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ABSTRACT

Contribution to Wind Energy Conversion Systems in Urban and Remote. Areas

Ayman Al-QuraanPh.D.
ConaordiaUniversity,2016

Recently, there is a growing interest in the use of wind energy in buildings environment
for distributed generation systems. However, the prediction of the wind speed and energy in
such environment is difficult, due to the roughnasd the frictional effects which reduce
the wind speed close to the ground. Moreover, the adjacent buildings affect the wind regime
around a specific building in the urban environment. Therefore, a method for appropriate
estimating of the wind speedancecengy over the buildingsd roc
stages of the wind energy development in the urban environment.

This thesis provides a novel method of estimating the wind speed and energywsidg
tunnel. The method has been validated usmg case studies, homogeneous and-non
homogeneous terrain.

The Permanent Magnet Generator (PMG) is preferred in small Wind Energy Conversion
System (WECSjor standalone and remote areas. A new technique to control the flux of
the PMG for WECS applicatis has beedeveloped andised in this thesis for voltage
regulation purposes. By selecting a suitable valueafisl current, the terminal voltage of
the PM generator can be regulated for variable wind speed. Consequently, the terminal
voltage across thiwad is also regulated. No special mechanical techniques or additional

electromagnetic coils are used for this purpose.



The effect of the PMG flux control on the reactive power compensating capability for a
variable inductive load has also been studeed¥ECS applications.
The case study presented in this thesis shows how the reactive power consumed by the load
was compensated using the flux control operation of the system. The controller shows highly
effective response during steady state and transien

A flux controller of a permanent magnet variable flux machine-{F#) has also been
designed and presented in the thesis for voltage regulation purposes. The costroller i
designed based on injectigaxis current pulses for short persoof time. These pulses
have negligible losses which redscthe machine losses and incremaske machine

efficiency.
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CHAPTER 1: INTRODUCTION

1.1 Background

Renewable energy sources like wind, solar, hydro and tidal are used to generate electrical
energyin an environment8t friendly at acceptablecoss. These sources areeing
consideredike asalternative to the traditional energy sourcescBuas oil, natural gasnd
coal. In recent yearsjdributed generatiobased on these renewable energy sousceb
increasing interest to be used in the modern power systems. The reason is that the traditional
sources cause environmental problems and subject to shortage in the near future. In addition,
renewable energgesources are inexhaustible.

Among the reawable energy sources, wind energy is one of the most important and the
fastest growing major sources of electricity around the world. The imporaineend
energy comesfrom the immense potential in supplying electricity across the world.
Generating elddcity from small and distributed wind energy sources typically includes
small wind turbines found at homes, farms, businesses and public facilities. There are
significantdifferences between small wind turbines and the large ones. Large wind turbines,
often grouped in wind farms, are widely used by utilities to provide electrical energy to
electrical grids While small wind turbines may look like miniature versions of large
turbines there ardalifferences in technology, purchase decisions, applicatguireaments
and value of generated electricity.

Urban wind energy (UWE) is the energy based on using the small wind turbines in the
urban environmentnlthe last few decadgbere is a growing interest for using wind power
in buildings using urban wind toines (UWT). Wind turbine deployment in the built

environment is inherently more complicated than in rarais with open space
1



In successfully exploiting wind energy in the built environmémee major issues can
be identified.wind resource assement andharacterizatiof the windaround buildings,
structural integration of wind turbines with buildingsd special urban wind turbine design
requirement$l].

While the principles of wind turbines are simple, there are still big challengeslmggar
the bestselection of the gnerator types anthe machine performance. Several types of
generators are used for wind applications. DC generators are not widely used in the WECS
because of the high maintenance requirement of brushes and commutdber aeed of a
full scale inverter in order tbe connected to the AC grid. Usually, DC generators are
restricted to nowgrid-connected wind energy systems with small DC loads, i.e. battery
chargerg2].

The induction generatorequire a source akactive power. This leads to poor power
factor of the machine. The power factor of smaller induction machines is liower
comparison to largesnes. The consumption of reactive power is penalized by many grid
operators, since it causes losses in the grid. Sodhetion generator is ndté best solution

for thesmallWECS [3-[5].

UsePMG are ofthe best solutianfor grid connected WECS, especiafty variable
speed operatiof6]-[7]. The reaon is that the speed of the B\Man be controlled by
power electraic devices foMaximum Power Point TrackinglPPT) operation. Also, in
the PMS there is no need for a DC excitatiorsm. Moreover, by using the Rthe
reactive power can be compensated easily when the load is changed by controlling the flux
of the mabine. This can be done by injecting aadis current (0 ‘@r 0 N Thus, the

total airgap flux of the machine can be enhanced or reduced.
2



1.2 Objectives
Theobjectivesof this thesis are:

1 Developa method for estimatinipe urban wind power and energyer the roof of
the buildingshy means of wind tunnedxperiments. This estimation can be used for
selecting the best location of the urban wind turbines.

1 Use a flux controllerfor a PMG based WECSor voltage regulation purposes at
variable speed operatioAux weakening operation of tre®ntrolleris alsoused for
speed range extensiofhthe PMG.

1 Investigate the effectfahe flux controller of the PI& in the reactive power
compensating capability for a variable inductive load.

1 Provide a control strategy for a special PM machine (Variable Flux Machine
(VEM)), which uses the AINiCo PM as a low coercive PM for voltage regulation
purposes. The control strategy is based on changing the magnet fluwbyevel
injecting daxis current pulses to magnetize or demagnetize the magnet.

1.3 ThesisOutline

The prediction othe wind speed and energy in the urban environment is difficult, due to
the adjacent buildings which affect the wind regime around a specific building in the urban
environment. Mogover, the wind energy is a culfimction of the wind speed, so a small
deviation in the estimation of the wind speed leads to large difference in the wind energy.
This thesis provides a novel method for estimatirgwind speed and energy usiagnd

tunnel testing.



Since the wind speed is variable in the urban environarahthe turbulence is always
presenta method for regulating the voltage for a permanent magnet wind generator (PMG)
for urban wind turbine applications is needed. This method is used to control the flux of a
PM wind generator by selecting a suitablareadf the daxis current, so the terminal voltage
of the PM generator can be regulated at variable wind speed. The controller and its
implementation is discussed in chapter 3 in the thesis. In this controller, no special
mechanical techniques or additiom#ctromagnetic coils are used to achieve the purpose
of this controller. However, suchcontroller will increase the losses of the machine and
reduce the overall efficiency. A solution for this problem will be discussed in chapter 5 of
the thesis.

Compensating the reactive power of the PMG is required in the urban environment,
especially in the emergency cases when the electrical grid is shut down. A local source of
reactive power, obtained from the compensating capability of the flux controller of the
PMG, is usefulfor a case o€lectrical grid shut down. This issue is discussed in detail in
chapter 4 in this thesis.

In order to overcome the problem of the controller of the conventional PMG which is
discussed previously in Chapter 3, a new flux colgralf a permanent magnet variable
flux machine (PMVFM) has also been designed and presented for voltage regulation
purposes. The controller is designed based on injecting pulsesxaf durrent foa short
period of time. Thes pulses have negligible@dses,and this improveghe machine

efficiency.



CHAPTER 2: URBAN WIND ENERGY MODELLING

2.1 Introduction

Urban energy generation such as that produced by small scale wind turbines installed on
or around buildings can be defined as migemeration. Reently, there is a growing interest
in the use of wind energy in buildings for distributed generation. Since the generated power
is a function of the cube of the wind speed, a small increase in the wind speed leads to a
large difference in wind energy geagon.

The prediction of the wind speed in the built environment is difficult, due to the
roughness and the frictional effects which reduce the wind speed close to the ground. In
addition, several adjacent buildings influence the wind regime aroundificspailding in
the urban environment. The most dependable method for wind assessment in the urban
environment is to directly measure the wind speed, ideally at the position and height of the
proposed wind turbine. However, measuring the wind speesitatia both time consuming
and expensive, i.e. normallyot appropriate for the early stages of wiedergy
developmentFortunately, several methods are available for the initial assessment of wind
resource in urban areas, with varying degrees of résolahd accuracylhese are, in order
of increasing accuracy, wind atlases, numerical methods incl@bngputational Fluid
Dynamics(CFD), wind tunnel modeling and direct wind resource measurefgent

A wide range of wind atlases are availabletlet cortinental and national level. In
Canada, the Canadian wind energy atlaisp://www.windatlas.ca covers a wide area but

its low resolution means that it can only give a general picture of the wind resource.


http://www.windatlas.ca/

Another isse is that the wind atlases cantedte into account the local variations and their
effecton the wind distribution.

On a more refined scale, wind speeds can be determined by using wind tunnel models,
which must be combined with data at knowralib@ns. This role is usually fulfilled by local
meteorological station measurements, other weatlated recorded data or airport data.
The wind tunnel tests are used to give a more accurate estimate of wind without actually
undertakinga wind measuremeégampaign

The installation of a wind turbine in the built environment is only successful when there
is enough windesource Therefore the building under considerationeed to be free of
surrounding obstacles and higher than directly adjacent builpBhgs
Many different types of roof wind turbines exist for the urban environment and they can be
divided into two main groups depending on the orientation of their axis of rotation
Horizontal Axis Wind Turbine (HAWT) and Vertical Axis Wind Turbine (VAW T3everal
types of HAWTs and VAWTSs are shown in Figsl and2.2 respectively.

This chapteris organized as followsSection 2.2 discusses thetaturereviewfor the
wind assessment in thauilt environment section 2.3refers towind modeling section2.4
describeghe wind tunnel facility anthe instrumentationsed in the measurents of this
study, section 2.8escribes the methodology used in ¢sémation of the wind energy and
in sectims 2.6 and 2.7his methodology habeen tested using homogmus and

nonhomogeneous case studgeesr to concluding the results in section 2.8



Fig. 2.1: Different Types of HAWTSs. (a) Three Wind Turbines Installed over Strata Tower which {StA8Building in London10]. (b) Four
small scale wind turbines in the [11lndigo Building in Portl



(b)

Fig. 2.2: Different Types of VAWTSs. (aWind Farm installed on Roof of Oklahoma Medical Research Faend&onsists of 18 VAWT [12].
Four VAWTSs in Marine Board &ilding in Hobart in Australia [13].



