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Abstract

Small wind energy conversion systems are clectromechanical devices that generate

electricity from wind power for use in commercial as well as residential appli
System level comparison pertaining to such conversion systems is an important and
challenging problem and in-depth analysis is essential for high penetration of wind
power. A set of unique problems associated with this technology requires that the
‘maximum power point tracking control be achieved through a simple, efficient, and most
importantly, highly reliable manner. This rescarch identifies these challenges and
subsequently presents a comparison in terms of the performance and reliability of a
furling control grid connected Permanent Magnet Generator (PMG) and Wound Rotor
Induction Generator (WRIG)-based small wind turbine system. The power conditioning
system for grid connection of the PMG-based system requires a rectifier, boost converter
and a grid-tie inverter, while the WRIG-based system employs a rectifier, a switch and an
external resistance in the rotor side with the stator directly connected to the grid. The
proposed research develops the system level mathematical model for the power
conditioning system losses that fluctuates with the wind speed. It is found by the
simulation that compared to the PMG-based system, the WRIG-based system can provide
Tow power losses at low wind speeds, thus resolving the typical obstacle of variable speed
operation. The comparison is further enhanced by investigating the annual encrgy
capture, annual energy loss and efficiency for the wind speed information of eight test

sites in Newfoundland and Labrador, Canada: Battle Harbour (BH); Cartwright (CW);



Little Bay Island (LB); Mary’s Harbour (MH); Nain (NA), Ramea (RA); St. Brendan’s
(SBY; and St. John's (S1). It is demonstrated that the WRIG-based system yields lower
energy loss which results in a system of higher fficiency for a wind speed of 2 m/s (cut-
in) to 17 m/s (cut-out). Furthermore, experimental test benches are developed for both
systems based on a wind turbine emulator that incorporates furling control and associated
dynamics, as well as power conditioning systems required for variable speed operation.
The maximum power extraction to the grid for both systems is ensured by tracking the
optimun tip speed ratio. The experimental energy production is calculated for the regions
considered during simulation. It is found that the WRIG-based system provides 2% more
efficiency than the PMG-based system and corresponds well with the simulated

conclusion.

Additionally, the reliability of the power conditioning system for the systems is analyzed

at a predetermined wind speed. The analysis reveals that the Mean Time Between
Failures (MTBF) of the power conditioning system of the WRIG-based system is much
longer than the MTBF of the power conditioning system of the PMG-based system. The
investigation is cxtended to identify the least reliable component within the power
conditioning system for both systems. It is shown that the inverter has the dominant effect
on the system reliability for the PMG-based system, while the rectifier i the least reliable
component for the WRIG-based system. This rescarch finally concludes that the WRIG-
based small wind turbine system with a simple power conditioning system is a much

better option for a small wind energy conversion system.
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Chapter 1

Introduction

Generation of electricity from renewable sources has the advantage of being, to a certain

extent relatively envi clean compared to ble sources [1]. Most

importantly, these sources can assist to gain energy independence, reduce liability to
unstable grid prices and above all, be casily accessible from remote locations that are not
connected to utility power grids. Among several identified rencwable sources such as
hydro, solar, tidal and wave, the electricity generation using wind is expected to be the
second largest source of renewable energy by 2010 [2]. Wind power is presently
considered to be an optimal renewable technology as it provides a continuously growing
contribution to cnergy diversity and security. Reliable control strategies, custom designed
generators, low maintenance and cost competitiveness promote large penetration of wind

energy into the electrical power systems. The annual wind power development indicates



that between the years 2000 to 2006, there was a substantial growth in wind power, while
itis expected that the use of wind power will double between the years 2006 to 2011 (3]
‘The expected saturation level of 1900 GW of wind turbine capacity installed world-wide
will be reached in the years 2030-2035 [4]. Under international agreements, the

penetration is expected to be faster, and 10% of the saturation level is expected to be

achieved by the year 2016,
Along with the suceess of large and medium sized wind turbines, Small Wind Turbines
(SWT) have found their role expanding as well. Depending on the local wind resource
and utility rates, a small wind energy system can reduce the electricity bill by 50% to
90% [5]. It can be installed as a stand-alone system, climinating the high cost of
extending utility power lines to a remote location, or it can be connected to the power
grid, enabling the customer to sell excess power to the utlity or buy additional power as
needed. While the contribution of the small wind turbine may be small in absolute terms,
small wind turbines make a big difference in the daily lives of people around the globe.
However, despite the enormous potential of the small wind turbine, the worldwide picture
of small wind turbines is much less clear. The reasons for the shadowy existence are
‘manifold: high cost; lack of technological maturity; insufficient testing; complex market
with a large number of manufacturers; and lack of proper standards for the SWT.
Nevertheless, it is expected that the inclusion of innovative system level design, novel
design of airfoil, smart power clectronics, increase in funding and rescarch activities
could lead to a reduction in the cost and help to increase the penetration of small wind

turbine technology [5 - 9).




Fig. 1.1 Overview of Canadian Market Demand and International SWT

Manufacturing Capacity
‘The prospect of SWT in Canadian market is relatively intermittent, The current total rated
output of SWTs is in the range of 800 kW -1,000 kW which corresponds to 600 to 800
million for mini wind turbines (300W to 1 kW), $1.2 million for small wind turbines
(IW to 30 kW) and $0.7 million for medium wind turbines (30kW to 300 kW) [6].
Battery charging, grid connccted residential systems, farms, commercial, and northern
and remote communities are the main arcas of application of the SWT in the market these
days. There are 130 distributors and six manufacturers of commercial SWTs available in
the Canadian market and most of them are concentrated in Ontario (55%), Quebee (15%),
Alberta and British Columbia (8% each) [). Fig 1.1 presents an overview of Canadian
Market Demand and International SWT Manufacturing Capacity. It is evident that the

Canadian SWT manufacturing capacity is well-suited to the upper end of the farm and

commercial markets, and to the lower end of the northern communities market. However,

there is almost no manufacturing capacity in the grid connected residential market and



could be a potential focal point for research and development activities for grid connected
small wind turbines in Canada.

1.1 Objectives

‘The main purpose of this rescarch s to compare the performances of the grid connected
SWT systems for low and high wind speed regimes. In order to analyze the system
performances, both the power loss and annual energy capture/loss are of importance as
the performance characteristic can be calculated from these indices. Although sound in
theory, the practical implementation and realization of grid connected small wind turbine
systems is a major technological challenge undertaken in this research. Morcover, the

rel

ty is an imperative concern for most of the small wind turbine systems and is also
an important part of the research. With the foregoing purposc in mind, the main

objectives of this research are as follows:

“To identify the most preferable mainstream and an optimum surrogate system for
a grid connected small wind turbine systems from the existing small wind energy

sphere;

To develop mathematical formulations and carry out numerical simulations in
order to investigate the performance of the most preferable mainstream and the
optimum surrogate system;

« To implement the systems and validate the performances established by the

numerical simulation;

To model the component level reliability of the optimum surrogate as well as the

most preferable mainstream system in order to determine the most reliable system.



1.2 Motivations

The demand for cheap and environmentally friendly sources of cnergy has been
increasing. An effective, low-cost and highly reliable mechanism for hamessing energy
from the wind may revolutionize the scenario of rural power generation, especially in the
developing world. A suitable topology for a small wind energy conversion system,
although in progress, needs to be identified in the renewable energy family once its
potential is established through research and development. Various existing topologies
pertaining 1o small wind turbines have already indicated favorable outcomes for
applications such as, home heating, battery charging and net metering. An in-depth
analysis of the performance and reliability for grid connected residential application is
considered necessary in the current state of the development of the SWT technology.

1.3 Thesis Layout

Starting with an introductory chapter, the layout of the thesis is organized as follows:

In chapter 2, an investigation of grid connected small wind turbine systems is presented
in order to enhance the system level understanding. The investigation is expanded to
include the power conditioning system followed by an overview of the reliability of the
small wind energy conversion system. A comparison of the reliability for the various

subsystems of a small wind energy conversion system is presented. Finally, it is decided

o limit the scope of the rest of the rescarch on the selccted systems, i.¢., grid connected
Permanent Magnet Generator (PMG) and Wound Rotor Induction Generator (WRIG)-
based systems, which are used for further investigation based on the rescarch objective

In chapter 3, a comprehensive literature review is presented on the PMG and WRIG-

based systems. There is a summary of the market penctration, and a power loss
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calculation of the power electronics of the systems is described. A survey of the wind
turbine emulator is shown in order to differentiate this rescarch from the previous
attempts. The literature review is further cxtended to the reliability calculation of the
power electronics and the scope for further development is identified. The need for the

present work is described in the context of recent rescarch in the arca.

In chapter 4, a comparative study of PMG and WRIG-based systems for wind energy

conversi

system s presented. The study employs numerical simulation to investigate

the power losses for both systems. The i is further enhanced by

the Annual Energy Capture (AEC), Annual Energy Loss (AEL) and efficiency for the
wind speed information for cight different sites in New’foundland and Labrador, Canada
In chapter 5, the test bench development and associated results of the PMG and WRIG-
based systems are presented. First, a furling control and associated dynamics based on
Small Wind Turbine Emulator (SWTE) are developed. Afterwards, the grid connected
PMG and WRIG-based systems are developed with the relevant power conditioning
system as well as the Maximum Power Point Tracking (MPPT) control strategy. Power
conditioning systems losses are determined and compared for both systems. Finally,
AEC, AEL and efficiency of the systems are compared for the considered eight sites. The
purpose of this chapter is primarily to validate the conclusion drawn during the
theoretical investigation study presented in chapter 4.

In chapter 6, a reliability analysis and an identification of the least reliable component of

the power conditioning system of PMG and WRIG-based grid connection arrangements

are presented. Reliability of the systems is analyzed for a particular wind speed.



sl o

Moreover, the least reliable component within the power conditioning system is
identified quantitatively.

In Chapter 7, a summary of the most important conclusions reached in the rescarch and
highlights of the contributions from the rescarch, as well as suggestions for the direction,

content and scope of future research are presented.



Chapter 2

Overview of Grid Connected Small

Wind Energy Conversion System

The present commercial availability of small wind turbines incorporate a variety of
innovative systems, with proven technology for both the generators and Power
Conditioning Systems (PCS). The most frequently applied Small Wind Turbine (SWT)
systems in industry are investigated in this research. The investigation is further extended
to determine the failure modes of the wind turbine subsystems in order to identify the
most common failure subsystems. The most preferable mainstream and an optimum
surrogate system are identified and the characteristics, along with power conditioning
system of each system are discussed in order to orient the research towards an optimum
system for a small wind energy conversion system

2.1 Overview of Grid Connected Small Wind Turbine Systems

The application grid connected of small wind turbines is a prominent rescarch area in the
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SWT industry. An extensive review is presented to investigate the most frequent
‘generator system, control method, rated power, as well as the usual systems used by the
‘manufacturers in their commercially available grid connected systems. The horizontal
furling method is more common for mechanical power control [10 — 13]. Induction
Generators (IGs) and Permanent Magnet Generators (PMGs) are used presently in most
commercially available small wind turbines in the market for converting wind energy into
energy. Furthermore, 1Gs and PMGs can be operated in grid connected mode using an
inverter system, which is cither manufactured specifically or commercially available [14].
‘The principal manufacturers of grid connected SWT, including the generator system and
rated power are listed in Table 2.1. The table is based on information provided in web
pages and owner manuals from the manufacturers.

