the DFT must
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be grouped in 200 Hz bands.

Gb =

√√√√ b+100∑
f=b−90(Hz)

C2
f (6.3)

In order to correctly evaluate the harmonics content, it is needed to take samples

of 10 minutes length. With the actual equipment, it is not possible to store 10 minutes

with an adequate sampling rate. In order to evaluate the system the length of the

samples was reduced to 1 minute in order to evaluate the system. In order to evaluate

IEC 61000-4-7:2002 a digital power analyzer (e.g. DPA 500N from emtest) will be

needed.

In Fig. 6-2 it can be seen a portion of the window used to analyze the harmonic

content for the current corresponding with 2
3

of the rated power. In the top of this

figure, it can be seen the grid voltage measured, in the middle the current measured

and in the bottom, for the sake of better understanding can be seen the generator

voltage and the bus voltage.

In Fig. 6-3 it can be seen the spectral analysis of the current seen in Fig. 6-2

corresponding to a wind speed of 12 m/s. The THD will be calculated in base to this

data according to (6.1) and (6.2). The THD for this current up to 2 kHz is 0.0264

and for frequencies from 2kHz to 9 kHz, according to (6.1) and (6.3) is 0.52077 · 103.

According to UNE-EN 61000-3-2, this system is a Class A type because the maxi-

mum current is less than 16 A and does not fit in classes B, C or D. In this regulation

are present the limits for the harmonics of the injected current. These admissible

values are shown in table 6.3

The harmonic content for a wind speed of 12 m/s can be seen in table 6.4. It can

be seen how all values are between ranges complying with UNE-EN 61000-3-2.

The worst case in therms of harmonics is when the value of the injected current is

too low and the power of the harmonics can be higher than the power injected with

the fundamental harmonic. The case presented in Fig. 6-4 corresponds to a wind

speed of 7 m/s and the power injected is 128 W which is less than 10% required to

comply with harmonic regulations.
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Figure 6-2: Real generation data corresponding to a wind speed of 12m/s.

Harmonic Order Maximum harmonic current [A]
Odd harmonics

3 2.30
5 1.14
7 0.77
9 0.40
11 0.33
13 0.21

15 ≤ n ≤ 39 0.1515
n

Even harmonics
2 1.08
4 0.43
6 0.30

8 ≤ n ≤ 40 0.23 8
n

Table 6.3: Maximum Amplitudes of Harmonic Currents admissible by UNE-EN
61000-3-2.
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Figure 6-3: Frequency spectrum for the current injected for a wind speed of 12m/s.
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Harmonic Order Maximum harmonic current [A] Measured current [A]
Odd harmonics

3 2.30 0.080
5 1.14 0.054
7 0.77 0.028
9 0.40 0.021
11 0.33 0.008
13 0.21 0.000
15 0.12 0.004
17 0.11 0.001
19 0.10 0.003
21 0.09 0.003
23 0.08 0.003
25 0.07 0.002
27 0.07 0.001
29 0.06 0.001
31 0.06 0.001
33 0.06 0.001
35 0.05 0.001
37 0.05 0.001
39 0.05 0.000

Even harmonics
2 1.08 0.026
4 0.43 0.100
6 0.30 0.047
8 0.23 0.005
10 0.18 0.008
12 0.15 0.005
14 0.13 0.002
16 0.12 0.007
18 0.10 0.002
20 0.09 0.002
22 0.08 0.000
24 0.08 0.001
26 0.07 0.002
28 0.07 0.002
30 0.06 0.001
32 0.06 0.001
34 0.05 0.001
36 0.05 0.001
38 0.05 0.001
40 0.05 0.000

Table 6.4: Harmonic content for 7m/s.
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Figure 6-4: Real generation data corresponding to a wind speed of 7m/s.
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Figure 6-5: Frequency spectrum for the current injected for a wind speed of 7m/s.

In Fig. 6-5 it can be seen the spectral analysis of the current seen in Fig. 6-4

corresponding to the current for a wind speed of 12 m/s. The THD will be calculated

in base to this data according to (6.1) and (6.2). The THD for this current up to 2

kHz is 0.1173 and for frequencies from 2kHz to 9 kHz, according to (6.1) and (6.3) is

0.0039.