2.2 Literature Review for the Wind Assessment in the Built Environment

The wind assessment in the built enviremt is difficult, due to the roughness and the
frictional effects which reduce the wind speed close to the ground. In addition, several
adjacent buildings influence the wind regime around a specific building in the urban
environment. In the literatuyseveral methods are used to assesswimel energy in the
urban aread] i.e. field measurements, wind atlases, wind tunnel testing and numerical
computation usin@FD. Due to the difficulties in the first two methods, wind tunnel testing
and computational eathod are preferred, especially in tivétial stages for the urban wind
power development project.

Cheng n [14] used the UC Davis Atmospheric Boundary Layer Wind Tunnel to study
the variation in local wind conditions over a region of the Altamont Raakfornia,
containing two wind farms. Meteorological data combined with wind tunnel results were
used to predict the power output of the wind farms every half hour over a one year period
from July 2001 to June 2002. It was observed that the power pradlwdtihe wind farms
could be predicted with 20%ror.

The study in 15] used to measure the detailed wind speed distribution in front of a
Concordia building wall by means of wind tunnel experiments. The aerodynamics
laboratory at Concordia University, dtreal, was used in this study. The reason for the
wind tunnel test is to study the thermal efficiency of the roof solar collectors and their
performance influence by the wind direction.

Moreover, the wind tunnel is used in testing small wind turbiogenerate the power

curve according to some international standards such as the IEC[@B100



The CFD methods have also a potential to be used in the wind energy resource
assessment in complex urban tersdiyp modeling wind circulation around urbahstacles.
Several research woskhave beendoneto estimatethe wind energy using the CFD
numerical methods:

In [17], the CFD simulation was used to evaluate the wind energy potential on the campus
of the Massachusetts Institute of Technology in Cambyififfg. The assessment was
enhanced by integration of local wind measurements and observations from several nearby
reference sites. Data from two meteorological wind stations were includie wind
energy analysis. Comparisons between the field measutermed the simulated results
show a correlation of 70% between both of them.

CFD is also used in the prediction of the extracted wind energy from urban wind turbines
[18]. This predictionis based on simulating urban areéth urban wind turbines. However
sucha complicated numerical computer bagadthodhaslimitation especiallyregarding

the turbulence.
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2.3  Wind Modelling
For winds near the ground surface, frictional effects play a significant role. Ground

obstructions retard the movementanf close to the ground surface, causing a reduction in
wind speed. At some height above ground, the movement of air is no longer affected by
ground obstruction. This height is called gradient heightvhich is a function of ground
roughness. The wbstructed wind speed is called gradient wind speed,and it is
considered to be constant above gradient height. The power law, which is used by some
engineers to represent the variation of wind speed with height, is an empirical equation,

which for the case of mean speeds takes the form of:

_ (21

@ Gradient height
| Exponentfactor
Both are functions of the ground roughness. Typical values ahd| are given in Table

2.1. Fig.2.3 shows typical variations of wind speeds above different ground roughness.

Table 2.1: Suggested Values @ and 4 for Various Terrain Conditiond9].

Gradient Mear:j
Terrain Description height, spee
Lo exponent
L ()
Large City centers, in which at
least 50% of buildings are highe 460 0.33
than 21 m.
Suburban, wooded areas, and otl
areas with closelgpaced
obstructions compared to or large 370 0.22
than singlefamily dwellings
Open terrain with scattered
obstacles generally less than 10 300 0.15
height.
Flat, Unobstructed areas exposed
wind flowing over a large water 210 0.1
body.

11
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Fig. 2.3: Variation of Wind Speed with Height [20].

2.4  Wind Tunnel Facility

Wind tunnels have been a key element in scientific research in a number of fields. Since
the 19" century, experimenting with race cars, airplanes, weath@rpstand various other
areas has been made much easier because of this development. Maadvannels have
a variety of important uses in the world today including the design of builfi2ijsA

photo of an atmospheric boundary layer wind tunnsh@vn in Fig2.4.

12



Fig. 2.4: Wind Tunnel Facility at Concordia University.

241 Boundary Layer Wind Tunnel

The boundary layer wind tunnel of Concordia University, is 12.2 m in length and 1.8 m
in width with a suspended rbthat allows the height to be adjusted between 1.4 m and 1.8
m. The wind tunnel can be operated at velocities from 3 m/sec to 14 m/sec. A turntable,
1.6 m diameter, at the test section allows the model to be rotated to account for different
wind directiors. Fig.2.5 shows a complete schematic of the wind tunnel and construction

details[20]-[22].
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Fig. 2.5: Complete Schematic of the Wind Tunnel and Construction D¢#ils

2.4.2 Cobra Probe and 3Dimensional Traversing System

The 4hole Cobra probe, from Turbulent Flow Instrumentation (TFI), is a flow
measurement device that measures spagssure and velocity and resolves the velocity
components in redlme. It is about 16 cm in length and 1.4 cm in diameter, with a 5 cm
long stem and 0.5 cm long head as shown inZ&g[21].

A graphical user interface and data acquisition software of the instrument enable the
control of the measurement process and display of the data on a computer screen in real
time.

The software stoeethis data in text files that can easily be imported into a spreadsheet.

A threedimensional traverse system attached to the wind tunnel ceiling above the test
section enables accurate positioning of velocity measurement devices at points of interest

on the model.

14



During the wind tunnel tests, the Cobra probe is mouoitéd the 3D traversing arm and
positioned on the model using a control system whereby Cartes@udioates of the point

of interest are entered.

|
i
Sensm?‘lrl—I

Fig. 2.6: Cobra Probe for Wind Speed Measurem¢§ais.

2.5 Methodology Used to Estimate the Wind Power and Energy over the Roof of
the Buildings
Consider a case of wind energy estimation such as the situation . Fighe wind
speel is measured in meteorological stations or at airports usually at 10m height from the
ground | evel. I n this case the wind speed

and denoted by .
15



The target is to estimate the wind velocity over a specific position at the roof of building
X denoted by , as shown in Fig2.7. At Dorval (PET)Airportin Montrealt he 106s deg
convention is used to determine the direction of the wg®d in which 9 means 90 degrees
true or an east wind, and 36 means 360 degrees true or a wind blowing from thé north.
value of zero denotes a calm wirkig. 2.8 showsa s£hematicre pr esent ati on of
Degreeconvention ofwind direction in Dorva (PET) Airport in Montreal.

In Montreal the prevailing wind direction is the soumtbst(SW)which is clearly shown
in Montreal wind rose in Fig. 2.@&here the wnd direction distributionis presentedh %.
According to 1068Wisdmumarlesveedl8to 27k In drdertarobtain
the best estimation of wind energy, all the wind directions from the south west will be
considered in the estimation i.e. numbers frontdl87, and every two steps froather

directions i . e.5amdd8oR7ethen 2913133, 35[23|R4]. é, 1
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VG Urb:
/\' ~\ 26 urb
Zg

7y, 10m, apr,

Veor Zgor

Meteorological
Station 5

Zy | Building X ( j !
l | 10m

LTTTTT 777777777777 7777 7777 7777 7777 7777 77777777 7,

m)

Height (

—
°
<
w
Surroundings

Vs
Wind Speed (m/sec)

Fig. 2.7: Schematic for Wind Energy Estimation.
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Fig.2.8Schematic Representation
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Fig. 2.9: Yearly Wind Rose of Montreal (Wind Direction Distribution in §2p)].
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The wind speed at Dorval airport can be estimated as follows:

8

(2.2)

Where:
V,  The wind speed at Dorval airport.

Vg The gradient wind speed.

Zcor The gradient height for opeartain.

aor The exponent factor for open terrain.
The wind speed upstream the surroundings ] can be estimated by considering urban

upstream roughness as follows:

o (2.3)

Vv, The wind speed profile upstream the surroundings at the same level of

the assumed anemometer over the roof.

Zsuw The gradient height for urban area.

Z, The height of the instakio&@&d anemome

d,, The exponent factor for urban terrain.

By dividing (23) / (2.9, the relation betweeny( ) and (b ) can be obtained as follows:

— ———— 0 0 —— U ¢t TWMBOOLOEA
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The wind speed at a specific position on top of the building roof can be calculated as follows:
0 Ywo Q¢ (25)
Wherethis ratio can be obtained using wind tunnel tests as follows:
Yo Qe:— (2.6)
and:
U g The wind speed sted in the wind tunnel at specific position over the roof
of building X in the model.
U g The wind speed measured in the wind tunnel at the corresponding position
in the upstream of the built model.
In order to find these ratios, physical modelsiuilding X and the surroundings have to
be built and tested in the wind tunnel as shown in Fif). 2
Using this methodology, a complete wind speed profile at a specific position over the
roof can be obtained to be used in the wind energy estimatioficyss:
o -"0Y 2.7)
Where:
O Wind energy above the roof of building X produced in T hours
In order to study the variation tife data form the average value, the standard deviation

(, ) has been used to implement this effect as follows:

., -B o o (2.8)

. Standard deviation.
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N Number of data included in the study.
W Each value of the data.

of Mean value ofv.

Zg* Scalew.r

Height (m)
Wind Tunnel C
Building X

Model

10* Scalew r

Surroundings Model >
> g
=
o

Ve
Wind Speed (m/sec)

Wind Tunnel Blower

Fig. 2.10: Wind Tunnel Test of Wind Energy Estimation.