The state-of-the-art for operating of SWTs in grid connected mode has changed over the
years from being conventional-driven to being optimized-driven within the operating
regime. In addition, the design of small wind turbines has progressed from fixed speed,
flapping/passive pitching-controlled and drive trains with gearbox to variable speed,

furling/soft stall-controlled with or without gearbox. The following discussion provides

an overall outlook on the contemporary wind turbine systems, focusing on their general
attributes over recent years.

The Wind Energy Conversion System (WECS) presented in Fig. 2.1a incorporates a

Squirrel Cage Induction Generator (SCIG) and a soft starter for smooth grid connection.

A large capacitor bank is required to cope with the reactive power demand by the

generator from the grid. configuration allows a small variation in rotor speed,



typically 1 to 3% and resembles a constant speed system. The system is also known as

the “Danish System” in the market.

‘Table 2.1 Information regarding the grid connected SWT system
Manufacturer Country W Generator | Rated
power
(kW)
CleanField Energy Canada 35KW PMG 35
VAWT
WES Cana Canada WES AG 25
TULIPO
‘Wind Simplicity Tnc. Canada | Windancer PMG 3
‘Windancer PMG 7
Aerojoule Canada AIT-1 15
AT 3
AJT4 43
AT 10
*Windmission Denmark 4K PMG 4
Windflower
Eoltec France Scirocco MG 66
E5.6:6
Fortis Netherland Passaat G 14
Montana G 5.8
lize G 10
JBornay Aerogeneradores Tnclin 3000 G 8
Inclin 6000 G 3
Proven Engincering UK WT2500 G 25
Products Ltd (Proven WT6000 G 6
Ener;
Southwest Windpower USA | Whisper 200 PMG 1
Whisper 500 PMG 3
Skystream PMG 18
‘Wind Turbine Industries USA Jacobs 10 PMG 10
kW
BERGEY USA__ | BWC ExcelS
Abundant Renewable USA AREI10
Energy ARE442
AVENTA AG Switzerland | AV-7
Aircorn Germany | Aircom 10
Energotech SA Greece utterfly 1K 1.
utterfly 3K 3
utterfly 6K 7
Aerodyna and SMA German erosmart 5 5
e
Generator
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Fig. 2.1 Typical configurations of small wind turbine systems a) Type A, b) Type B, ¢)

Type C1, d) Type C2, ¢) Type C3, f) Type D

The system shown in Fig. 2.1b changes the Danish system by inserting a
converterfinverter o regulate the power between the grid and IG. Variable speed
operation s achievable with a suitable control strategy. The power conditioning systems
carry out the task of reactive power compensation as well as improvement in power
quality. However, the variable voltage and frequency from the generator are adjusted by
the converter/inverter system, requiring the power conditioning system to be dimensioned

for the maximum power of the turbine and is thercfore cxpensive. Higher power loss



compared to the Danish System in the power conditioning system is a major concern in
this system.
Fig. 2.1c - ¢ shows grid connected wind turbine systems that use permanent magnet

‘generators. The machines generates electrical power at a frequency directly related to the

shaft speed by some fixed ratio. The power conditioning system consists of a
converter/inverter arrangement between the generator and grid to ensure smooth power
transfer for variable speed operation. Permanent magnets may be used on the
synchronous machine rotor to generate flux. This type of machine is referred to as a
permanent magnet machine and is presently used by most of the manufacturers.
Permanent magnets in the rotor overcome the barrier of field winding excitation that is
required for synchronous generators. The problem for this system is the higher rating of
the converter/inverter and consequently higher conversion power losses and system
complexity, as well as system cost.

In the case of a SCIG, the rotor circuits are not accessible externally, and the induced
current is a function of the slip and applied torque. However, in a Wound Rotor Induction
Generator (WRIG), each of the three discrete rotor winding systems is clectrically
accessible via slip rings on the machine shafl. This access can provide a means for
controlling the rotor currents, and therefore the electromagnetic torque production. The
magnitude of the rotor current in such an arrangement is controllable over the operating
speed range of the turbine by controlling the exteral resistor connected to the rotor
cireuit, This allows the control system to vary the slip-torque characteristic over a wide

range of wind specd.
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The power conditioning systems integrated at the stator side are associated with high

current ratings and consequently an increase in cost. In such a scenario, a wound rotor

\
induction generator with rotor resistance control can be a feasible surrogate system. In
order to realize a better adoption during start-up, weak and high wind operating modes,
the rotor resistance can be changed to compensate dynamically for the tower shadow
effect on the power dissipation to the utilty [15]. Moreover, the necessity of an inverter
for grid connected operation can be eliminated since the power electronics circuitry in the
rotor circuit is composed of a simple 3-phase bridge rectifier and a switch while the stator
is directly connected to the grid. Flicker at the grid is minimized and electromagnetic
compatibility can be attained using a small capacitor placed at the stator. It should be
noted that the system also poses some restrictions such as higher power loss in the rotor
circuit and constant maintenance of the slip rings. A basic schematic of the system is
presented in Fig. 2.1f. Presently, the SWT industry does not use this system due to the
fact that a gear box is necessary for the commercially available 4 pole wound rotor
induction machines and hence is considered to be costly. However, the barrier posed by
the gearbox can be overcome by designing an optimum machine with the number of

poles as required for operation.

2.2 Overview of Failure Modes of Grid Connected Small Wind

Turbine Systems

The uncertain nature of wind energy renders failure statistics and reliability analysis to be
of great value before the installation of a wind turbine system. The need for long term
field data is critical in evaluating the technical and economical performances. Long term

failure and reliability data for wind turbine subsystems are readily available. This is



primarily due to the fact that a significant (and growing) number of wind turbines of

various ages, types and locations are in existence across the world. This information
represents a useful starting point for modeling the wind turbine systems subcomponents.
Ttalso allows optimization of the design features as well as the system. Most of the large
commercial wind turbines have intense review of the reliability of the system
components; however, small wind turbines lack this feature due to the additional cost
involved. The following is a study performed from the published data to investigate the

failure modes of various subsystems of the SWT systems. Small frequent failures have a

minor impact on the availability of on-shore wind power generation. However, in grid
connected off-shore wind turbines, thesc small failures can lead to high unavailability and
high operational costs due to the difficult accessibility and expensive repair costs. As a
whole, the least reliable components of a wind turbine system can be determined by
investigating of the failure distribution of wind turbine systems. This also helps to
improve the system level design for wind turbine systems.

Case study 1: [16]

‘The Scientific Monitoring and Evaluation Programme (WMEP) in Germany is one of the
biggest funding programs involved with the development of SWT-based WECSs since
1989. SWT specific analysis and valuable information regarding the performance and
reliability are published in their work. A recent publication deals with the failure rates of
235 SWTSs for an observation over 10 years. The wind turbines have a rotor swept area of
less than 200m’ and represent 16 different manufucturers. Moreover, investigating the
SWTs is categorized into two groups: 205 SWTs that have a rotor diameter equal to or

smaller than 7 m and 30 SWTs with rotor diameter greater than 7m. A total of 4200
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Fig. 2.2 Distribution of number of failures
reports have been selected by the authority from the local operator. These reports were
analyzed and it was found that control system malfunctions account for 22% of the

failures, Defective parts which include mechanical and electrical parts share 31% of the

total failures. Fig 2.2 represents the frequency of failure of the SWTs subsystems
investigated through the programme. Replacement and repair of components is usual for
wind turbines and play a significant role as observed by the programme. Generally, an
electrical control for a wind turbine includes an electronic control unit, relays, circuit
breakers and others, while the electrical system incorporates the inverter, converter,
fuses, switches, circuit breakers, cables and others. It has been found that the control unit

and clectrical system together

the sensors and generators account for 59% of the
total repairs whereas the mechanical system, which includes drive train, yaw mechanism,
hydraulic system, rotor blade, mechanical brake, rotor hub ete. and structures accounts
for 41% of the total repair for the group of SWTs and has a diameter of less than 7 m.

‘The pie chartis presented in Fig 2.3.
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Fig2.3 Share of repair measures on different sub systems for SWT

Case study 2: (17]
The task performed by Elsfork, Sweden is almost similar, i.c., publish reports on the
performance of the turbines in Sweden. The statistical data from the wind power systems
were collected by Vatienfall Power Consultant. Traditionally, the data are not automated,

rather hand written reports were prepared by the individuals. The reports contain inform-

Bades/ptch: 13.4%

electric system:

entire unit: 27% 175%
structure: 1.5%

yawsystom: 6.7%

artve i 11%
gears: 98% semsors: 141%

Fig. 2.4 Distribution of number of failures



-ation about the production and downtimes as well as failure statistics and reliability
‘measures. A comprehensive study has been performed and presented in Fig 2.4 over the
years 2000 to 2004, It follows a similar patier, i.c., the failures involving the electric
system, control systems, generators and sensors constitute 50% of the total failure.

Case study 3: [18]

‘The work performed in Germany investigated 3 turbines as follows: Enercon E66 rated

500 KW; Vestas V39 500 rated at 500 kW, and TW 600 rated at 600 kW. The data were

gearbax; 6%

annemometry: 3%

shafvbeariags: 7 electric: 21%
yawsystem: 4%

sensors: %

Blade: 10%

other:10%

L electronles: 13%

pitch mechanism:
n%

Fig. 2.5 Distribution of number of failures for Encrcon E66

collected from Landwirtschafiskammer, Schleswing-Holstein, Germany (LWK). The
results of the frequency of failure for Enercon E66 and Vestas V39 500 are presented in
Fig 2.5 and 2.6 respectively. It should be noted that the rating is beyond the rating of
small wind turbines. However, valuable information regarding the electrical system ‘
failures can be obtained. It is interesting to note that for all wind turbines the clectric |

system failure accounts for at least 50% of all failurs.
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Fig. 2.7 Distribution of number of failures for large wind turbines

A significant difference is observed once the failure distribution of large wind turbines is

carried out. Failure distribution and reliability of such large wind turbines was carried out

in the DOWEC project at Netherland. The study also investigated the availability and

maintainability of the wind turbine system. Part of the study focused on the opportunities



and drawbacks of different designs of extremely large wind turbines for large scale off-
shore wind farms. The data presented in Fig 2.7 reflects the failure distribution of a large
scale wind farm consisting of 100 units (SMW each) located in the North Sea. The
interesting point revealed that for the large scale wind turbine, failure related with the
electrical sub systems is minor. Most of the failures were due to the mechanical
subsystems, which is entirely different than the SWT systems where the main causes of
failure are due to the electrical sub systems [19].

The above discussion leads to a conclusion that the reliability of clectrical related
subsystems is a major concern for SWT systems as well as in the SWT industry and
cannot be ignored. Tn order to have better penetration of the SWT in clectrical power
systems, high technical availability of the SWT is crucial to provide the necded security
of supply. Research should be undertaken to improve the reliability of the electrical
related subsystems due to the fact that the electrical related subsystems carry the major
portion of the failure during operation. Attention should be given to a straightforward but
reliable electrical design that ensures easy maintenance and repair as well as less
complexity in the control architecture, However, in order to choose an optimun system, a
valid motive should be established. As a result, this study undertakes a comprehensive
performance and reliability analysis of the systems in order to find an optimum surrogate
system as will be discussed in chapter 4, chapter 5 and chapter 6.