The harmonic content for a wind speed of 7 m/s can be seen in table 6.4. It can

be seen how all values are between ranges complying with UNE-EN 61000-3-2.
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Harmonic Order Maximum harmonic current [A] Measured current [A]
Odd harmonics

3 2.30 0.060
5 1.14 0.008
7 0.77 0.000
9 0.40 0.006
11 0.33 0.001
13 0.21 0.002
15 0.12 0.003
17 0.11 0.002
19 0.10 0.005
21 0.09 0.001
23 0.08 0.001
25 0.07 0.001
27 0.07 0.001
29 0.06 0.001
31 0.06 0.001
33 0.06 0.001
35 0.05 0.001
37 0.05 0.001
39 0.05 0.000

Even harmonics
2 1.08 0.066
4 0.43 0.019
6 0.30 0.004
8 0.23 0.005
10 0.18 0.001
12 0.15 0.001
14 0.13 0.000
16 0.12 0.001
18 0.10 0.001
20 0.09 0.000
22 0.08 0.001
24 0.08 0.001
26 0.07 0.001
28 0.07 0.002
30 0.06 0.001
32 0.06 0.001
34 0.05 0.001
36 0.05 0.001
38 0.05 0.001
40 0.05 0.000

Table 6.5: Harmonic content for 7m/s.
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Chapter 7

Conclusions and future

developments

In this Master Thesis it has been presented a generation system for a small wind

turbine. This work is based in a previous design which needed to be improved in

therms of control and hardware. The goal of this Master Thesis is to improve the

system solving some difficulties that was found during its design.

Here was presented some changes to make the system autonomous and more

reliable, introducing some changes in the hardware design as can be the current

sensors or the power sources. Here was demonstrated that all changes done were

successful and the system is able to work standalone. The PCB shape was also

changed being now prepared to integrate the system inside the nacelle of the wind

turbine.

Also here was presented a new control strategy that allows the system to work

near the maximum power point of the wind turbine, improving the global efficiency of

the system. Although the algorithms implemented are not though to fit the maximum

power point, they are very close to this maximum and the power difference between

them can be considered negligible (near 1%). These algorithms was implemented

without the need of adding more sensors than the needed for controlling the system.

Wind speed and rotational speed are not measured to track the maximum power

point.
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Apart of a valid control that able the system operate with the maximum efficiency,

here was introduced new methods to protect the system from high speeds and pow-

ers that could damage the system, allowing the system work under very hard wind

conditions safely. These protections are presented here first time and can be object

of improvement in a further work.

Along the development of this Master Thesis all the new control concepts in-

troduced were tested by simulations and its validity was confirmed by experimental

results. This confirms that the system is suitable for wind power generation.

7.1 Future developments

As a future work, is pending to pass the test needed to comply with all the regulations

and standards introduced in this Master Thesis.

Here was presented some new concepts that need to be deeply studied in order

to improve its behavior. Over-current protection can be a good starting point. Until

now, when it is need to reduce the power injection of the system, the speed was

decreased to a non fixed point. This point depends on the actual wind speed. One

way to improve its behavior is to study how the system can be carried to a determined

point where the system is safe for all wind speed without lessen the efficiency of the

system more than needed.
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Appendix A

Experimental setup. Graphical

description

In this appendix you can find some photos of the system.
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Figure A-1: Top Layer of the PCB

Figure A-2: Bottom Layer of the PCB
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Figure A-3: Generator built by ’AZ Renovables’.

Figure A-4: Photo of the Generator coupled to a induction machine (wind turbine
simulator).
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Figure A-5: Photo of the frequency converter used.

Figure A-6: Photo of a mounted PCB (DSP view).
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Figure A-7: Photo of a mounted PCB (coil view).

Figure A-8: Photo of a mounted PCB (top view).
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Figure A-9: Photo of a mounted PCB (IGBTs view).
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