2.6 Testing theMethodology Using a HomogeneouSerrain

In order to test this methodology, two cases with different terrainshamogeneous
and homogeneous terrain, have been applied in Montreal as follows:
A EV building case (homogeneous terrain).
A Equiterre building case gm-homogeneous terrain).
A case study of wind energy estimation using the wind tunnel has been appliedo the
building which is the engineering complex of Concordia Univer3ibe height of the EV
building is around 76 mFig. 2.11 shows the top view fothe EV building and the

surrounding areas.
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To compare the calculated wind energy using the field measurements over the EV
building roof and the estimated value using the proposed methodology, acupree
anemometer was installed in one corner altbgegoof. The anemometer wasqgramedo
take one measurement every 5 secomtig. field measurements were collected from the
beginning ofAugust2013to the end of October 2013. Fig12 shows the installed three
cup anemometer at 2m height over the liWding roof. The obtained data was used to
calculate the total wind energy for the corresponding peFms.2.13and2.14 show the
monthly averag&ind speedibovethe roof ofthe EV huilding and the calculated total wind
energy respectivelysing thefield measurement dat&ihe correspondingrror bars is also

shown in Figs 23 and 2.14

Sign in

John Molson
School of Business

Fig. 2.11: EV Building and the Surrounding Ar¢a7].
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Fig. 2.12: Installed Anemometeabovethe Roof of he EV Building.
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Fig. 2.13: Average Wind Speed of thiéeld Measurement Data above the Roof of EV Building and the Corresponding Error Bars.
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Fig. 2.14: Calculated Total Wind Energyf the Field Measurement Data above the Roof of EV Building tw@ Corresponding Error Bars.

One year of wind speed data was obtained from Dorval (PET) Airport sensor from the
beginning of November 2012 to the end of October 2013 for use in the entnggties
above the roof of the EV building. The wind tunnel tests in this case were carried out using
the model of the EV building available in the wind tunnel laboratory of Concordia
University. Fig 2.15shows the EV building model and the surroundirepaltUsing Eg2.4
and by considering an exponent facto) ©f 0.22 which is applicable in this case, a
correction factor was used to estimate the wind speed in the upstream of the roof of the EV
building at the same height of the installed anemometer. This correction factor is calculated

as follows:

v R v U 8 j
6 &1 mdBEDO ¢+ S j = PP Y (2.9
8
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The wind speed upstream the EV building () is calcuated as follows:
0 611 QIDOQEDT pp P L (2.10
Where:

@ Height of the installed anemometer abdhe roof of the EV building

(measured fronthe ground).

Fig. 2.15: EV Building Model with the Surroundings under the Test in the Wind Tuiiiedction of the Wind is
SouthWest).

The ratios of the upstream wind speed to the wind speed Himreof of the EV building
from different directions were measured using the wind tunnel tests. These Etasn
in Table2.2 - were included in the estimation of the wind speed at the same position of the
anemometer by using E5 to obtain a condpte hourly wind speed profile for the duration

of one year.
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Then the hourly wind speeds were averaged for each meoothe used in energy
estimation Comparisons between the field measurements wind speed and energy and their
estimatiors are shown in Kjs.2.16 and2.17 respectively. It can be shown that the error in
the wind energy, evaluated by [(error = fiélestimated)/field]*100%, is less than 586
shown in Tabl@.3. Thismeans that this methodology is accurate enough to be used, at least
in thecase of homogeneous terrain. Using the estimated wind speed profile for a duration
of one year, the wind energy were evaluated for the corresponding period usiad.Eq.

Figs 2.18 and2.19 show the estimated wind speed and wind enalipve the roof ofite

EV building

m Estimated OField Measurements

HH

Monthly Average Wind Speed (m/sec)
w

Aug-13 Sep-13 Oct-13
Month

Fig. 2.16: Field Measurement Data and the Estimated \&dib®ve the Roof of EV Buildingith the Corresponding Error Bars.
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Fig. 2.17: Field Measurement Data and the Estimafatiies above the Roof of EV Buildingith the Corresponding Error Bars.

Table 2.2: Wind Directions under the Wind Tunnel Tests and their Corresponding Ratibe EV Building(Eg. 2.6)

Direction Ratio Direction Ratio
1 0.98 20 1.06
3 0.95 21 0.99
5 0.98 22 0.94
7 1.07 23 0.91
9 1.10 24 1.01

11 1.13 25 1.06
13 0.93 26 1.17
15 1.06 27 1.02
17 0.96 29 1.09
18 1.11 31 0.98
19 1.02 33 0.93

Table 2.3: The Error between the Field Measurerseand the Estimation of the Wind Energy at the Roof of EV Building.

Month Error (%)
August 2013 4.8
September 2013 3.8
October 2013 3
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Fig. 2.18: EstimatedAverage Wind Speedbove the Roof of EV Building for Duratiorf @ne Yeawith the Corresponding Error Bars.
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2.7 Testing the Methodology Using a nofHomogeneous Terrain
In order to generalize the use of this methodology, another case study was applied to
Equiterre building, which is the Centre for Sustainable Development, a nonprofit
organization whose mission is to build and operate a certified greddingu This
demonstratioproject aims to share space and resources with other social and environmental
organizations and provide citizens, businesses and governments with information on
sustainable development in Canada. Equiterre building is 23 mrnthit & surrounded by
three highrise buildings as shown in Fig.20 These buildings are:
1 Hydro-Quebec building which is 113 m tall.
1 Complex Desjardins, which consists of two separate buildings:
A Building 1 which is 123 m tall.
A Building 2 which is 100 ntall.
The Equiterre building is around 20 km NeEhast from Dorval (PET) Airport. Its location
with respect to the Dorval (PEBR)irport is shown in Fig. 2.21A photo for the Equiterre

building isshown in Fig. 2.22

L NG AR
he Neighborhood Buildifgg].
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Fig. 2.20: Equiterre Building and tl
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Fig. 2.22: Photo ofEquiterre Building28].
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A three cup anemometer was installed in one corner above the roof of the Equiterre
building, identical to the one on the roof of the EV buildind aith the same settings. Fig.
2.23 shows this anemometer at one meter height above the roof. ThhenBasurement
data magnitude of the wind speed onlwas collected for a-Bhonth period: November 1,
2012 to January 31, 2013.

This field data wasised forwind energy calculations. Figd24 and 2.25 show the
monthly average wind speed and the totahavienergy above the roof of the Equiterre
building and their corresponding error bar$his data wassignificantly reduced in
comparison to those obtainewin the EV building see Fig. 2.13 but this was expected

due to the lower height and the shehigrof the Equiterre building.

Fig. 2.23: Installed Anemometer ovéine Roof of Equiterre Building where the North is toward the Corner of the Building.
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Fig. 2.24: Monthly Average Wind Speeabowe the Roof of the Equiterre Building Using the Field Measurement Digethe
Corresponding Error Bars
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Fig. 2.25: Monthly Calculated Wind Energy over the Roof of the Equiterre Building Using the Field MeasurementtbDite
Correspondinderror Bars
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For the corresponding period of the field measurement data, the wind speed and the wind
energy were also estimated using the proposed methodology, which is the objective of this
study. Using Eq2.4 again and by consideg the first categoryn Table 2.1 which is
applicable in this case, a correction factorr@f ¢ evaluated as in the case of the
homogeneous terrain, was used to estimate the wind speed upstream of the building at the

same height with the installed anemeter above the roof of Equiterre building:
b —4—— v ™o (2.11)
where:

0 The wind speed profile upstream thglBings at the same height of the

installed anemometer over Equiterre building.

In order to estimate the wind speed over this building, wind tunnel measurements were
again carried out to find the ratio between the wind speeds upstream to the wind speeds
above the roof of the Equiterre building. For this purpassomplete model of the Equiterre
Building and the surroundings was built in the wind tunnel, as shown ir2F2§. The
model was built to a scale of 1:400. 227 shows thepproximateschemat diagramof
the top view of the model, indicating the location of the anemorfizde[24].

The simulated wind flow in the wind tunnel was used to evaluate the ratios from several
wind directions as in the case of the homogeneous terrain. Zdbkemiarly with Table
2.2, shows the wind directions and their corregpog ratios. It can be showrof Table
24 that there is a significant variation in the ratio of the Equiterre building case. This is

occurred due to the inhomogeneity in the surroundédibgs as previously discussed.
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If vseqis the wind speed profile for one year estimated above the roof of Equiterre building,
then:
0 2 A0OBI (212

As in the homogeneous terrain case, a complete hourly wind speed profile for one year
was obtained. Then the wind speeds were averaged for each month to be used for power
and energy estimation. A comparison between the estimatetispeeds and estimated
wind energy with the field measurements values are shown in Figs. 2.28 and 2.29, as in

the previous case.

The obtained results show that the error between the wind energy field measurement and
the estimation using the wind tunnslless than 20% as shown in Table 2.5, which means
that this method can be used in the case ofhmmogeneous terrain but for initial stages of
wind energy estimation only. Using the estimated wind speed profile for a duration of one
year, the wind energyas evaluated for the corresponding period using EqQ. 2.7, as in the
previous case. Figd30 and2.31 show the estimated monthly average wind speed and total

energy forthe Equiterre building case.
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Fig. 2.26: EquiterreBuilding Model and the Surroundings.
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Fig. 2.27: ApproximateSchematic Diagram of the Top View of the Equiterre Building and the Surroundings
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Table 2.4: Wind Directions under the Winduhnel Tests and their Corresponding Ratios for Equiterre Bui(@igg2.6)

Direction Ratio Direction Ratio
1 0.98 20 0.46
3 0.95 21 0.49
5 0.98 22 0.54
7 1.07 23 0.91
9 1.1 24 1.0
11 1 25 1.1
13 0.56 26 0.93
15 0.20 27 1
17 0.36 29 1.1
18 0.45 31 0.98
19 0.50 33 0.93
m Estimated OField Measurements
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Fig. 2.28: Wind Speed Field Measurement Data and the Estimated 8/ahoee the Roof of Equiterre Buildingth the Corresponding Error
Bars.
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Fig. 2.29: Total WindEnergyUsing theField Measurement Data and the Estimated Value above the Roof of Equiterre
Building with the Corresponding Error Bars.

Table 2.5: The Error between the Field Measurements and the Estimation of the Wing Bh#érg Roof of Equiterre Building.