2.3 The Compared Systems

Today’s SWT markets are primarily dominated by the PMG-based system that ensures a

variable speed operation. Fig. 2.8 shows the schematic of the widely used system of a

small grid connected PMG-based wind turbine system. The PMG is very interesting for



variable speed systems because it can be connected to a diode rectifier and, thercby, leads
10 a very efficient system. The power conditioning system has a diode rectifier, a de-dc
converter and an inverter. Usually the rectifier s chosen for its low price and low losses
and the inverter because it produces high quality power to the grid. An altemative
systems is the WRIG-based SWT system, shown in Fig, 2.9. The system is used in large
wind turbines. In this arrangement the PCS consists of a 3-phase bridge rectifier, a switch
and an external resistance. The high cost of the permanent magnet generator is offset by
the reduced cost of the PCS, since only 20 — 30% of the rated power flows through the
slip rings while most of the power flows to the grid from the stator. The resistance, R, can
be used as a heating clement. The switch of the WRIG-based system allows the effective
rotor circuit resistance to be varied hence ensuring variable speed operation.

d turbine is to ensure variable speed

‘The generic objective of power production by a

operation in a wide wind speed range, maximize the energy yield, and improve the power
quality. A subset of these goals is: to choose an optimum system; to improve the
performances in terms of power production and efficiency; and to ensure high reliability
in order to optimize the installation and maintenance costs. A popular belief is that the
WRIG-based system is probably not useable because it suffers from high power loss in
the rotor circuit, and only 0 — 10% speed variation is achicvable, while a PMG-based
system offers a speed variation of 0 ~ 100% and ensures high efficiency of the system.
However, this research carries out an in-depth investigation and shows that the above
mentioned belief is not correct. This s due to the fact that the optimum system should
provide low cost of the energy, have lower failure rate and consequently increase the

reliability as well as improve the serviceability and maintainability.
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Fig. 2.8 A PMG-based small wind turbine system
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Fig. 2.9 A WRIG-based small wind turbine system
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2.3.1 Oven

w of Power Conditioning Systems

In the carly 80’s, variable speed systems adopted rectifiers and converters made up of
diodes or thyristors. Low frequency harmonics and low switching frequency resulted due
to the line commutation of the switches [20]. With the advancement in technology,
Insulated Gate Bipolar Transistor (IGBT) switches are very often used by the
manufacturers which can operate at higher frequency and may have reduced switching
losses. The rectifier system used at the generator terminal is usually of the uncontrollable

type.

Boost comerter. Inverter

P e | ure cometr |

Fig. 2.10 Power conditioning system of a PMG-based system
A power conditioning system used for a PMG-based system is presented in Fig. 2.10.
This technology employs a boost converter stage prior to the inverter. In general, the

inverter used for grid conne:

on requires a de link voltage greater than the rectified line-
to-line voltage. As a result, a boost in voltage level is required for the grid connection as

the voltage level from the SWT system is low compared to the required de link voltage.



This is achieved by using a boost converter. The de link capacitor decouples the voltage

source inverter and the boost converter and keeps the de link voltage ripple to an

acceptable level. The inverter can be programmed for maximum power extraction. It

therefore yields a high reaction speed and in order to achicve an optimal system.

The use of a boost converter has the advantage of adapting the PMG voltage variation

caused by the stochastic nature of wind and changing load. However, there are still a

number of disadvantages:

Traditionally, the conversion from de to ac power is achieved using a
conventional voltage source Pulse Width Modulation (PWM) inverter in a stand-
alone load or grid connected system. Morcover, the stand-alone inverters need to
ensure the voltage and frequency regulation as well as over-current protection and
surge capabilities. The stand-alone inverter must be a self-commutated, voltage-
controlled inverter, so that loads can be operated within their nominal voltage
ratings. In terms of power quality, reliability and price, these stand-alone inverters
are very competitive [21]. Almost no manufacturers use their own product in the
case of the inverter. Most manufacturers typically use the modified version of
inverters that are normally designed and optimized for Photovoltaic (PV)
applications and change the control software if required. Moreover, the standards
for small wind turbines arc yet to be established and the technological
development of SWT is not proceeding as fast as for the large Wind Turbine
(WT). As far as the small wind turbines are concerned, most countries have their
own recommendations about small wind turbines conneeted to the grid. This is

understandable as the power quality aspects and standardization, as well as the



laws and regulations differ by country and governments set up their own rules to
assure a good power quality. But, these actuations make it more difficult to
introduce the SWT in countries, because the inverters have to pass all the tests in
cach country. Moreover, although most of the rules are more or less the same,
they have to be approved and marked by some test centre approved o established
to make this test in accordance with the rules of each country. In order to achieve
these requirements a significant increase in cost of SWT could be observed and
can be considered a major challenge for the penetration of small wind turbine in
the market,

The configuration consists of two stages, i.¢., boost the voltage level (DC-DC
boost converter) and grid connected (DC-AC inverter) which inevitably reduce

the effi

ncy of the system.
A complex control architecture is required, resulting in more components and
hence reduced reliability. Due to the involvement of more components, an
additional heat sink is required, consequently increasing the size and volume of
the unit. Furthermore, more power electronics increase the cost of the system.

The boost converter based power conditioning system can be considered a better
system compared to an AC-DC-AC link based power conditioning system. The
low voltage produced by the wind turbine needs to adapt to the high main voltage
level. A boost converter based power conditioning system increases the low
voltage level to the main voltage level by using an IGBT. While in an inverter,

two IGBTS or two diodes conduct at the same time for an AC-DC-AC link power

2



conditi

ing system and have to be sized for high current and voltage duc to low

voltage generation by the wind turbine.

The inverters used in this system have low efficiency at low power levels. This is
a very important point of consideration as most of the small wind turbines face
low wind speed throughout a year and consequently operate at low power levels.
“The sharp drop of converter efficiency especially for a small wind turbine is not

desirable but, it cannot be avoided [22),

Most of the converters/inverters used for the grid connection use a PWM
switching technique to optimize the performances. For instance, flexible control
resulting in low switching losses may be used. The PWM modulation usually
injects harmonics into the grid (and consequently, voltage drop or transient
Voltages) and is not advantageous in terms of power quality [22]. It should be

mentioned that incorporating more converters in parallel can improve the power

quality. However, this increases the cost of the total system and it is a severe
problem for small wind turbines as they are very subject to installation and
‘maintenance costs

In contrast to the most common power conditioning systems for SWT systems presented

above, the power conditioning circuitry for WRIG offers less complex architecture and

components. The costs reduce dramatically due to the exclusion of the converter/inverter

system. Furthermore, the power conditioning system consists of fewer components, and

consequently provides lower control complexity. The stator of the machine is connected

direetly 10 the grid and the voltage induced in the rotor is rectified to DC by the diode



rectifier. An inductor is used to smooth the current in the rotor circuit, The current is then
fed to an IGBT based shunt switch with an external resistance as presented in Fig. 2.1

and Fig. 2.12. The switch allows the effective rotor circuit resistance to be varied for the

speed control of the machine. When the switch is on, ¥, =0; the extemal resistance,
Rbecomes short circuited. On the other hand, when the switch is off, V. =7, ; the

resistance applied extemally to the rotor isR. As shown in Fig 2.12, the effective

external rotor resistance due to the PWM wave is

Ty R(T=Tw) o
St R(1=d) @n

where, T s the total time period of the PWM wave,
dis the duty cyele of the switch and is equivalent to the total on-time over the

entire period of the PWM wave.
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Fig. 2.11 Power conditioning system of a WRIG-based system




Fig. 2.12 Waveforms pertaining to Fig. 2.11

From (2.1) it is obvious that by changing the duty cyele of the s

h, speed control of
the machine can be achieved. The speed control of the wind turbine is thus attained using

only a diode bridge rectifier and a controlled switch. The necessity of high rating of the

components is lowered due to reduced slip power/voltage. Typically, the rectifiers and
switch cope with 20% — 30% of the rated power. The reduced power rating of the
components and driving circuitry leads to inexpensive components as compared to the
‘most common configuration used for the SWT system. However, the main demerit of this
method of control is that energy is dissipated in rotor circuit resistance, internal and
external, and this energy is wasted in the form of heat. Bidirectional power flow is not
possible with this system, while the PMG-based system exhibits the bidirectional power
flow characteristic. A WRIG-based system also ensures a wide range of speed control of

the wind turbine similar to a PMG-based system.




2.4 Summary

‘The discussion in this chapter raises several important issues that need to be examined.

Synopses of the issues are presented below:

Several systems exist in the market to connect a small wind turbine to the grid.
The PMG-based system is favored while there is a lack of interest in the WRIG-
based system. This lack of interest in the WRIG-based system is due to the
popular belief that such a system waste higher power in the rotor circuit than the
power loss in the power conditioning system of the PMG-based system.

‘The relial

ity of the electrical subsystems is more important than the reliability of

the mechanical subsystems for a small wind turbine system, while the opp
situation is observed for a large wind turbine system. The data collected from
several wind turbine projeets were used to validate this assumption;

Quantitative evaluation of the performances of a PMG-based system and a
WRIG-based system is required in light of the advantages and disadvantages

described above,



Chapter 3

Literature Review

In the small wind energy domain, the existing knowledge of the system of a Permanent
Magnet Generator (PMG)-based wind turbine system design and performance is quite
rich. In sharp contrast, studies with emphasis on the system of Wound Rotor Induction
Generator (WRIG)-based small wind turbine system are very few. The statement is
factual when observing the market penetration between the systems for large wind
turbines. Fig. 3.1a shows the market attention of the PMG and WRIG-based large wind
turbines from the year 1995 to 2005. The diminishing nature of the WRIG-based system
is observed whereas the PMG-based system maintains a steady market, The situation
becomes more severe once the shares of cumulated installed power are considered over
the years (Fig. 3.1b). The WRIG-based system has been decreasing over the years since

1997, while the PMG-based system maintained an increase from 1999 to 2002 in terms of
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Fig. 3.1 Market penetration of the systems, a) Share of yearly installed power, b) Share of
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cumulated installed power, ¢) Installed units, d) Average wind turbine size

total installed wind power. It is observed from the number of installed units per year (Fig.
3.1¢) that the WRIG-based system reached its peak in 2001, after which it decreased
significantly [23]. In contrast to the WRIG-based system, the number of installed units
for the PMG-based system increased slowly and is believed to be increasing after 2005.
Finally, information on the installment of the commercial power of the wind turbine is
significant in order to have an understanding for a preferred type of mainstream system.

Fig. 3.1d presents the yearly average size of each wind turbine system over the years. Itis



clearly visible that the WRIG-based system has almost always remained in the 600-800
KW power range, while the annual average size of the PMG-based system has increased

almost lincarly over the years. One of the main reasons for such a depressing picture of

the WRIG-based system in contrast to the PMG-based system, is the ability of the PMG-
based system to operate in a full variable speed operation with a more cfficient manner.
Variable speed operation is an attractive feature for wind turbines for a number of reasons,
including reduced mechanical stress, increased energy capture  and, not least,
controllability, which is a primary concem for the grid connection of wind turbine
systems (24, 25). Recent advances in power electronics have been a leading cause in the
dramatic advancement of the PMG-based system [26]. However, despite such rapid
growth of the PMG-based system, it i difficult to predict the future for both systems.
This is because ideas borrowed from other fields or other applications could have
profound effeets on future penetration. In this context, more investigation is essential on
the PMG and WRIG-based systems not only on the basis of performance of power
electronics of both systems but also with respect to the other aspects that significantly
affect the global need of a wind energy conversion system. Indeed, performance
evaluation of the individual systems is not unique; the author has, however, not found in
the literature any evaluation of the comparison of performances of the PMG and WRIG-
based system that could significantly dictate the future rescarch to adapt an optimum
system.