Month Error (%)
August 2013 19.9
September 2013 17.8
October 2013 17.9
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Fig. 2.30: EstimatedAverage Wind Speedbove the Roof of Equiterre Building for a Duration of One Yeith the
Corresponding Error Bars.
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Fig. 2.31: EstimatedCalculatedTotal Wind Energyabove the Roof of Equiterre Building for a Duration of One Year
with the Corresponding Error Bars.
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28 Conclusion

A methodology for estimatmthe wind power and energy for all terrains in the urban
environment in Montreal using the wind tunnel is presented in this chapter. Two case studies
were discussed in detail. In the first case of homogeneous terrain, the resuleshsgbw
correlation letween the estimation of the wind energy using the proposed methodology and
the field measurements calculation over the roof of the EV building.
In the second case where the terrain is highlymmmogeneous, the discrepancy is higher.

In general, the accacy of this methodology depends on the complexity of the upstream
terrain. Therefore, this methodology of estimating the wind power and energy can be very

useful especially for homogeneous upstream terrains.
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CHAPTER 3: ANOVEL VOLTAGE CONTROL STRATEGY OF A

PERMANENT MAGNET WIND GENERATOR
3.1 Introduction

In the last few years, wind turbines have become one of the most popular methods for
renewable energy power production. At the end of 2013, the global installed capacity of
both onshore ad off-shore wind turbines was 318 GW, which is a 12% increase compared
to the year befor¢40Q][41]. Most of these turbines have a rated power of a few MWs.
However, smaller wind turbines have great potential because they are ideal for distributed
generabn units on the top of residential or industrial buildings and micro or-gadg41].
Different types of generators are used in the construction of the small wind turbines. The
most popular one is tHeMG.

PMGs are widely used in various applicatioespecially in the wind power generation
system with variable speed operation. In order to provide a DC power supply, the PMG is
connected to rectifier with a low pass filtgPF) to stabilize the DC output voltage).

The field excitation of the PMGs issually constant. Thus, the back emf of the machine
increases with the rotor speed. In order to control the DC voltage over a wide speed range,
the field excitation has to be adjusted.

In the literature, several control techniques have been studiedBEQSNThe voltage
regulation at théoint of CommonCoupling (PCC) is achieved through a reactive power
controller [43] [44]. Using this controller the WECS produces reactive power when the
voltage is less than the grid nominal voltage and it absorbsthieimpposite case. Also
several power controllers are proposed to optimally control the power generated by the
turbine and effectively manage the power that is supplied to diffiexafs for a standlone

WECS [45][48.
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A special power electronic cogfiration (Vienna Rectifier) andsi controller are
proposed in [4]to improve the efficiency of the WECS. Moreover, field control of the
PMG has been proposed using several methods, especially using mechanical and
electromagnét techniques. The authors [48] propose a mechanical method for the field
regulation of the two rotor axidlux PMGs based on changing the relative angle between
these two rotors. Another mechanical method for the field regulation of theflaxi®@MG
is based on changing thestiince beteen the stator and the rotor [4Several techniques
are proposed for the electromagnetic field regulation such as hybrid excitation which
combine the permanent magnet flux with the variable flux generated by the stator field
winding [50]. Extension of the speed range by flweakening operation is widely used in
the PermanentMagnet SynchronousMotor (PMSM) [51}{52]. However, few papers are
concerned about field weakening operation and the speed range extension for the PMG.
Moreover, no cleaapproaches are provided.

This chaptempresents a new technique to control the flux of the PM machine by varying
the daxis stator current. By selecting a suitable valueafid current, the terminal voltage
of the PM generator can be regulated for vdeiatind speed. Consequently, the terminal
voltage across the load is also regulated. No special mechanical techniques or additional
electromagnetic coils are used to achieve this goal. This technique can be used for small
wind turbine to provide dc loads medium size turbine tsupply ac loads in mickgrids.
Moreover, it provides an improvement in permanent magnet generator control, with the
application to wind generators. Also it can be applied to PM generators fed from other

renewable or conventionabgrces.
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The primary aim is to develop a new way for voltage regulation which up to now has not
been done for these applications when fed with a PM generator.

In order to enhance or reduce the flux of the PMG, an active rectifier has to be connected
with the machine. The active rectifier helps the regulating currefdr weakening the flux
or +iq for enhancing the flux, to be injected to the machine.

These regulating currents help not only to control theudutpltage, but alsto extend
the speedrange of the machine. In order to carry out this objectiudysteresisCurrent
Controller (HCC) has been utilized to design the controller which generates the gate pulses
of the active rectifier in the PMG system.

This chapteris organized as follows: estion 3.2 discusses the WECS and its
implementation in detail, sectidh3 discusses the implementation of the control system
using the HCC, and sectidh4 discusses the permanent magnet operagection 3.5
presents the case study in which the expeniiad setup is explained. In secti81® the
results based on HCC are observed and analyzed. Finally, conclokithreschapteare
presented in sectidh?.

3.2 Implementation of the Wind Energy Conversion System

Fig. 3.1 shows the WECS based on 8MWindturbine.The system starts from the wind
turbine and ends at the electrical grid atRI@®&C The grid side converter is simplified by a
constant DC voltage link from the broken red lifibis simplification is assumed based on
running the generator in gasd-alonemodeto supply dc loadsThe simplified model of the
WECS is shown in Fig3.2. For a deeper understanding of WECS, each part will be

described individually in this section.
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Fig. 3.1: Block Diagram of WECS Based &tMG Wind Turbine.
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Fig. 3.2: The Simplified Model of the WECS.
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321 Wind Energy
The wind is the movement of the air from areas with high pressure to areas with low

pressure. The wind power depends on several factors whicklaed as follows:
P =05rAV (3.1)
Where:

Pw Wind Power.

7 Air density (1.225kg.r8).

A Crosssectional area of the wind.

v Wind Speed (m/sec).
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3.2.2 Wind Turbine Model
The wind energy cannot be transferred to mechanical energy with 100% efficiency

conversion. The extracted energy from the wind turbines is limited by their power

coefficients Cp), which cepend on manufacturer and gestrical parameters.

Usually Cp is given by a function of two parameters(/, ) [53:

-G
c -G
CP(/’b) :Q(f' Csb' C4)e ! +Ces/ (3.2)
Where:
/ - WWTR (33)
v
i: 1 ] 0.035 (3.4)
/, 1+008b b*+1 '
And:

¥wr  Speed of the wind turbine.

Fig. 3.3 showsCp - | curves at different pitch angleli.can be observed that when the

pitch angle issqual to O degree, the peak value of the power coeffic@p_tn{ax) is 0.48,
which is |l ess than Betzd&s Li/ns8tl ThiOvalde9s) . Th
called the optimum tip speed ratiéogt) and it is considered the optimum working point at

wind speeds below the rated value. By increasing the value of the pitch angle, it can be seen
that the power coefficient becomes smaller.
The extracted power and the developed torque from the twibdhe can be calculated

as follows[53]:
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Fig. 3.4 shows the power speed characteristics for the wind turbine. It can be shown that
the wind turbine modas divided into four regions (R1, R2, R3 and R4). According to the
wind speed, the wind turbine needs to be controlled in different modes of operation as

follows [55]:
1. Parking Mode (R1): when the wind speed is lower than thenapeed ¥, ;,), the

wind turbine will not rotate due to the fact that the eieat power generated by the
PMG system is insufficient to compensate for the internal power losses in the

system.
2. MPPT mode (R2): when the wind speed is greater tH@Q"(), the wind turbine

starts to work and generate electrical power. The wind speed in this region is

relatively low and the power captured by the wind turbine is below its rated value.
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Thus, the MPPT control needs to be applied to ensure a maxpowerefficiency
of the wind turbine.

. Constant power region (R3): when the wind speed is greater than the rated speed
(Vrated ard less than the cutut speed‘(cut_out), the power generated by the wind

turbine will be larger than its ted limit if the MPPT control is still applied.
Thus, the electrical stress on the & will increase and would further damage
them. Therefore, the blade angle of the wind turlnieeds to be controlled in this

region to keep the system operating withgrated output limit.
. Braking Mode (R4): wherhe wind speed is greater thévhﬁ_out), the wind turbine

system should completely shut down to protect the system from the damage. This

can be done by adjusting the blade angle to 90°.

Rated |

R3 R4

va'r (watt)

r r S—

Vc ut-in VRated Vc ut-out

Wind Speed (m/s)

Fig. 3. 4: Wind Turbine Power Curve.

45



3.2.3 Pitch Control

Pitch control is the most commonly used technique for controlling the aerodynamic

power generated by a turbine rotor. Thesahthis contrdler are

1 Producing power as mua@s possible in the range of slow speed, where in general
there is no need to vary the pitch angle. The pitch angle should only be at its optimum
value to produce maximum power.

1 Keeping the aerodynamic power constant at its rated value in the range of high
speed, so that the design limits are not exceeded. This is done by rotating the rotor
blades around their own axis to reduce the attack angle of the wind. Usually the
range of the pitch angle is between 0° and[28F.

3.2.4 Gear Box and Drive Train Mode
The mechanical power from the rotation of the wind turbine rotor is transferred to the
generator through the drive train which is composed of wind rotor, main shaft, and gear

box. Fig.3.5 shows the implemented drive train model.

]WT D

|| 81 =

Nl —

i —
1! — 0, T,

K —

— \
Wind Turbine Rotor ~ Shaft —
Gear box Generator

Fig. 3.5: The Drive Train Model with Gearbox.
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The drive train can be described by the following set of equgti@is

_dg,/dt
" dg, ot o0
X
Sy =20 (3.9)
X
K’ _K (3.10)
X
p =D (3.11)
X
- dz% - oo ' dq‘WT dg,
‘]WTTZT =Tyr- K (%/T B Qm)' D (T' F) (3.12)
G _ (%, dg
J m — K -g )+D (Y. Iy 4T :
g dt2 (qV\/T qm) ( dt dt ) e (3 13)

3.2.5 PMG Model

The dynamic model of the P®&has been built in the synchronoug tbtating reference
frame, where the-gxisis ahead 99from the daxis with respect to the direction of rotation
[42] [54]. The equivalent circwstof the Q and axis of the PNG respectively are shown in
Fig. 3.6.

The g and d axis stator voltages are given by:
-V, =Ri, +p/ - w/ (3.1

-Vy =Riy+p/ - w/, (3.15)

47



Where:
[/ =L

q q'q

[y =Lyig +/ 4

The electrical torquequation of the P is given by:
_ 30 .
T. _7P( arlg T(Lg - Lg)igig)

And the machine dynamic equation is given by:

T =T, +Buj +Jpw;

R L i
q q +
Uq () we’ld
o
(a)
—
R Lg Iq
Vg | Welq
+
._
(b)

Fig. 3.6: Dynamical Model for PN&. (a) gaxis Circuit (b) dAxis Circuit.
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Fig. 3.7 shows phasor diagram of the dynamic model of the PMG in-theeterence
frame. The dynamical model of the PMG can be represented in the rotor reference frame

using (3.14) (3. 19) [54] [7Q}:

-axis
A q

Vq iS

) d-axis
b +%¢
g ) 4. Iq }laf

Stator reference
Frame

Fig. 3.7: Phasor Diagram of PMG.

The d and g axes currents are constant inheederence frames, sindés constant for
a given load torque. Thus, they are very similar to the armature and field currents in the
separatelexcited dc machine.

The q axis current is equivalent to the armature current of the dc machine, while the d
axis current is similar tthe field current. The other part is contributed by the equivalent
current source representing the permanent magnet figlds Hegative with respect to the

rotor flux linkages, the machine becomes a generator
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3.3 Implementation of the Control Systen

The proposed system configuratioithe simplified WECSs illustrated in Fig3.2. The
DC link voltageVp. is representedcross a resistive load. The BMotor speed anits
position are measured usiagabsolute encoder.

The 3ph armature curresti, , I, and I. are obtained with ac current sensors, while

the 3ph voltagesv,, V, andV, are obtainedavith ac voltag@ sensors and their fundamental

components were obtained throumlow pass filters.
A DC voltage sensor feeds back the output voltage. The major part of the controller function

is the implementation of the closéabp control and the pulsgeneration othe active

rectifier. BothV';C andVp. are the input of the controller, so as to generateaiQcurrent

referenceiq with a PI controller. The Baxis current reference’ is also input to the

contoller module. Also, the-ph armature curresti_, i, andi_ as well as the rotor speed

W and the rotor angle positigh areall fedinto the controller moduldn order to g@nerate
gate pulses for the active rectifier, HCC has been used anequamtly the currents of the

PMG has also been injected to the controllEnis closedoop controller is used to make

Ve track V[;C closely. Inthis chapteriq is directly injected into the controller module to

study its influence onVy at different rotational speeds.

The HCC is implemented inside the controller module. With a dgiyemdiq', the 3ph

armature current referencks, I, and i. are obtained using the required frame

transformation. Then, the@ armature currents are compared with references to generate

the gate signals of the activectifier using the HCC.
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Always, the upper and the lower switches of the active rectifier are on opposite status.

Fig. 3.7 shows the schematic diagram of the controller module.
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Fig. 3.8: Schematic Diagram of the Controllerodule.

3.4 Permanent Magnet Operation
The operating flux density on the demagnetization characteristics can be written as,

assuming it is straight line:

B,=B +mmH, (3.20)
The operating point of the magnet is shown in Bi§. The line connecting the operating

flux density B, and the origin is known as the -@ap line. When the stator is excited

electrically, a demagnetizincurrent is flown. Then the agap line moves in parallel to the

original one and the operating point is moving from point A to point B as shown iB.%ig.
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Therefore, the operating flux density is decreased flynto Bj. Also, when the flux

control is applied by injectingiq for the flux enhancing control, oiig for the flux
weakening control, the operating point moves to point D or point C respectively.
Thus, the operatingoint flux density of the magnet is increased or decreased accordingly

as shown in Fig3.9.

Flux Density [B]
\

Air-gap Line

Load Line

Ho Hm
" i
Flux —
Intensity [H] Demagnetizing due
to the Load Current

Fig. 3.9: Operating Point of the Magnets.

3.5 Case Study

3.5.1 System Parameters

A case study has been applied using the simplifiedel of the WECS, where a resistive
load is assumed to be in the DC side. The parameters of the system are shown3ri Table
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Table 3.1: Parameters of the Case Study.

Blade Length 2m
Veutin 4 mls
Wlnd VRated 12 m/s
Turbine Veutout 25 m/s
Rotor
Spt 8.1
C, Coefficients [c1c6] [0.5176, 116, 0.4, 5, 21, 0.0068]
Jwr 3 kgn’?
Drive Jg 0.03334 kg.m
Train K 0.3 N.m/rad
D 1 N.m.s/rad
Prated 5kw
p 4 poles
R 0.1718
MG [Lq Ld] [0.00514, 0.01419]
uf 0.591
B 0.004252

3.5.2 Experimental Work
Experimental setup was carried out to validate the selectegaiesystem. The Wind

Turbine (WT) was implemented with the dc machine driven by a buck convereR.EQ
3.13showsthe WT experimental setup bench. The torque developed by the WT is controlled
via armature current and a PI controller. The control logic of the WT was implemented with
a DS1103 from dSPACE. A user interface was developed with ControlDesk for varying
parameters such as the wind speed and the inertia of the wind turbine.

In order to approximate the performance of the disdmete microcontrollers which are
commonly used in the industrial control systems, the simulation type for the controller in
the Simuink file is set as a discretey pe wi th a sampThebuwk t i me
converter, supplied by a thrghase diode bridge rectifier, was employed for controlling
the armature current and consequently the developed torque by the WT. av&fQSed

to achieve fast response of the current loop.
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Fig. 3.11: PMG Driven by DC Machine for Wind Turbine Emulation.
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Fig. 3.12: Three Phase PWM Rectifier.

Fig. 3.13: DC-DC Based Stefpown (Buck) Converter to Drive the Emulated Wind Turbine Using the DC Machine.
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3.6 Results and Discussions

3.6.1 Voltage Regulaton Based Field Controller of PMG
In order to indicate the effectiveness of the flux control in the voltage regulation purposes,

three scenarios will be discussed as follows:

1. The injectediy current is zero, while the rotor speed is incredsed step function.

2. The injectediy current is negativewhile the rotor speed is increased by a step
function.

3. The injectediy current is positive, while the rotor speed is decreased Step
function.

In the first scenario wherl { =0), the amplitude of the’1harmonic of the terminal line

voltage increased when the rotor speed increased from 400 rpm to 600 rpm as shown in Fig.

3.14.
In the secnd scenario, several cases of injecting a demagnetizing c@tgent) has

been studied to investigate its effect on the voltage regulation when the rotor speed steps up

from 400 rpm to 600 rpm. These cases aoevshin Figs.3.15-4.17. For the first case when

(14 =-2A), it can be seen from Fig§.15 (B) that theincrease irthe Ftharmonic of the line
voltage is reducedompared to the previous scenafior the second casenen (i = -4A),

the regulation of £harmonic of the line voltage has been improved compardg to-@A)

as shown in Fig3.16(A).
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For the third case wheri{= -6A), it can be seen from F§17 (B) that the amplitude

of the F' harmonic of the line voltage is completely regulated. The explanation of this
voltage regulation by injecting a demagnetizing current is described asdbllow

The demagnetizing current produces a flux opposing the magnet flux.

Thus, the total aigap flux and the terminal voltage of the machine have been reduced.
Further increase of the demagnetizing current immeogssarysince the voltage idearly
regulated.

In the third scenario, where the wind speed is changed from high speed to low speed, a
magnetizing currenti(; > 0) has to be applied for voltage regulation purposes.

Threecases havbeen studied to invégate the effect of the magtizing current on the

voltageregulation when the rotor speed steps down from 800 rpm to 600 rpm.
For the first case wherl { =0), the ' harmonic of the line voltage ieducedas shown
in Fig. 318(B).

For thesecondcase when i(; = +2A), the % harmonic of the line voltage is not

A

completelyregulated ut i t 6 s hine voltage for thdirst caseastsleown in Fig.
3.19 (B). For thethird case wheni( = +4A), the ' harmonic of the line voltage has been

completely regulated as shown in R3¢0 (B).

The explanation of this voltage regulation byeitjng a magnetizing currentdescribed
as follows:The magnetizig current produces a flux enhancing the magnet flux. Thus, the
total airgap flux is increased and the terminal voltage of the machine has been regulated.
Further increase of the magnetizing current is mestessarysince the voltagées clearly

regulated
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3.6.2 Speed Range Extension for Fld Weakening Operation
In order to test the effect of the flux weakening control on the performance of the system
and the extensn of the speed range of the BMseveral cases have been implemented at
variable Qaxis reference curreif and for several rotor speeds (2200, 1800, 1600, 1500,
1400, 1200, 1000, 800, 600) rpm. These cases are based on changiraxiheeierence
currentig” as follows:iq' = (0,-2, -6 and-8)A. When the system is under control, all currents

(ig i, ia ib @andic ) are tracking their references.

For the first case, winéq" = 0, Fig.3.21shows thaV¥,, decreased and remained regulated
with the reduction ofy for a given rotor speed. Feach rotor speed, there is always a
minimum iq .

This value is at the left end of each curve in Big2. Wheniq is bebw this minimum
value, the real currents will not track their references\gndannot decreasanymore and
goes out of control. For example, when N=1500 rpm, the miniri{m3.6A and the
minimum Yy, is 150 volt. Thus, iN > 1500rpmvolt a V., of 150vcannot be achieved.

Forthe second case whea = -4A , the minimumiq value becomes smaller. This can be

shown in the dashead lines in Fig3.22. For example, when N=1500 rpm the minimum

iq is 2A and the correspondit¥g,minimum is 120 volt. However, to obtaify, of 150 volt,

the maximum operation speed is extended to approximately 1800 rpm. On the other hand,
the maximumiq is limited by the machine rating. This can be observed at the right end of

each curve. Thus, the maximum DC output voltage is also limited.
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Similarly for the third and the fourth cases, whiir -6A andiq = -8A respectively,
the minimumiy” value can decrease more and more for a given rotor speed as shown in Fig.
3.23 and Fig.3.24. In other words, for a givel,, the maxmum operation speed for the
PMG canbe extended by running the machindhefield weakening region. This can be
explained as follows: the fluweakening operation (when applying ) helps to limit the
PMG output voltage even at high speed. From RBgkl-3.24, it is clear that for obtaining

a givenV,,=75 volt, the maximum operatg speed is extended from 800 rpmigt 0, to

1000 rpm atg =-4A , to 1200 rpm aily = -6A to 1400 rpm aits = -8A. Thus, the rotor speed

has been extended by running the machine using flux weakening control.