‘With the rapid improvement in the power electronics area, a lot of work has been done
and is being done on the power conditioning system with a special focus on the electrical

properties. However, with respect to the topic of this work, all those focusing entirely on



the power conditioning system improvement is not of big interest. Rather this rescarch
starts from a point that an optimized power conditioning system is integrated with the
PMG and WRIG-based systems based on the market penctration of both systems. This
assumption is required as general rescarch approach on the wind energy conversion

system emphasized on a specific system power conditioning system performance to a

certain extent, while comparing a series of power conditioning system py in the
perspective of wind energy conversion system was left unanswered. This general
approach could lead 1o a potential misjudgement on system performances as different
results on the same question might arise. Moreover, without a test-bench validation, the
final conclusion might fail to be consistent with the simulation results. On the strength of
the discussion above, a comparison of the performances of the wind energy conversion

ing system used by each

systems is required, where the impacts of power conditior
system have to be included. This is of particular importance because the power
conditioning system used by the PMG-based system is always considered as highly

efficient as asserted by the manufacturers. However, manufacturers have a clear tendency

o claim a higher performance of their power conditioning system for marketing purposes.

Furthermore, factors, such as reliability, system complexity, control architecture also
affect the performance of a PMG-based system. On the other hand, the power
conditioning system for a WRIG-based system has long since improved from an external

rotor resistance based system, Scherbius system to Kramer system. The power losses in

the rotor circuit for the external rotor resistance control is one of the major disadvantages,
while the use of other two power conditioning systems could reduce the power factor and

complicate meeting the grid power constraints. Moreover, special attention should be



paid on the design of the mechanical system due to the fact that distorted rotor current

produces low frequency torque pulsation [27, 28], Although it is possible to integrate

various power conditioning systems with the PMG and WRIG-based systems, the
‘mainstream system is chosen in this rescarch because of their vast existence in the market
and the reliability concem as described in the previous chapter. An approach is
undertaken by this rescarch to clarify the performance of both systems in terms of power
loss, Annual Energy Capture (AEC), Annual Energy Loss (AEL) and most importantly,
in order to reach a global conclusion, analysis is extended on eight different regions of
Newfoundland and Labrador, Canada and a performance characteristic, i.c., efficiency is
compared. Finally, not only a high efficiency can help to penetrate a specific system but
also the reliability of the system is essential. Therefore, a reliability comparison is also
performed which will also support the use of a specific system.

The determination of power losses, which accordingly impact the efficiency of wind
turbine systems have been studied by numerous literatures in the past [29-48]. There are
principally three approaches for calculating the power losses in a Power Conditioning
System (PCS), which are bricfly discussed here. The first approach is the development of
a non linear loss model of the PCS based on the on-state current of the semiconductor
devices [29-32]. Because it s casy to relate the on-state current of the PCS and operating

conditions of the wind turbine,

s approach involves simple calculations and represents
2 good tool to distinguish between different PCSs. On the other hand, the non-lincar loss
‘model approach is unable to reflect the switching losses of the semiconductor devices,
which could be a dominant factor during the high switching state. Indeed, switching

Tosses have been considered [33-37], however excluding the dependency on the actual



commutation voliage or current or modulation index during conduction loss analysis

could lead to ambiguous results
‘The second approach is used to simulate the power electronic system with ideal switches
and to obtain the current and voltage for these devices. The voltage and current
waveforms, as well as the switch design, the conduction and switching losses for the
semiconductor components can be determined using the information found cither in data
sheets for the components or in look-up tables based on experimental results
‘Theoretically, this approach offers the optimal solution as it considers both conduction
and switching losses of the semiconductor devices. However, one of the main
disadvantages is recognizable; the data provided by the manufacturers are ambiguous and
calculation of the losses is time consuming due to the involvement of the experimental
procedure [38-42]

The third approach makes use of physics-based simulation models and is suitable for
designing new power electronic devices and converters. This approach requires implicit
integration methods, leading to increased simulation times. It also requires detailed
knowledge of the physical dimensions of the device [43, 44]. There have been numerous
other efforts for calculating the power losses of PCSs used in wind turbine systems.
Miaosen ct al. [45] have presented the concept of switching device power loss of PCSs in

used in wind turbine systems where the maximum device rating has been considered,

however, this concept has not investigated the calculation of the switching losses. The
switching losses have been considered in [46-48] using the same concept, i.¢., maximum
device rating, however, the calculation of conduction losses lacks the valid justification

as the actual commutation voltage or current is neglected.




From the above discussion it is quite clear that previous rescarches prefer to work on the
power conditioning system itself rather considering the influence of losses on the wind
energy conversion system as one unit. However, very recently researchers started to have
an interest on the comparison studies on the wind energy conversion system with a
special focus on the power loss behavior. One of the attemps to calculate the power
Tosses in the power conditioning systems of a wind turbine system can be found in the
work reported by Grauers, et al. [49]. This attempt has investigated the power losses of
the power conditioning system of an Induction Generator (IG), Synchronous Generator
(SG) and PMG-based wind turbine systems are examined. In general, there is a need for a
comprehensive mathematical analysis as well as analysis of the conduction and switching
losses during the conduction and switching states of different switches. Recently, work

n of an 1G-based wind

reported by Akaira, et al. [50] emphasizes the cfficiency calcul
turbine and does not include the power conversion stage losses. Although losses in the
power conditioning system are of great interest during calculation of the cfficiency of a
system, researchers more ofien assume a non-linear dependency of the losses on the rated
power and speed, which is somewhat questionable [29]. A comparison study on converter
systems used in WECSs has been performed by Orlando, ct al. [S1]. This study has
proposed performance comparisons on the basis of control performances rather than the
loss calculations. As a result, it is quite simple to conclude that the influence of power
losses and comprehensive loss calculations for different components in wind energy
conversion systems have not been fully investigated. Morcover, any cvaluation of
different PCS loss calculation methods for the PMG and WRIG-based systems and how

they affect the efficiency is hard to find in the literature. A consequence for the efficiency



is an important issue since this parameter defines the revenue of a wind turbine project.

Morcover, it is necessary to compare the cffect of the low wind speed regime for the
PMG and WRIG-based systems on the power losses, since high power extraction at low
wind speed s a unique challenge for the small wind turbine industry [52-54]. As a result,
considerable rescarch is necessary to clarify the performances of the systems not only to
the entire wind speed regime. This is examined with an emphasis on the low wind speed
regime and is examined through this research work.

Afterwards the research focuses on the experimental justification of the influence of

Tosses on the system performance. At first a Wind Turbine Emulator (WTE) is developed

to simulate the wind turbine behavior in the laboratory environment, This is of particular
importance as without the same wind turbine for both systems, the comparison result
might be inconclusive. An emulator has been developed based on an induction motor
(IM) which is rated at 125 HP [55]. The Wind Turbine (WT) model is incorporated in the
Personal Computer (PC) using a static speed vs. power curve. At any given wind speed,
the operating point of the wind turbin is determined by the intersection point of load and
turbine characteristics. The feedback from the IM motor has been taken as torque and
speed which determines the required torque for the wind turbine. The 3-phase Insulated
Gate Bipolar Transistor (IGBT) converter i triggered on the base of the controlled stator
current, Further research has been carried out [56, 57] based on the rating of a 10HP
induction machine and using the same control strategy that has been deseribed in the
previous work [55]. A generalized approach has been developed by Nichita, et al. [38].
‘The proposed system has been implemented using a Direct Current (DC) motor and the

emulator consists of a real time software emulator and an electromechanical tracking




system. By taking the reference from the wind turbine model the total structure can be

implemented cither in torque control or speed control mode which gives a lot of

flexibility to the control. Rescarch by Rabelo, et al. [59] emulates a wind turbine with a
separately excited DC motor rated at 7.5 kW. In this work, the armature control method
has been applicd to control the DC motor and the wind turbine model is based on both the
steady state and dynamic behavior. The steady state torque has been passed through a 3

mass model which represents the wind turbine, gear box and generator moments of

inertia and the clastic shafls connecting them. For mechanical power control, a pitch
angle control method has been incorporated with the wind turbine steady state model.
‘The controller for the DC machine has been done with the frequency response method.
The control has been performed using the armature voltage control method, i.c., by
controlling the speed of the separately excited DC motor.

Research has been carried out by Manwell, et al. (60] on a wind/diesel system where the
emulator is mainly based on the steady state characteristics. A 40 kW DC motor has been
used to simulate the wind turbine behavior and the model of wind turbine based on the
power coefficient vs. tip-speed ratio curve. The reference torque of the wind turbine is
compared with the torque of the DC motor and based on this comparison, the controller
determines the DC motor torque. Research by Pierik, et. al. [61] has considered the
passive pitching mechanism (o the wind turbine model and the rotor dynamics have been
taken into account. A separately excited DC motor has been used to emulate the wind
turbine and the motor is controlled using the armature current. A flywheel at the motor
shaft represents the inertia of a wind turbine rotor. Aerodynamic torque of the wind

turbine is calculated from the motor rotational speed and considered as the reference



torque of the wind turbine. Based on the difference between the reference torque and the
torque produced by the motor, the DC motor armature current is controlled. A simple
model of the wind turbine has been proposed by Barrero, et. al. [62). To represent the

; oscillatory, acrodynamic and dynamics components of the wind turbine

torque dynami

torque are considered. The DC motor is controlled using the armature current.

Battaiotto, et. al. [63] has carried out a research work on the emulator by considering a
separately excited DC motor. The control of the DC motor has been carried out through
the armature current, To implement the control strategy, a dual Digital Signal Processor
(DSP) board is used which increases the total cost of the emulator system. A brief review
of research on the development of the emulator is given by A. D. Diop, et al. [64], which
shows that the furling action is still not considered in the emulator raised area. From the
previous investigations, it is viewed that although the static and dynamic aspects have
been incorporated in the model in some way or other, a furling control and expected
dynamics based emulator is rare to find in the literature. This conclusion is important
because most of the small wind turbine uses a furling mechanism for acrodynamic power
control [10-13]. Morcover, most of the studies on performance comparison of wind
turbines are based on the simulation study and validation of the theoretical investigation
is left for future work. There is thus a need to perform the complete test bench
examination of the compared systems to support the theoretical investigation.

As shown in chapter 2, it is desirable to have a reliable power conditioning system for a
wind energy conversion system. However, it s quite difficult to predict the reliability as
the reliability analysis of a power conditioning system is greatly influenced by the

operating conditions, i.c., covariates and therefore it is desirable to investigate the




‘magnitude of their cffects on the system reliability. Reliability calculations consider the

voltage or current as a covariate for an electromechanical system [65], while the

reliability of power electronic components is strongly influenced by the component
temperature and variations [66]. Knowledge of the reliability of power electronic

components s a key concem when differentiating between systems. However, recent

research intermittently endeavors to determine the reliability and advancement of the
inverter rather than the PCS [66-68]. As far as the inverter is concerned which is an
essential part for the power conditioning system of the PMG-based system, it is primarily
designed for PV applications [21] Reliability of such grid connected inverters is
ambiguous [21] and several key aspects to increase the reliability of such inverters have
been identified by previous rescarchers [68-70]. The dominant factor that contributes low
technical reliability is the heat generation caused by the power losses when the current
flows through the semiconductor switches [6, 69, 71]. A reduction in heat generation
can significantly increase the reliability. In addition, fans inside the inverter have a
limited lifetime and deserve special attention [69). Nevertheless, there arc other aspects
(e.g. humidity, modularity, and packaging) that also require special attention beyond the
technical improvement and are not a part of this present study.