350

300

——N=1800 rpm
——N=1600 rpm
——N=1500 rpm
—e—N=1400 rpm
-6-N=1200 rpm
—8-N=1000 rpm
——=—N=800 rpm

—=—N=600 rpm

Vdc (Volt)

Fig. 3.21: Vg vs iq whenig = 0.
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Fig. 3.24: V4 vsiq whenig'=-8A.

3.7 Conclusion

This chapterhas presented a new technique for controlling the flux of a RiVéGsmall
wind turbine connected to a remote load. This technique provides an improvement in
permanent magnet generator control, with the application to wind generators. Also it can be
applied to PM generators fed from other renewable or conventionaesodihe primary
aim is to develop new wayor voltage regulation which up to now has not been done for
these applications when fed with a PM generaidiis technique was done based on
injecting a negative or positiveakis current to the stator coil$ the PMG. Injecting ¢
axis current controls the flux of the machine either by weakening or strengthening the flux
to regulate the output voltage of PMG. A case study was applied for small WECS. The
results show how injectingjfferentvalues of daxis curent can regulate the output voltage

for variable speed operation.
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The proposed control strategy was used to control the flux without any auxiliary coils or
any special mechanical arrangements of the machine. However, injectiagialrrent
in thestator coils leads to higher losses and a reduction of the machine efficiency.

Flux weakening control for speed range extension purposes was proposed and analyzed
in this chapter If the PMGg-axis current ig) decreases at a given rotor speed, the DC
voltage Vuc) decreases. Ifyis beyond a minimum valu®gc goes out of control and the 3
ph armature currents of the machine are distorted. Thus, the minifaoniq is limited
for a given rotor speed. On the other hand, for a gilenthe maximum opetiang rotor
speed is limited. By applying a flux weakeningxis current+q ), the PMG can provide
lower Vg for a given rotor speed. In other words, the PMG system can provide agiven
at higher rotor speed. Thus, the flux weakening@mas the operational speed of the PMG.
Therefore, through the simulation analysis, it is verified that flux weakening control is
workable for the variable speed PMG system and significantly extends the rupspatd

range.
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CHAPTER 4: REACTIVE POWER COMPENSATION CAPABILITY of a
PERMANENT MAGNET SYNCHRONOUS GENERATOR for WECS

APPLICATIONS
4.1 Introduction

Recently Small WECS units whicreused tosupplyelectricity to remote areas that are
beyond the reach of an electric power grid or caneatdnnected to a grid for economic
reasons are of increasing interest [57][58]. Several electrical machines have been used to
implement the electrmmechanical energy conversion system and its control. Each of them
has their own advantages and disadvantfsg§s9]. However, for a standlone power

system in isolated and remote areas, the study of PMGs have been the subject of much
research. The PMGs are interesting in-foewer wind applications due to their high power
densities and small sizes. The mapanefit of using the PMG is the property of self
excitation, which permits operation at a high power factor and higher efficiency. Moreover,
without the need to control the flux of the PMG, a diode rectifier can be used at the generator
terminals, since nexcitation current is required [61] [62].

Reactive power compensation capability of variable speed WECS is usually required for
voltage regulation purposes. Also, it increases the active power limitation capability of the
WECS [63][64]. In the literatureseveral methods have been used to control the reactive
power of the WECS. The authors in [65] develdp new converter (matrix converter) for

shunt reactive power compensation based PMSG. However, the high losses of the converter
switches reduces the WECefficiency. A new configuration of WECS for series
compensation of the reactive power has been proposed in [66]. The proposed configuration
is based on replacing the voltage source converter with a current source converter to remove

the decoupling betweehe generator side converter and the grid side
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converter. Therefore, a series compensation of the reactive power can be achieved using this
configuration of the WECS.

In this chapter the reactive power compensation capability of the flux contrbebas
studied for PMG based WECS applications. The compensation capability of the flux control
has done by injecting-dxis current component for flux control. These current components
are used not only to control the flux of the PMG but also to compethgateactive power
demanded by the thrgmhase inductive load which is directly connected to the PMG.
Therefor, the aim ofthis chapter is to investigate the effect of the PMG flux control on the
reactive power compensating capability for a variable itvdeidoad.

The chapter is organized as follows: section 4.2 describes the &teredwind energy
conversion system. Section 4.3 describes the system controller based on HCC strategy.
Section 4.4 discusses the reactive power calculations. Section 4 &tpthseexperimental
work of 5kw PMG case study and its results. Conclusions of the chapter are discussed in
section 4.6.

4.2 Stand-Alone Wind Energy Conversion System
4.2.1 System Configuration

The proposed ahdalone WECS consists of a RMconnected tan active rectifier. A

3-phase variable inductive load is dirgcttonnected to the PGl Fig. 4.1 shows the

schematic diagram of the proposed autonomous WECS.
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Fig. 4.1: Schemdt Diagram of the Proposed Autonomous WECS.

4.2.2 MPPT Operation and Model of the Wind Turbine
The wind power captured by a particular wind turbife,) depends on its power

coefficient Cp) which is given by the relation [65

P
= Turb (4.1)

p Pw

At a particular rotational speed, this power is maximized at a speed optimum value of the
tip speed ratid opr. This means that for each wind speed, there exists a specific point in the
wind generator power characteristics where the output power is maximized. Therefore, the
systemcan operate at the peak thie powerspeedcurve when the wind speed changes.
Thus, the maximum power can be extracted continudusihy the wind (MPPT control)

[67][69].

The optimum power from the wind turbine can be written as follows:
F?I'urb_opt = 05f BZCpmavaf (42)

Substitute 8.3) in (4.2), the obtained results can be expressddragion of 7 op::

=0.5r BZCpmax%VW—TR
(; /opt

I:?I'urb_opt

(4.3

-O00y,
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Where:
Cpmax Power coefficient corresponditig /opt.

Rearrange (4.3Rturb_optcan be represented as follows:

I:)Turb_opt = Kopt(,/K/vT)3 (44)
Where:

_0.5r BSCpmaX

t
" /ot

K (45)

Thetorque developed by ¢hwind turbine can be given by:

TTurb_opt = KOpt(VV\NT )2 (46)

The mechanical power generated by the wind turbireefasction of the rotor speed is
shownin Fig. 4.2. The curve of the optimum powePtrbopt) Shows how the maximum
power can be captured from the variation of the wind. Thus, the generator should work at
optimum torque given by4(6). Fig. 4.3 shows the block diagraror the wind turbine
model, where the inputs are: the pitch angle of the blades and the wind speed. The optimum
value of the tipspeed ratio is obtained using the information in Big.

The rotor speed, the power and the torque of the wind generatalantated using3(3),

(4.3) and @.6) respectively. These parameters are tipeitis of the P& control system.
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Fig. 4.3: Diagram of Turbine Model.

4.3 Sygem Controller
The proposed system configuratiof the stanealone WECS with its controller is

illustrated in Fig4.4. The PMG rotor speed anitk position are measured usiagabsolute

encoder. The-ph armature currest, , 1, and i. are obtained with ac current sensors,

while the 3ph voltage¥,, V, andV, are obtained with aeoltage sensors. The major part

of the controller functioms the implementation of the pulse generation of the
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active rectifier. The reference currend’ is directly injected to the controller, whiig" is

generated based on the MPPT operation of the wind tufbitee3ph armature curremy ,

I, and i, as well as the rotor angle positiap areall fedinto the controller modulén

order to generate gate pulses for the active rectifier, HCC has been usedsauiliently
the currats of the PNG arealso injected to the controlldy” is directly injected into the
controller module to study its influence on the reactive power compensation capability.

The HCC is implemented inside the controller module. Figoamd i¢ references current,

the 3ph armature current referendés i; and i; are obtained using the required frame

transformationgd-q transformationThen, the $h armature currentse compared with the
references to generate the gate signals of the active rectifier using HCC. Always, the upper
and the lower switches of the active rectifier are on opposite status!.&ighhows the

schematic diagram of the controller module.
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Fig. 4.4: Schematic Diagram of the Controller Module.

4.4 Reactive Power Calculation
In order to study the effect of flux control on the reactive power of the system, the flow
of the reactive power has been studied at diftepesitions. These positons are shown in

Fig. 4.4 with circles. The reactive power of the s given by §9] [70]:

Qpmc =

N w

(Vaiq - Vgia) 4.7)

Where:
va, Vg D,Q-axis voltage of the PI@.

ig, ig  D,Q-axiscurrentof the PM5.
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The reactive power consumed by the lo@d) @nd generated by the active rectifi€¥)(

are given respectively by:

Q = g(vdiqL - Vg ) = )\E—EL (4.8)
Q :g(vdiqr - Vyiar) (4.9)
Where:

Idl, igf d, g axis current of théoad

idr, Igr d, g axis current of thacside of the active rectifier

L Load Inductance.

f System frequency.

4.5 Case Study and Results

A case study has been simulated using the proposed model of the WECS, where a three
phase variable inductivioadis directly connected to the RBlas shown in Figd.1 The
parameters of the system are showable 3.1 Two different cases have been studied
when the load inductance increases from L =5 mH to L =10 mH while the load resistance
is kept constantThe firstcase is based on running the 8Mithout flux control (g = 0),
while the secondase is based on running the 8Mith flux control{ui 0) . For eac|
the reactive power at the selected posghavebeen evaluated using 7. (48) and(4.9)
respectively. For validation purposes, an experimental test was applied only for 10mH
inductance load because of the difficulty of changing the load inductance while the system

iS running.
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For the first case{ = 0), Fig.4.5A) shows that thedad reactive power increases when
the load inductance is doubled. This can be explained as follows: when the load inductance
increases, the load reactance and the load voltage inadsass shown in Figd.5(B) (v
= IX; whereX_ is the load reactancefonsequently, the load reactive power will increase
according to4.8). Fig. 4.6 shows the experimental results obtained for this case, L=10mH.
By comparing Fig€l.5 and4.6, it can be seen that the simulation prediction isequidse
to the experimentaesults. However, high ripple appears in the measured line velkage
4.6(B) - due to the commutation process in the fng®eling diodes of the active rectifier.
Fig. 4.7 shows that the generated reactive pomethe ac side of the active rectifier
consumed by the load and the 8MIhese resultmatchwell with the measured ones shown

in Fig.4.8.
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In the second case, when the BMperates with flux controlhree scenarios have been
studied basedn injecting several values ofakis currentsif = -2, -3 and-5) Amps.
Forig = -2A, Fig. 4.9B) shows that the load reactive power is increased when the load
inductance is doubled. However, this increase irr¢hetive power is less thadmatin the
previous case whemq(= 0). The reduction in the reactive power in this scenario can be
explained as follows:

When the PNE is operating with flux controid=-2A), the flux of the PN& is reduced
and the terminaloltage is reduced too. Consequently, the reactive pogresumed by the
load reducesccording to 4.8). Fig. 4.10 shows the experimental results obtained for this
case, when L=10mH. Byomparing Figst.9 and4.1Q it can be seen that the simulation
predction is quie close to the experimental results. Howewer withthe previous case, a
high ripple appears in the measured line voltagey. 4.10(B) - due to the commutation
process in the freeheeling diodes of the active rectifier as previouslyubsed.
Fig. 4.11 shows that the generated reactive poarethe ac side of the active rectifier is
consumed by the loband the PN&. However, the &ctive power consumed by the BV
is less than the previous case witen 0, because the flux control sedompensating the
reactive power consumed by the BMThese results matatell with the measured ones

shown in Fig4.12.
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Fig. 4.9: Operation of the PI@ with Flux Control (4 =-2A). (A) Load ReactivePower. (B) LineLine Voltage of the PMG.

300+«
T 2007
2
he]
I
3
o 100 \
Reactive Pow er w hen the Load is 10mH.
ot E E E E
4 4.5 5 55 6 6.5 7
(A)
300+ T T 4 T r
- Higher Ripple Compare to the Simulated One.
£ 200 ; |
)
QT
= 100
-
>
o L L
4 4.5 5 55 6 6.5 7

B)
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Fig. 4.12: Reactive power flow measured from the experimental setup when the system is operating with flux control
(ia=-2A, L=10 mH).
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Foriq =-3A, Fig. 4.13(B) shaws that the load reactive power increases when the load
inductance changes from 5mH to 10mH. However this increase of reactive power is less
than the previous scenario wher -2A. Fig.4.14 shows the experimental results obtained
for this case, when L€InH. It is clear that these results match with the simulation ones
shown in Fig4.13 Fig.4.15 shows that the generated reactive powethe ac side of the
active rectifier isconsumed by the load and the BMThese results match well with the

measureanes shown in Figt.16
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Fig. 4.13: Operation of the P& with flux control (4 =-3A). (A) Load reactive powe(B) Line-Line voltage of
the PMG.
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Fig. 4.16: Reactive power flow measured from the experimental setup when the system is operating with fluxigeng8al (=10

mH).

Finally for the third scenario whem=-5A, Fig. 4.171B) shows that the line voltage has
been regulaté when the load inductance changes from 5mH to 10mH. Also the reactive
power isdecreasedvhen the load is doubled. This decreased in the reactive power is
explained because of the compensation capability of the flux controk.ERshows the
experimeral results obtained for this case, when L=10mH. The total reactive power
generated by the active rectifier is reduced compared to the previous scenariogwhen
2A, -3A which is clearly shown in Figl.19 These results matakell with the measured
onesshown in Fig4.2Q In this scenario, the PGIsharesesponsibilityfor generating the
reactive power which is consumed by the ledth the active rectifierThis means that
controlling the flux of the PI& by injecting different values of the-&xis currats can be

used for reactive power compensation capability.
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The flow of the reactive power in the system for all cases and scenarichave

schematically in Figst.21-4.24
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Fig. 4.17: Operation of the PI& with Flux Control (ig =-5A). (A) Load ReactivePower. (B) LineLine Voltage of the PN&.
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Fig. 4.21: Schematic of the reactive power flow in the system wherD.

Active Rectifier

3-Phase
Inductive
Load

- Reactive Power Flow

Fig. 4.22: Schematic of the reactive power flow in the system wihen2A.
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Fig. 4.23: Schematic of the reactive power flow in the system vihen3A.
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Fig. 4.24: Schematic of the reactive power flow in the system when5A.

4.6 Conclusion

This chapterdiscussed the capalbyli of PMG flux controller in reactive power
compensatiorior a variable consumer load a stanealone WECSThe controller shows
effective response during steady state and transient. The proposed WECS based active
rectifier was used to inject several veduof Daxis current components. By injecting such
current components, the load voltage was regulated for a variable inductive load. In
addition, the reactive power consumed by the load was compensated using the flux control
operation of the system. Withbusingthe flux controller, the PNBE consumes reactive
power. Once the tix controller of the P\& was used, the reast power consumption by
the PMG was compensateohd reduced gradually. ThehePMG starts generating reactive

power to the load.
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CHAPTER 5: VARIABLE FLUX MACHINE (VFM)
OPERATION and CONTROL

5.1 Introduction

Controlling the flux of the PMG is required for wind generators applications in order to
protect the WECS from high voltages at high wind speed. Different types of VFM are
proposed in the literature which mainly can be classified into two major categories. The first
category is based on modifying the construction of the PMG by installing additional
excitation coils in the stator or in the rotor to control the airgap flux ahtehine 71-74].
However, such configurations lead to an additional cost and extra size of the machine and
might not be appropriate for small industrial applications. The second category is based on
using several alternatives of low coercive permanent gtagihe authors irvh] present
a variable flux machine of Samariu@obalt PMs. However, the large magnetizing current
of these magnets leads to increase the rating of the coupled converter. In order to overcome
this problem, the authors if7§] proposedanother configuration of variable flux machine
using AINiCo PMs which reduce the magnetizing current of magnet. Therefore, the rating
of the coupled converter is also reduced compared to the previous type. Another advantage
of using the AINiCo PMs is theigh efficiency of the machine itself7¢], since the
magnetizing and the demagnetizing process of this machine can be done using a small
period pulses with negligible losses.

This chapter is organized as follows: section 5.2 describes the charactefisties
AINico PM and its properties. Section 5.3 discusses the variable flux machine and its

operation.
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Section 5.4 presents the controller of the variable flux machine and finally experimental
setup and its resulis sections 5.5 and 5@@ior to cancluding theeresults in section 3.
5.2 AINiCo PM Operation and Characteristics

When the PMVFM is runningat noload, the magnet operating point occurs at the
intersection between the airgap line and the demagnetization curve of the magnetdn the 2
guadrant of the AINiCo magnet hysteresis loop which is at point (A) in Fig. 5.1. It is clear
from Fig. 5.2 that the AINiCo magnet can retain the intrinsic flux densijyufBto a certain
limit when it is exposed to an external demagnetization fiel (H

In Fig. 5.1, the initial operating point of the AINiCo magnet is point (A). When an
external demagnetization field is applied, the operating point of the AINiCo magnet is
moving from point (A) to point (B) which lies below the demagnetization curve krtbe of
hysteresis loop. Once the magnet operating point shits beyond the knee point, the intrinsic
magnetic flux density will be redude b yas ghBwn in Fig. 5.2. When the demagnetizing
field is released, the magnet operating point moves along a line parallel to the original
demagnetization curve to an operating point of a lower flux density (@@jinat this point,
the new remnant dix density will be BB as shown in Fig. 5.2. When the external
demagnetization field reached a specific value of),(the AINiCo magnet will be
completely demagnetized.

In order to remagnetize the magnet, a magnetizing fielg)(Has to be applied tmove
the operating point of the magnet beyond the knee point in the first quadrant of the hysteresis

loop until the saturation flux density {Hs reached as shown in Fiyl.
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When the magnetization field is released, the magnet recoils alodgrttegnetization
curve to the airgap line and the flux density of the magnet will Bel(Bs also clear from

Fig. 5.1 that the field require to magnetize the field)(l8 greater than the demagnetizing

field (Hq).
4 B(T)
No-Load
"Q, Al-gap Line
\ @ ®

v

Fig. 5.1: lllustration ofthe Operation of Low Coercive Field Magnets under Magnetizing and Demagnetizing
Fields.
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Fig. 5.2: AINiCo Magnets under Demagnetization Field.

5.3 Properties of theVariable Flux Machine (VFM)
There are several advantages of using the low coercive force of PM, such as the
AINiCo, which can be summarized as follows:
1. By using theAINiC o PMs the convertesize will be smaller as compared to a machine
that usesare eartiPMs since the curreméquirements flomagnetization are lower
[77].
2. The AINiCo PMs have higthermalresisivity andhave good mechanical features.
Fig. 5.3shows theotor geometry design and the prototyped rotor of the variable flux

machine with AINiCo magnet®arameters of the PMFM are shown in the appendix.
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@)

Fig. 5.3: (a) Rotor Geometry of Variable Flux Machif#]. (b) Prototyped Rotdf77].

5.4Vector Control of the VFM

Fig. 5.4shows the schematic diagram for the controller useondrol the VFM. It can
be seen that there is two current loopsiXs and eaxis current loops).eection ofig and
ig is done based on the knowledge that teig current is responsible for producing the
torgue of the machine, whileakis currents responsible for producing the flux. Therefore,
i"g-min Should be able to deliver the required power to the load grgkshould not exceed
the machine rating. In additiotheiq” current pulseshould be selected to keep the total d
and q axes stateurrents within the machine rating+ i¢>=i pms&. A current limiter is also

placed at the output of each current loop to keep the current within the machine ratings.
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Fig. 5.4: Controller of the Variable Flux Madfne.
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5.5Experimental Setup

The flux controller of the VFM has been tested experimentally for voltage regulation
purposes. The dc machine, which drives the VFM, was controlled using a buck converter.
The torque of the dc machine was controlled bdytwlling its armature current using a Pl
controller. The control logic of the dc machiaed the VFMwere implemented and
interfaced in real time using OpRIT simulation. The simulation type for the controller in
the Simulink file issetasadiscrdeiepe wi t h a s a mpA$ViMgvastusedne o f
for the flux controller of the VFM to achieve fast response of the voltage loops. Fig. 5.5

shows a photo of the experimental setup of the VFM.