Most of the reliability calculations are based on the accessible data provided by the
military handbook for reliability prediction of clectronic equipment which is criticized for
being obsolete and pessimistic (72, 73]. A comparative reliability analysis of different
converter systems has been carried out based on the military handbook by Aten, ctal [73];
however, the absence of environmental and current stress factors can pose grim

constraints on the calculated reliability value. Rohouma, et al [74] provided a reliability




calculation for an entire PV unit which can be considered more useful, but the approach
lacks valid justification as the data provided by the author is taken from the

‘manufacturers’ published data which is somewhat questionable. This is due to the fact

that reliability calculations using purely statistical methods [75), manufacturers data [67,
74], or military handbook data [76] neglect the operating point of a component. Morcover,
the total number of components could vary for two systems (which have the same
objective) in order to meet a certain eriterion of the overall system. Although higher
components in the PCS will exhibit less reliability and vice versa, the effects of the
covariates could be different and consequently could lead to a variation in the reliability
[77). Furthermore, a reliability cvaluation for the PCS of a grid connected small wind
turbine is essential in order to optimize the system performances as well as system cost
[78]. Another important point to mention is that reliability analysis based on the covariate
factor is strongly influenced by the standard reliability data book also For example, it is

shown in previous research that different values of covariate factor for a same covariate is

possible by using a different reliability standard data book [79]. This variation in
covariate factor also varies the reliability of an integrated system which is composed of
numerous semiconductor devices. Morcover, it is well understood that an error in
reliability prediction for a system could prove to be fatal for the high penetration of small
wind power. On the strength of the above discussion, this research suggests performing a
component level reliability calculation by considering temperature as a covariate as
usually used in Highly Accelerated Lifetime Testing (HALT) procedure [69]. As a later

part, this rescarch prefers to calculate the Mean Time Between Failures (MTBF) of the




power conditioning system, which can be considered as the most widely informative

‘parameter in reliability studies [72]

3.1 Summary

The literature review presented in this chapter raises several important research

considerations that require further investigation. Synopses of the further rescarch

investigations are presented in the followings:

A detail and comprehensive simulation for the power loss calculation of a grid
connected PMG and WRIG-based small wind turbine system is essential
Moreover, an energy calculation is also essential to investigate the impact of
efficiency of a PMG-based system over a WRIG-based system;

Test bench verification should be carried out to ensure the simulation
observations for a PMG and WRIG-based system. In order to achieve successful
test bench verification, requirement of a small wind turbine emulator cannot be
ignored. The furling as well as maximum power control should be incorporated
with the emulator. A complete design of a grid connected PMG and WRIG-based
system as well as the efficiency comparison should be carried out to identify an
optimal system for high penctration of small wind power;

A reliability calculation with the variation in temperature is required in order to

climinate the dependence on the manufacturers published data. The reliability

calculation should be based on the component level in order to have an in-depth

understanding of the reliability for a PMG and WRIG-based system.
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Chapter 4

Performance Comparison

The aim of this chapter is to outline the approach for determining the power loss and the
performance characteristic of a grid connected Permanent Magnet Generator (PMG) and
Wound Rotor Induction Generator (WRIG)-based small wind turbine system. This is
accomplished by establishing the procedure for obtaining the conduction and switching
losses of the Power Conditioning System (PCS) used in a PMG-based system that is

composed of a 3-phase bridge rectifier, a boost converter and an inverter. In a similar

‘manner, formulation for the conduction and switching losses of a 3-phase bridge rectifier
and switch, resistive loss of an extenal rotor resistance, and electrical and frictional
Tosses of a slip ring for a WRIG-based system is developed. Afterwards, the wind turbine
performance characteristic, ie., efficiency is determined using the wind speed

information for eight different regions of Newfoundland and Labrador, Canada. The

2



furling control method is assumed for aerodynamic power control for above rated wind
speed. The analytical simulation procedure presented in the chapter assumes that the
turbine maintains an optimum Tip-Speed-Ratio (TSR) below rated wind speed to ensure
maximum power extraction. Some simplifications have been made when developing the
analytical simulation program. The power losses in the control and drive circuitry arc
neglected since it will be about the same in both cases and a stiff grid is considered.

4.1 Operating Conditions of the System

‘The operating conditions for a PMG and a WRIG-based system must be known in order to
investigate the power losses in the PCS. For a PMG-based system, the level of the Direct
Current (DC) output voltage at the boost converier remains constant, while the output
from the rectifier depends on the wind speed, the generator characteristics and the turbine

control strategy. In this investigation it is assumed that the turbine is operated as a variable

turbine. This i

speed that from low wind speeds to rated wind speeds, the wind
turbine maintains a constant TSR to ensure maximum power production. The model of the
wind turbine employed in the system includes the nonlinearities and dynamics of furling
action of the considered wind turbine. The technical specification of the modelled wind

turbine is presented in Appendix A. The wind turbine system considered is of the direct

drive type, i.., the gearbox is not considered in the model
4.1.1 Wind Turbine Model
A wind turbine can be characterized by the non-dimensional curve of power coeflicient,

G, as a function of TSR, 4, where, 4 is given in terms of rotor speed, @, (rad/s), wind

speed, w (m/s), and rotor radius, R, (m) as




@n

The relationship between G, and A can be approximated by a quartic equation. In this
rescarch, the curve is obtained from the literature [80). A model for G, as a function of 4 is
calculated and the curve generated by the approximate model and the actual data are

hows that the R’ value of the model is 99.8%

presented in Fig. 4.1a. Statistical analys
and the p-value from the chi-square goodness-of-fit test i less than 0.0001, which shows
that the predicted model for G, with the fitted coefficients is acceptable. The resulting
cquation is found to be

€, (4)=0.000442° ~0.0122° +0.0972* ~022+0.11 “2)
‘The curve relating wind speed and furling angle is plotted using published data (81, 82].
An approximate model is used to determine the relation between wind speeds and furling
angle. It s found that a fith order model is sufficient to represent the relationship. The K
value and the p-value from the chi-square goodness-of-fit test of the expected model are
found to be 98.19% and less than 0.0001 respectively, thus validating the modeling
approach. The modeling equation for the wind turbine is determined as
0=0.00019282 - 011317w* +021115w ~1.179w* +1.4072w+3.1628 “3)
where 0is the furling angle in degree and wis the wind speed in ms. The actual data and
approximated model curve are shown in Fig. 4.1b.

‘The furling action should be achieved within a reasonable time span and it is assumed
that the furling action would take 10 seconds to attain the wind turbine rotor in its stable
state after a change in wind speed. The second order dynamics, which can be cxpressed

as H(s) ensures a stable furling operation within 10 seconds afer the change in wind
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Fig. 4.1 a) Power coeflicient as a function of TSR, b) Furling angle versus wind speed.

speed. The dynamics /() is formulated as

1

H(s)= 44
O3 et e
“The output power of the wind turbine can be expressed as

P, =05pAC,(A)w 4.5)

where p is the air density (kg.m”) and 4 is the rotor rotational area, i.¢., 7R,

When the wind speed increases, small wind turbines yaw to an angle 0 along its
horizontal axis because of the furling action. The effective wind velocity at the rotor plane
in that case will be w cos® [83). Incorporating the furling action, the theoretical power of
the wind turbine can be written from (4.5) as

P, =05pAC, (2)(wcos0)' (4.6)

Equation (4.6) represents the power for varying wind speed of the wind turbine rotor
without accounting for maximum power production. Maintaining a constant optimum TSR
can ensure the maximum power production. It should be noted that the value of the
optimun TSR varies from one turbine to another. An optimum TSR of 7 is considered for

a5




the small wind turbine and thus (4.6) is expressed in terms of the optimum power

coefficient as

P, =0.5R AC, 507 (2)(w cost)’ @7
where C, g, (2) is the optimum value of power co-efficient at the optimum TSR.

The theoretical maximum power of the wind turbine described in (4.7) serves as the
dynamic power reference for both systems and presented in Fig. 4.2a. For the turbine
under investigation, the cut-in wind speed, w, is 2 m/s and the rated rotational speed is

reached at a rated wind speed, w, of 13 mys, while the cut-out wind speed,

Wy is 17 s,
i
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Fig. 4.2 Characteristis of the PMG-based system at the output of the rectifier a) Power,
b) Voltage, ¢) Current
Since the PMG is conneted to a diode rectifier, it is assumed that the output voltage of

the rectifier is proportional to the rotational speed of the generator under unloded
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condition. However, during the loaded condition the relation ship between PMG voltage

and RPM remains more or less linear unless the voltage reaches to a saturation level. In

this rescarch, the variation of wind speed causes the PMG not to go enough 10 it's
saturation level and assumed that it operates in the liner region. The voltage is assumed to
be 40V at 2mvs wind speed and 280V at 13m/s wind speed as shown in Fig. 4.2b. The
corresponding current curve at the rectifier output is shown in Fig. 4.2c. The drop in
turbine speed and output voltage above 13m/s wind speed is duc to the automatic furling
of the wind turbine. The cubic nature of the effective wind velocity in (4.5) reaches
‘maximum at 13 ms and leading to a reduced output power.

4.2 Power Loss Calculation

In this section, the origins of the losses in the different components of the power
conditioning system are explained. Here “components” refers o cither a 3-phase bridge
rectiffer, or a boost converter or an inverter for the PMG-based system, and to cither a 3-
phase bridge rectifier, or a switch and an external resistance for the WRIG-based system.
The losses for the power conditioning system are strongly dependent on the volage and
current waveforms of each semiconductor device. The analytical derivation of voltage
and current equations of the individual semiconductor components is used to determine
the losses (84, 85). The following section describes the approach used to calculate the
losses of the PCS for the PMG and WRIG-based system as presented in Chapter 2,
section 2.3, Fig. 2.8 and Fig. 2.9 respectively.

4.2.1 Loss Calculation in a PMG-based System

In this section, the focus is on the loss calculation of the PMG-based system that varies

with the wind speed. The losses for the power conditioning system are strongly
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dependent on the voltage and current waveforms. Simplified analytical derivation of
voltage and current equations associated with the individual semiconductor components
are derived to determine the losses. The loss calculation presented in this investigation
focuses on the loss originating during the conduction and switching states of the
semiconductors.

4211 Loss Calculation of the 3-phase Bridge Rectifier

For the 3-phase diode bridge rectifier, the losses are calculated for a single diode from the

known voltage and current equations. It is assumed that the current and voltage in the 3-

phase diode bridge rectifier are equally distributed in the diodes. Knowing the voltage
and current for one diode, the losses can be obtained for all the diodes in the bridge
rectifier. The losses are then added for all the diodes giving the losses for the bridge. The
circuit diagram of the 3 phase bridge rectifier used during this calculation along with the
commutation voltages and currents in shown is Fig. 4.3, which represents the part of the
entire power conditioning system of the PMG-based system used in this research (Fig.
28),

‘The conduction losses of a diode can be calculated using the on-state characteristics for
the diode. The electrical characteristic of a diode or IGBT, which is a function of device

current, can be approximated as a lincar function [86]

Vior =Var + torlon (4.8)
where ¥, is the forward voltage drop of the diode or IGBT, ¥, represents the threshold

voliage of the diode or IGBT, 7, and I, are the on-state resistance and current

respectively for the diode or IGBT. The electrical characteristic for a diode, ¥, of the 3-

phase bridge rectifier can be written as




V=V trida 49
where ¥, and r, constitute the diode threshold voltage and resistance respectively.