Voltage Scnsm -

Devices

Fig. 5.5: A Photoof theExperimentalSetup of the VFM

97



5.6 Case Study and Results
In order to indicate the effectiveness of the flux confaslthe VFM using the-@xis current

pulsesjn the voltage regulation purposésp scenarios will be discussed as follows:

1. Theinjected i4 currentpulseis zero, while the rotor speed is increased bbgrap

function.

2. The injectediy currentpulseis negativewhile the rotor speed is increased by a

rampfunction.

In both scenaos, theAINICO magnet of th&/FM is initially fully magnetizedat a flux
linkageof 0.5 volt.sec Fig. 56 shows the current limit®r each magnetizatiostate of the
Alnico PM.

In the first scenario, the amplitude of tiérarmonic of the terminal lmvoltageof the
VFM increased when the rotor speed incredsed ramp functiofirom (500-800) rpm as
shown in Fig.5.7 (B). In this scenario, no-dxis current pulse is injected to demagnetize
the magnet.

In the second scenario, sevarases of injectigd-axis current pulses habeen studied
to investigate its effect on the voltage regulation when the rotor speredsed by a ramp
functionfrom (500-800)rpm. These cases are shown in Fi§8-5.10. D-axis current pulses
(1% of the periodhave beelnjected when the rotor speed is around 600 ipon the first
case wherhed-axis current pulses -3A, it can be seen from Fi§.8 (B) that theincrease
of the F'harmonic of the line voltage is reducedimpared to the previous scenario when

thed-axis current pulse igera
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For the second case whéime daxis current pulse is4A, the regulation othe 1%
harmonic of the line voltage has been improved compartetprevious case whehe d
axis current pulse is3A as shown in Fig5.9 (B). However, the line voltage is still not
completely regulateavhich can be observed from the third case wihendaxis current

pulse is-5A as shown in Figs.10 (B).

s
— 10 25% <
<
b Mag. state
b < 50%
£ s 50% <
—
E Mag. state
u < 75%
-
e 554
3
o Mag. State
< > 75%
< 254
(]

0.13 0.25 0.38 0.5
Magnet Flux Linkage (V.s)

Fig. 5.6: D-axisCurrentLimits Depending on thagnetizatiorStates[77].
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5.7 Conclusion

This chapter provides a demonstration for a proposed flux controller on the operation of
the VFM, which uses the AINiCo PM, for voltage regulation purposes. The AINiCo magnet
is consideed a low coercive PM which can be magnetized or demagnetized uakig d
current pulses provided by flux controller.

Several values of-dxis current pulses have been injected for short duration to test the
controller operation on the system under stadg the behavior of the AINIiCo magnet
before and after injecting-alis current pulses while the rotor speed of the VFM increased
by a ramp function. Without deagnetizing the AINiCo magnets of the VFM, the voltage
of the machine cannot be regulated. Heareby injectingdifferentvalues of daxis current
pulses, the AINiCo PM flux can be controlled and consequently the terminal voltage can be
regulated, while these pulses have negligible losses compared t@xigeayrrent which

improved the machine fefiency and performance.
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CHAPTER 6: CONCLUSIONS, CONTRIBUTIONS AND

RECOMMENDATIONS

6.1 Summary and Conclusions
Urban Wind Energy Modelling
1 The prediction of the wind speed in the urban areas is difficult, due to the ground
roughness and thedtional effects which reduce the wind speed close to the ground
surface.
1 The adjacent buildings sidiwantly influencethe wind regime around a specific
building in the urban environment.
1 Several techniques can be used for wind energy assessmentriethenvironment
which can be classified based on their accuracy as follows:
U Field measurements, ideally at the position and the height of the proposed
wind turbine.
U  Wind tunnel modeling with the aid of the meteorological or airport wind
speed data.
U Numaeaical methods including CFD analysis.
U  Wind atlases, which covers wide areas all over the world but it has a low
resolution and accuracy.
1 The wind atlases can only provide a general picture of the wind resowredain
area. Moreover, it cannot take tim account the local variations and their effect on

the wind distribution.
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The wind speed at a specific position over the roof of the building can beestim

by using wind tunnel modelg and testing, which has to be combined with a
meteorological oairport wind speed data at known locations. The wind tunnel tests
are used to give a more accurate estimate of wind without actually undertaking a
wind measurement campaign.

A methodology for estimating the wind energy for all terrains in the urban
enviromment using the wind tunnel testing is presented in this thesis.

This methodology was tested using two case studies in Montreal with different
terrairs:

0 The first case was a homogeneous terrain (EV building case), the results
show high correlation betweehet estimation of the wind energy using the
proposed methodology and the field measurements calculated over the roof
of the EV building.

0 The second case where the terrain is highly-mamogeneous (Equiterre
building case), the discrepancy between thenegion using the wind tunnel
testing and field measurement is higher.

In general, the accuracy of this methodology depends on the complexity of the
upstream terrain. Therefore, it can be used for estimating the wind energy especially
for homogeneous upsam terrains.

Suchamethod of estimating the wind speed in the urban environment is very useful

for the early stages of the wind power development.
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Voltage Regulation Using Flux Control of the PMG

A new technique for controlling the flux of a PMG israall wind turbine connected

to a remote load was discussed in this thesis.

The technique was based on injecting a negative or posHaxesdcurrent to the
stator coils of the PMG which controls the flux of the machine either by weakening
or strengthemg the flux to regulate the output voltage of PMG.

This technique was used to control the flux of the PMG without any auxiliary coils
or any special mechanical arrangements of the machine.

The dsadvantage of using this control strategy is that injedikaxis current in

the stator coils leads to higher losses and a reduction of the machine efficiency.

A case study was applied for small WECS and the results show how injecting
several values of-dxis current can regulate the output voltage for variapéed
operation.

Flux weakening control for speed range extension purposes was also analyzed in the
thesis.

By applying a flux weakening-dxis current<iq ), the PMG can provide low&fqc

for a given rotor speed. This means that the PMG system can provide &g@iaen
higher rotor speed. Thus, the flux weakening extends the operational speed of the
PMG.

It was verified hrough simulation analysisdhflux weakening control is workable

for the variable speed PMG system and significantly extends the operation speed

range.
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Reactive Power Compensation of the Flux Control of the PMG

1 The flux control of the PMG has the capability to compensate thévegower
demanded by the-gh variable inductive loa@nd it has been applietbr this
purpose in the thesis.

1 The proposed WECS based active rectifier was used to inject several values of d
axis current components to control its flux. By injecting suatient components,
the reactive power consumed by the PMG was decreased gradually, tifGhe
startedgenerating reactive power to share the active rectifier in supplying the load.
In this case, the load voltage was regulated for a variable inductie loa

1 The flux controller shows higéffective response during steady and transtaies

1 Simulation results have been obtained for the proposed casastiekperimental
work was done to validate the simulation results.

Control of PM-VFM

1 A flux controller for a PMVFM for voltage regulation purposbkas been developed

1 The PMVFM usesAINiCo magnetwhichis considered as a low coercive RNat
can be magnetized or demagnetized uskagid current pulses appliddr a short
period of time.

1 The injected ebxis current pulsebavenegligible lossexompared to the-gxis

current whichmprovethe machine efficiency.
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6.2 Contributions
Urban Wind Energy Modelling
1 A new method for estimating wirgbeedand energyver the roof of the buildings
in theurban environments has been developed by means of wind tunnel experiments.
Themethodology was validated using tfield case studiesonehomogeneouthe
other norRhomogeneous.
Voltage Regulation Using Flux Control of the PMG
1 A new flux control technique fom PMG based WECS for voltage regulation
purposes was developed for variable speed operation. This teelwagubased on
injecting constanhegative or positive-dxis current to the stator coils of the PMG
to control the flux of the machin€onsequentlythe output voltagwill be regulated
at variable speed operation.
Reactive Power Compensation of the Flux Control of the PMG
1 The reactive power compensating capability of the flux controller was studied and
investigated for the PMG for a variable induetload. Using the flux controller, the
reactive power consumed by the PMG is reduced and compensated gradually. At
some point, the PMG starts generating reactive power instead of absorBinchit.
independent source of reactive power is necessary tpartsate the reactive power
especially in the emergency case when the electrical grid is completely shut down.
Control of PM-VFM
1 Develop anew flux controller for a PMVFM, which uses the AINiCo PM, for

voltage regulation purposes. Toentroller is implerented based anjectingd-
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axis current pulses applied for short peraddime, with negligible losse3his will
reduce the losses of the machine and improve its efficiency.
6.3 Recommendations and’roposed Future Work

1 Develop a new method to estitedhe extracted wind energy by particular roof wind
turbine in the building environments using the poggeed characteristics of the
turbine with the aid of the wind tunnel tests.

91 Develop a new controller for automatically control the flux of the PM@Gguie d
axis current of the machine at variable WECS conditions.

1 Carry out dditionalresearctwork on the reactive power flow of the system at the
PCC when the dc link is connected to a grid side converter.

1 Develop a new flux control based on a contiriestimation of the magnet flux for

the AINICo PM.
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Appendix

Values of PM-VFM Parameters

VFM Parameters Values
Number of Poles 6 poles
Armature Resistangea) 1.3 ohm
d-Axis Inductancel(q) 0.0575H
g-Axis Inductancel(q) 0.036H
Moment of Inertia J) 0.03kg.n?
Friction Coefficient B) 5e-6
Iron Loss 410 watt
Full Magnetration Flux Linkage 0.52 volt.sec
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