‘The current at the output of the three phase rectifier is 7, and the conduction current of

the diode of the 3-phase bridge rectificr is represented as [87]):

1, (4.10)

=3

The conduction losses, 7, for the diode can be expressed as

Pand” =Vl @11
3phase bridge
rectifier
pmesm————
' [

" —

Vuc

Small wind
turbine

Fig. 4.3 3-phase diode bridge rectifier for a PMG-based system

‘The major switching losses of a pn-diode are primarily duc to the turn-off losses since the

turn-on losses are negligible in comparison with the tun-off ones [88]. The encrgy

issipation at tum-off is dependent on the charge stored in the depletion region and not

Tost duc to internal recombination [89, 90]. During the reverse recovery, the current flows
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in the reverse direction while the diode remains forward biased, and this results in a high
instantaneous power loss in the diode. Under the assumption of a linear loss model for the

diodes, the switching loss in cach diode is given by [91].

4.12)

where £, is the frequency of rotation of the wind turbine, Eg, signifies the rated

switching loss energy given for the reference commutation voltage and current ¥,,,, and

I, while ¥ and I, indicate the actual commutation voltage and current respectively.

“The total losses of the 3-phase diode bridge rectifier, 7, for all 6 diodes is given by

8 = 6P " + 6P = Py P+ Py g™ @13)

2 Loss Calculation of the Boost Converter
The conduction and switching loss of the Boost Converter (BC) is calculated by

as

uming an ideal inductor (Lp) at the boost converter input. For a boost configuration,

the IGBT is turned on for the duration &, while the diode (D) conducts for the duration
(1-5). The circuit diagram of the boost converter used during this calculation along with
the commutation voltages and currents in shown in Fig. 4.4, which represents the part of

the entire power conditioning system of the PMG-based system used in this rescarch (Fig.

2.8). The on-state or commutation current of the IGBT is the input current /i, while the
inverter input current /. is given by

Lyy =1,(1-8) (4.14)
‘The forward voltage drop of the diode of the BC corresponding to the on-state current

can be expressed as




Vn=Vetrle @1s)
In the similar way as for the diode, the linear electrical characteristic for an IGBT can be
expressed as a function of the on-state current as

(@.16)

The value of the threshold voltage, ¥, as well as the on-state resistance, 7, can be found
in the data sheet provided by the manufacturer for any specific IGBT.
Boost converter
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Fig. 4.4 Boost converter for a PMG-based system

The conduction loss for the diode and IGBT can be obtained by multiplying their on-state
voltage and current with the respective duty cycle and is given by

Pud™ =1 (Vo +1uda ) (1-6) @1n
P =1 (Voo # 1l 0) @18)
The actual commutation voltage and current for the boost converter are the DC link
voltage, V2 and input current to the converter, Iy while, the reference commutation

voltage and current for the diode and IGBT is V£, a0 ¥,y ur Ly sar TESPECtively.



Eyy and E,, signify the tun-on and turn-off energies of the IGBT as can be found in
the datasheet, The switching loss for a specific switching frequency, fow of the diode and

IGBT in the BC are given by

" = eyt V“ .19
.
v, 1
Poscnr™ = fo(Eow + Eopr ) 53— 7% (420)
Veegsoar Ly soar
The sum of (4.17) to (4.20) gives the losses of the BC as
Paorceny = (P + B )+ (Pusar™ + Prgan™®) @21

4.2.1.3 Loss Caleulation of the Inverter
Most of the small wind turbine systems integrate a single phase inverter for commercial

as well as residential application. With the exclusion of the snubber circuit, the single ph-

Inverter

N

Fig. 4.5 Inverter for a PMG-based system

-ase inverter consists of 4 switches and 4 anti-parallel diodes as presented in Fig. 4.5. It

should be noted that when the inverter is operated in the linear region (i.c., not including

52



the over modulation region), the switching losses have no dependency on the modulation
index and power factor. However, the modulation index greatly dominates the conduction
losses in contrast to the switching losses of the inverter. In addition, the method of
‘modulation has also a great significance on the conduction losses. Several analyses for
calculation of the conduction losses depending on the modulation function have been
presented [92, 93, 94]. The modulating function for the inverter considered in this
rescarch is pure sinusoidal and can be described by

F(a+g)=sin(a+p)

where  is the current angle and @ is the angle between current and voltage.

“The conduction losses of a diode and IGBT for the inverter can be expressed respectively

as [84]

2 1 M
w[;—;coijm “23)

Poson™ = [l +%cawjmlw’ +[l+%cowJVanm (4.24)

8 bra

where M the modulation index (0 M <1) and 7,,is the maximum amplitude of the
output current of the inverter.
An approximated, closed solution for the IGBT switching losses at a phase leg output

current i is given by [85]

P

PRI (P . /
L [Boy + Eor ] —222—
wnsanr”™ = Fu [ Eo

orr
Vg saar Lo scor

ilarly, with the assumption that on-state losses of the diode are negligible, the diode

switching loss of the inverter can be found as [95]



Vo Tow (4.26)

Vit Inpa

The loss of a single phase inverter is obtained as the sum of (4.23) to (4.26) and
expressed by (4.27), while the total loss for the PCS of the PMG-based system is
expressed by (4.28).

P

uaianny™” = P + Peysorr™ + Pocg™ + P g™ @21

where P, =4, " and P, g™ =4P,, ™ and

P

P @04 P =P ™"

4 g+ Pgran” (@28

2 Loss Calculation in a WRIG-based System

In a WRIG, a variable resistance in the rotor circuit effectively controls the rotor current

as well as the speed of the wind turbine as has been discussed in Chapter 2. The actual
cireuit of a 3-phase WRIG in conjunction with the diode rectifier and switch is shown in
Fig. 4.6. If the rotor leakage reactance are neglected compared to inductor ,, , the
equivalent circuit of Fig. 4.7 is obtained. In the figure, 7 and x,are the stator resistance
and reactance respectively; , and ¥, are the rotor leakage resistance and reactance
respectively; /,,1, is the stator and rotor current; R,, R and d represent the effective

rotor resistance, actual rotor resistance and duty eycle respectively. The stator voltage ¥,

referred to the rotor circuit, results in a slip frequency voltage, sE, given as

(AT Y, =sE, (429



where s is the slip, N, and N, are the number of tums of the stator and rotor windings
respectively and a represents the fur ratio of rotor fo stator turn.
The output voltage of the rectifier can be expressed as [96]

Ve (L/E.r a.VZ)I)r (4.30)

The voltage ¥, can be expressed as
¥, =(sa¥;,~Ln) @31
‘The total slip power is given by

=P, (432

where P, is the power delivered by the stator of the generator and represents the

maximum power, £, of the wind turbine

" = Nty

n u e n
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Fig. 4.7 Approximate equivalent circuit of a WRIG
‘The losses in the external rotor resistance and switch are given by
Bl =Vochc @33

where V. and /. are the rectified output voltage and current at the rotor respectively.



‘The sum of the losses in the rotor resistance, rectifier, external rotor resistance and switch
is equal to the slip power entering the rotor. Equating the losses to the slip power and

assuming thatr, << R, results in

=35’ (@34)
, *6[”'4"“%(
[

‘The total of the losses of the 3-phase diode bridge rectifier for the WRIG-based system is

the sum of conduction and switching losses and is given by

220, Szl o
Vw\l ol

4P,

B

‘The construction of the rotor in case of a phase wound rotor induction generator has a 3
phase double layer distributed winding made up of coils, similar to that of an altemator.

Typically, the rotor winding is star conneeted and is wound to the number of stator poles.

‘The terminals are brought out and conneted to three slip rings mounted on the rotor shaft
with the brushes resting on the slip rings. The brushes are extemally connected to the
rotor resistances to modify the torque - speed torque characteristics. A schematic of the
WRIG including sip ring is presented in Fig. 4.8,

The losses in the slip ring consist of electrical and friction losses. The electrical losses are
the sum of the resistive losses in the brushes and slip ring and the losses from the contact
voltage drop between the slip ring and the brush. The friction losses are dependent on
various factors, such as the area of the brush, number of brushes, friction coefficient,
spring force and the speed of the slip ring. In addition, the electrical and friction losses

are also dependent on the brush material, The clectrical and friction losses due to the




rotation of the rotor are given by (4.36) and (4.37) respectively, while the total loss of the

slip ring is expressed by (4.38)[97]

P =K,0 (4.36)
BupS =Ko @37)
o™ = Ban™ + B g™ “38)
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Fig. 4.8 A schematic of the WRIG including slip ring
where K, and K, are constants that depend on the contact voltage drop and friction

coefficient respectively. Thus the total losses of the WRIG can be expressed as

= P B B ™ 39

4.3 Performance Characteristic Calculation of the Systems

After the simulation of maximum power and power losses for each wind speed has been
explained, the next step is to calculate the performance characteristic namely, efficiency.
The efficiency is of importance because in order to deploy any wind energy conversion

system. It is necessary to recognize the characteristic for best it in terms of installment
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Fig. 4.9 Calculation of the annual energy capture a) Maximum Power, b) Wind speed

distribution, ¢) Energy Capture (Example, PMG or WRIG-based system, St. John’s)
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Fig. 4.10 Calculation of the annual energy capture a) Maximum power loss, b) Wind

speed distribution, ) Encrgy loss (Example, PMG-based system, St. John's)
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of various sizes and brands of wind turbines as well as power

cost, econor
conditioning systems. The problem becomes more difficult when the wind energy
conversion system is small as high cosvkWh of a system could lead a potential
discouragement on deploying a particular system. Indeed, efficiency is not the only factor
that should be considered but it affects the feasibility of the installment of a wind energy
conversion system. Nevertheless, efficiency has a great dominant effect for penetration of
a specific system. In view of this, a procedure to calculate the efficiency of the systems is
required and performed as described below:

After all the simulation was done for the systems, the output power and power losses are
known for discrete wind speeds. This relation generates the power curve and power loss
curve and is plotted in the Fig. 4.9a and Fig. 4.10a respectively.

In order to calculate the Annual Energy Capture (AEC) and Annual Energy Loss (AEL)
from the power and power loss curves, the relation between the wind speed over a time
interval of one year during which this wind speed oceurs is needed. There are two

approaches to reproduce this characteristic. Firstly, employ an ideal distribution, which

approximates the real wind distribution for a region in a year, and secondly, use yearly
real wind information for a region in consideration. This rescarch considered the second

approach as the efficiency for any wind energy conversion systems can be calculated

more precisely than the first approach, which employs an ideal wind speed distribution.
In the second approach, as soon as the real wind information is available, considering a
bin of Im/s, the time in one year interval during which the wind speed lies within the
wind speed band is then found (Fig. 4.9b and Fig. 4.10b). Once the wind speed

distribution and thus the power curve (power loss curve) is plotted for diserete wind



speed, the energy capture ( energy loss) by a particular wind speed is known by a
‘multiplication of the wind speed distribution (No. of hours in a year) curve and power
curve (power loss curve) on a bin by bin basis as presented by Fig. 4.9¢ (Fig. 4.10c) and
can be expressed as

Eyy(w) =B () Jar (W) 440)
where E,  (w,) is the energy capture for a wind speed of i m/s, B, (w,)is the maximum
power for a wind speed of im/s, f, (w,) is the number of hours for the wind speed of i
m/s, and i signifies any wind speed between cut-in to cut-out.

The energy loss for the wind speed of imys, £, (w,) can be found by replacing P, (w,)
of (4.40) with 2," and P,"™ using (4.28) and (4.39) for the PMG and WRIG-based
system respectively.

Finally, the annual energy capture and annual energy loss in the one year time interval

found by summing up all the bars in the lower diagram in Fig. 4.9 and Fig. 4.10

respectively, which can be expressed by (4.41) and (4.42) respectivel

=S, () (@41)

(“42)

(443)




It can be seen that the efficiency of the wind encrgy conversion system is greatly

dominated by the wind speed distribution. As stated earlir, efficiency is a dictating

factor for potential investors and is meaningful for evaluating turbine performance.
4.4 Simulation Results

‘The analytical expressions described in the preceding sections were numerically simulated

o determine the total power losses of the power conditioning systems for the PMG and
WRIG-based systems under varying wind speed condition. The rated power for the wind
turbine is assumed to be 1.5 kW with a rated wind speed of 13 m/s. A wind speed

and cut-out wind

variation of 2 ms to 17 ms was considered, which represents the u
speed respectively. Furthermore, in order to differentiate between the low and high wind
speed regime, a wind speed up to 8 ms is considered as a band between the low and high
wind regime. It should be noted that a wind speed above § mys can be considered as a high
wind situation as found by the previous rescarch [49, 50]. The way the resuls are plotted
is as follows: Firstly, the simulation results are presented for both systems then the
performances characteristic is presented. Afterwards the performance characteristic is

compared based on the wind speed distribution for cight different sites of Newfoundland

and Labrador, Canada.

4.4.1 Power Loss in the Systems

The grid connected PMG and WRIG-based small wind turbine system numerical
simulation results found from the power loss calculations are presented in this section.
For the numerical simulation the data sheet on the EUPEC IGBT-module of
FPISRI2WI1T4_B3 was selected as the source for the necessary data for the PMG and

WRIG-based system and the parameter values are provided in the Appendix B [98]. Each
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leg of the module consists of two IGBTs connected in serics and an inverse diode beside
cach IGBT. During calculation of the losses, it is assumed that the heat sink is adequate
to maintain the semiconductors at proper working temperature, Power wasted in the
power supplics of the inverter and boost converter control circuits is also ignored as it
could vary between 10W to 15W, however, due to the inclusion of less control circuitry
with the WRIG-based system, as a rule of thumb, control circuitry losses will be less in
the WRIG-based system than the PMG-based system.

4.4.1.1 Power Loss of the PMG-based System

In order to investigate the worst-case scenario of the power loss in this numerical
simulation study, the modulation index is assumed to be unity and the load current is
assumed o be in phase with the output voltage. The inverter switching frequency is
considered as 20 kHz. It is also assumed that the inverter operates in the lincar
‘modulation region.

The conduction and switching losses in the 3-phase diode bridge rectifier of the PMG-
based system are presented in Fig. 4.11a followed by the losses in the IGBT and diode of
the boost converter in Fig. 4.11b as a function of wind speed. Fig. 4.11c shows the
conduction and switching losses of the IGBT and anti parallel diodes of the inverter for a
similar wind variation. The total losses in the power conditioning system in the PMG-
based system are presented in Fig. 4.11d from cut-in to cut-out wind speed variation. It is
understood that as soon as the wind speed starts 1o increase, the operating state of the
PCS starts to shift from low to high voltage and current level and increase the power
losses of cach component. The results of the conduction and switching losses for the

PMG-based system show that the power loss is higher for a wind speed of 12mvs than for




i
# .
3
| .
H .
i g
LA M
‘ Vit O Vit !
T e -
. ‘I | L
LR Ak el kil . :
Wind sy i i o A
IEaf
w7 i
bty

[ER e ——

Fig. 4.1 Vs

hing losses for the rectifier, b) Conduction and switching losses for the IGBT

ion of the power losses for the PMG-based system a) Conduction and

and diode of the Boost Converter, ¢) Conduction and switching losses for the IGBT
and diode of the inverter, d) Total power losses of the PCS.

the rated wind speed of 13 m/s and is due to the furling action. The furling angle varies
abruptly as wind speed increases from 9 mvs to 13 mys with a negligible change close to
the maximum speed. Meanwhile, the voltage remains linear from cut in to rated and from
rated to cut-out wind speed. As a result, the captured acrodynamic power as well as the
current is asymmetrical on either side of the rated wind specd.

The individual efficiency of the components as well as the efficiency of the PCS is

presented in Fig. 4.12a. It is evident that the inverter efficiency has the lowest value due
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o the high losses, while the rectifier has the highest efficiency and the efficiency of the
boost converter is in between the inverter and rectifier. The PCS efficiency is also plotted
and as expected, cfficiency is lower than any other components of the PCS and
significantly drops at light load condition. It s observable that inclusion of more power

clectronic stages into the PCS will lower the efficiency of a wind energy conversion
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Fig. 4.12 a) Variation of efficiency for the PMG-based system a) Rectifier, Boost
Converter, Inverter and the PCS. b) Total PCS with the change in switching frequency

system and consequently will decrease the efficiency as well as increase the cost of a

system. However, the effi

cy can be increased by decreasing the switching frequency
of the PCS and can be observed in Fig. 4.12b, which represents the variation of efficiency
with switching frequency. Though, it should be considered that for a low switching
frequency, the ripple in the current is substantial, and there could be a considerable
difference in turn-on and tum-off losses. On the other hand, the switching losses usually
dominate the converter losses at high frequency. Therefore, a tradeoff should be made
between the switching frequency and desired performance of the system. It is clearly seen

from the figure that at a lower switching frequency of 10 iz, the efficiency of the PCS.



remains more than 87%, while 30 kiz provides an efficiency of the PCS of less than
80%. The efficiency of the PCS is about 84% at a switching frequency of 20 kiiz, which
is a typical switching frequency value of such PCS operation. Moreover, 84%@20kHz is
not an under ambitious value as several other PCS also exhibit almost the same value [45,
99-103]. It should be noted that usually the manufacturers assert the efficiency is more
than 90% for most of the PCS. As an example, the manufucturer of the Grid ek Inverter
asserts an efficiency of 92% in the specification sheet [103], while the actual efficiency
was found by the National Renewable Energy Laboratory (NREL) laboratory to be 87%

or lower [99, 100]. This discrepancy occurs because manufacturers usually do not

disclose the oper

As a consequence, the expected behavior does not coincide with the actual behavior of a
system. Such inconsistency may increase the large penetration of a particular system
which might not have occurred if the actual behavior is noticed initially.

4.4.1.2 Power Loss of the WRIG-based System

‘The WRIG-based system was subjected to the same conditions as the PMG-based system.

The switching frequency of the switch is considered as 20 kHz. It is worthwhile to
mention that the change of wind speed will change the slip of the WRIG-based system
and calculation should be proceeding based on the respetive slip values. Higher values
of slip result in high power losses and vice versa, while a low variation of slip resembles
almost constant speed system. The conduction and switching losses for varying wind
speed of the 3-phase bridge rectifier in the rotor circuit of WRIG are presented in Fig.
4.130. A WRIG-based system suffers from the dilemma of power loss in the external

rotor resistance. The power loss for the external rotor resistance and switch is presented

condition during testing as well as the way the testing is performed.
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in Fig. 4.13b for a variation in the wind speed. The electrical, frictional and total losses of
a slip ring results are presented with the variation of wind speed in Fig. 4.13c. The
electrical and frictional loss in a slip ring is strongly dependent on the speed of rotation of
the WRIG. The variation in total power losses in the PCS for the WRIG-based system is

presented in Fig. 4.13d. The decrease in power loss afier 13m/s is because of the lower
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Fig. 4.13 Variation of the power losses for the WRIG-based system a) Conduction
and switching losses for the rectifier, b) External rotor resistance losses, ¢) Electrical,
frictional and total losses of the slip ring, d) Total power losses of the PCS

tip-speed-ratio of the wind turbine at higher wind speed region. It is well understood that
typically a small wind turbine system operates at low wind speeds most of the time

during a year [$3-55]. Thus in order to achieve economic feasibility, it is extremely



important to investigate the influence of losses at low wind speed regime. Generally rated
power of a wind turbine system is considered before deployment of a wind energy
conversion system even though mosly the wind turbine operates at a fraction of the rated
power. As a result, low power losses at low wind speed regime are an important aspect
from a system for high penetration of wind power to the community. However,

s at

interesting enough, from the simulation results of total losses for both system, los
low wind speed regime is higher for the PMG-based system than the WRIG-based system.
Moreover, it is proved from the previous simulation results that the efficiency of the
power conditioning system for the PMG-based system falls off rapidly at low wind speed
regime. This behavior can significantly increase the power loss of the PMG-based system
and consequently, lower the performance of the system. In contrast to the PMG-based
system, the WRIG-based system could provide less power loss at low wind speed
situation and thus, could increase the efficiency of the system. As a whole, the WRIG-
based system appears to be a better option than the PMG-based system in terms of power
Tosses and ciruit complexity in the low wind regime.

4.4.2 Performance Characteristic of the Systems

Efficiency is an important criterion for any wind energy conversion system and one of the
major concerns of this rescarch. In this scction the efficiency of the grid connected PMG
and WRIG-based small wind turbine systems are compared. This is achieved for cight
regions, i.c., Battle Harbour (BH), Cartwright (CW), Little Bay Island (LB), Mary's
Harbour (MH), Nain (NA), Ramea (RA), St. Brendan’s (SB) and St. John's (1) of

Newfoundland and Labrador, Canada. The hourly average wind information of the

regions is presented in Fig. 4.14 and Fig. 4.15. The power curve and power loss curve
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from cut-in to cut-out wind speed is found from the aforementioned section. Once these

curves and wind distribution are known, the encrgy capture and energy loss for both
systems can be calculated as described in section 4.3. The results of the calculation are
presented by Fig. 4.16 to Fig. 4.17. It s clearly visible that for all the regions energy loss

remains higher for the PMG-based system especially at the low wind regime. Although
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Fig. 4.14 Wind speed distribution for a) Battle Harbour (BH), b) Cartwright (CW), ¢)

Little Bay Island (LB), ) Mary’s Harbour (MH)

due to the increase of slip at high wind speed, higher losses observed at high wind speed

for the WRIG-based system, which consequently increases the energy loss of the system.




A

due to the increase of slip at high wind speed, higher losses observed at high wind speed
However, the high energy loss at high wind speed will not decrease the performance of
the WRIG-based system because of the high frequency of occurrence of the low wind
speed will produce high losses and consequently, total losses will be more in the PMG-
‘ based system compared to the WRIG-based system. Finally, the annual energy capture is

‘ calculated for the considered regions and is presented in Fig. 4.18a, while the annual

H

Fig. 4.15 Wind speed distribution for a) Nain (NA), b) Ramea (RA), ¢) St. Brendan’s

(SB), d) St. John’s (SJ)
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energy loss for the respective regions of both systems is presented in Fig. 4.18b. The
annual energy loss figure clearly demonstrates that high losses at high wind speed for the

WRIG-based system is not a significant disadvantage of the system. The corresponding

efficiency based on the annual energy capture and annual energy loss for each region is

presented in Fig. 4.19 for both systems. The comparison shows that the WRIG-based

system is more efficient than the PMG-based system with an increase in efficiency of

about 2%. Even though the absolute difference is not a significant amount, the relative

consequences are much more important, A short example will make this clear: If one has
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Fig. 4.16 Energy capture and energy loss from cut-in to cut-out wind speed for a) Battle

Harbour (BH), b) Cartwright, c) Little Bay Island (LB), d) Mary’s Harbour (MH)



the choice between a wind energy conversion system “X” and another wind energy
conversion system “Y” which is 2% more efficient (or, which is the same but less
complex in maintaining and complexity) than “X”, then wind energy conversion system
“Y” will be more preferable at a particular region than “X”. Otherwise “X” will be
preferable. In view of this, even if the WRIG-based system is not that much more
efficient than the PMG-based system, it would be an optimum preference when anyone
has a choice between the PMG and WRIG-based system. Moreover, the PCS of the
WRIG-based system composed of fewer components than the PMG-based system. This is

certainly advantageous as less complexity in PCS architecture of the WRIG-based system

H
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i

Fig. 4.17 Energy capture and energy loss from cut-in to cut-out wind speed for a) Nain

(NA), b) Ramea (RA), ¢) St. Brendan’s (SB), d) St. John's (SJ)
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Fig. 4.19 Variation of efficiency of the systems
is possible than the PMG-based system. So it can be concluded that focus should be paid

on the low wind speed situation for a small wind energy conversion system and in such

situation, a higher ¢

ncy is possible to achieve from a WRIG-based system than a

ased system. As a whole, a WRIG-based sys

m appears (o be a better option than

a PMG-based system in terms of power losses, annual energy loss and ¢




4.5 Summary

‘This chapter provides details of loss calculation and system analysis. The proposed

analysis in this chapter reveals several important observations which make a significant

contribution to the field of wind energy. Synopses of the observations are presented

below:

‘The requirement for high efficiency at low wind speed is a unique challenge to the
small wind power industry and off-the-shelf converters are unable to satisfy the
requirement. The proposed analysis therefore suggests from the point of view of
efficiency that a PMG-based system is not the best system for small grid

connected installations;

Detailed analysis reveals that the power losses of a WRIG-based system for low

wind speed are lower than that for a PMG-based system;

‘The annual energy loss is lower, while the efficiency is higher for a WRIG-based
system than a PMG-based system. Therefore, a WRIG-based system is the

preferred option for small grid connected wind installations.



Chapter 5

Testing the Grid Connected Small

Wind Turbine Systems

In chapter 2, the Power Conditioning Systems (PCS) were studied and in chapter 4, the
power losses, Annual Energy Capture (AEC), Annual Energy Loss (AEL), and finally
efficiency were calculated for the application in grid connected small wind turbine
systems. It was found that the Wound Rotor Induction Generator (WRIG)-based system is

a more appropriate choice than the Permanent Magnet Generator (PMG)-based system for

a small grid connected application due to lower power losses and lower AEL, which

subsequently result in higher efficiency. In order to verify the conclusions from the

numeri

AEL and efficiency, experimental test

1 simulations of the power losscs, A
benches of the systems using a Wind Turbine Emulator (WTE) were constructed and

detailed tests were carried out over a period of almost a year. Details of the d

ign and

test results are provided in this chaper.



First, since the systems are based on the same wind turbine, a WTE is developed in the
laboratory. Then the development of the systems with required PCS is described along
with their control strategy. Afterwards, a procedure to calculate the power loss is
described. Finally, the experimental results and relevant findings are presented and
discussed.

5.1 Description of the Test Bench

‘The majority of the comparison analysis results presented in the literature are obtained by
theoretical investigations that were carried out by means of numerical simulation. It is

well understood that simulation provides preliminary analysis and prediction of any

Systam (PCS)

Small Wind

Turbine Emulator

Fig. 5.1 Basic structure of the PMG and WRIG-based system test bench




system performance. However, in order to validate the results found by the simulation,
Iaboratory experimentation is essential. In this study an attempt has been made to verify
the simulation results by developing test benches for the systems as opposed to full-scale
tests, which are usually not possible in an academic laboratory environment. The overall
arangements of the test bench are shown in Fig. 5.1 and each main component is
deseribed in the following subsections.

5.1.1 Small Wind Turbine Emulator

In chapter 4 the modeling of a wind turbine, which is used to compare the performances
of grid connected PMG and WRIG-based systems through numerical simulation is
presented. In order to ensure fair comparison, the same wind turbine is used in both
systems. In view of this, a small laboratory WTE is developed to emulate the behavior of
a wind turbine. The furling control and resulting dynamics are implemented within the
emulator to control the acrodynamic power as well as to avoid the over speed situation.
‘The following sections deseribe the essential implementation issues of the WTE in detail.

5.1.1.1 Basic Structure

A WTE is fundamentally a representation of the operation of a practical wind turbine in a
laboratory environment. The general structure of a WTE consists of a Personnel
Computer (PC) where the model and characteristics of the wind turbine are programmed
cither in high or low level language, a motor to represent the wind turbine rotor, feedback
circuit from the motor, and power electronics cquipment to control the motor, The
foedback signal is normally acquired by a PC through an Analogue to Digital (A/D)

converter and the signal for driving the power electronics equipment emerges from the



PC through a Digital to Analogue (D/A) converter. The representation of the wind turbine
rotor could be achieved using an Alternating Current (AC)/Direct Current (DC) motor [0
- 59). Researchers more often prefer an AC motor mainly due to the benefit of low cost

and maintenance in contrast to a DC motor. Furthermore, a DC motor is bulky and costly.

In general, the primary disadvantages of an AC motor are that the speed control of an AC
motor requires expensive power clectronic equipment and the control is more complex
than a DC motor. Also, it should be noted that an AC motor is not suitable to operate
below 1/3 of its rated speed, ie., it will not properly reflect the actual turbine
characteristic below 1/3 of its rated speed. On the other hand, the speed or torque control

of a DC motor is less complex. A DC motor operates more accurately at low speeds.

Personal
Computer (PC)-

Wind
Turbine Model

Power Flectonics DC/AC Motor

Feedback Cir cuit

Fig. 5.2 Typical structure of a wind turbine emulator

Finally, in a DC motor, the torque and speed can be adjusted by controlling the armature
current and voltage respectively. The cost of the controlling equipment of a DC motor is
Tower than the cost of an AC motor. Due to the above discussed reasons, this rescarch
used a separately excited DC motor to represent the characteristics of the wind turbine

rotor. The structure of a typical emulator system is shown in Fig. 5.2



5.1.1.2 The Developed Emulator

In order to enhance the research and development of wind turbines, it is necessary to
better understand the steady state and dynamic behavior of wind turbines. Typically, a
wind turbine is a highly nonlinear system and to represent a realistic wind turbine several
dynamics should be included in the model. In this research, a furled wind turbine

emulator is developed and certain criteria are imposed for an acceptable performance.

Wind speed
-

Seperatly excited
DC motor

Armature curront foedb ack

Rotational speed

b ack

Fig. 5.3 Basic structure of the developed wind turbine emulator

‘The acceptable performance of the emulator is evaluated based on two criteria: firstly,
representation of the furling control and resulting dynamics; sccondly, tracking the
theoretical optimum shaft speed of the wind turbine rotor by the DC motor. In view of
these, furling action and resulting dynamics are incorporated in the emulator with the use
of a PC based wind turbine model. In order to follow the optimum shaft speed of the wind
turbine rotor, the reference shaft speed is determined from the motor shaft torque
(determined from the DC motor armature current) and compared with the actual shaft
speed. The difference of these two speeds introduces an error, which is decreased as

quickly as possible through a specially designed controller. In this way, the emulator

would reproduce different optimum shaft speeds for different wind speeds si



Indeed, the precision of the representation depends on the performance of the tracking
controller and the precision of the armature current (torque) and speed sensor circuits.
The basic structure of the small WTE developed in this rescarch is presented in Fig. 5.3
5113 DC Motor Initial Armature Current Limitation

It is well known that if the dynamics of the motor are slow, an initial high armature
current could develop and may damage the motor [104]. The impact of this problem
increases when the motor is subjected to uncertain changes. The DC motor of the
emulator serves as the wind turbine rotor, that my experience sudden changes in speed.
These sudden changes in speed are to emulate the wind gusts. Such variation in DC motor
speed demand a limitation of the initial armature current while implementing the
emulator. There are several methods to limit the initial current in the motor armature.
Current limiting is achieved by limiting the reference of a cascaded current regulating

system [105, 106], or it can be achieved by a parallel interve

nist system 105, 107,
However, the drawback of the first method is a complex controller. The problem raised
by the interventionist system is that, to perform the current limit effectively, the first over
shoot of the current should be allowed [106, 107].  Also complex analogue circuitry could
be a potential issue to implement such methods in terms of cost and available laboratory
facility. A straightforward solution to the problem of limiting the armature current can be
achicved by limiting could be to limit the current within the digital controller algorithm
which will effectively eliminate complex electronics circuitry. Several rescarch papers
discuss how to limit the initial current to a motor by the digital algorithm [105, 106, 108)].
Minkova, et. al. [108] proposed a simple adaptive speed control technique to limit the

armature current. An approach which applies a slightly smaller amplitude voltage to the




motor in the next sampling instant if the armature current at any instant is too large could
limit the armature current. It is also noticed that using such control technique could
significantly limit the initial current, In this rescarch, an initial current limiting controller
is implemented inside the emulator controller algorithm. The initial current limiting
controller works as follows:

‘The motor armature voltage is dictated by the controller output. A gradual increase in
voltage, which is dependent on the controlled voltage, s determined at the output of the
controller. At any particular instant , the difference in voltage between the instant £ and
(1) is caleulated for both the controlled and lincar voltage. The smaller difference in

Voltage is applied to the motor armature. Initially the controller will be produ

2 large
variation in the output until it settles to a constant controlled value. Therefore, the

difference between the instant £ and (1-1) of the controlled voltage will be higher and the

linear voltage will slowly speed up the motor, thus limiting the armature current.
5014 Reference Rotor Shaft Speed

The wind turbine model used in this research is implemented in QBASIC 4.5 and the

modeling equations are described in Section 4.1.1 in Chapter 4, From (4.7), the optimum
shaft speed of the wind turbine can be written as

05pAC, opr () (weos0)"
P ,‘,WT( )(weos0) 1)

“The relationships betwen the power coefficient and tip-speed ratio and between the wind

speed and furling angle are given in (4.2) and (4.3) respectively.



5.1.1.5 Furling Dynamics Discretization
“The second order frling dynamics is represented by (4.4). A zero order hold method for
0.1 second sampling time is used to convert the continuous dynamics of the furling action
o its discrete cquivalent (H(2)) given by (5.2), which is derived from (4.4) and then
converted to a difference equation form.

H(zy = 20037512 +000366
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5116 Controller

A simple controller used most of the time is a Proportional Integral (PI)Proportional

Integral Derivative (PID) controller, as it is easy to implement and requires less

computing power. In the time domain, the PID controller equation can be written as [104]
K, de

u()=Kye()+2> e(:)(i:+K,r,—e(i(L)+.4q (53)
e "

where u(r) is the output of the PID controller at any instant

K, is the proportional gain of the PID controller.

s the integral time of the controller.

s the derivative time of the controller.

e(r) is the error between reference and actual control variable.
In order to implement the controller in a PC, an approximation of the continuous function
of (5.3) is required. Approximations of the integral and derivate terms of (5.3) can be

written as
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where T, is the sampling time.
e(t-1) is the previous statc crrr.
From the above approximations, the discrete equivalent of the continuous PID controller

algorithm can be written as

+uy 65

u(t) = Ke(o) =2 Fe(r)+ =~

where u, is the base level of the control signal
Equation (5.5) is called the positional PID controller algorithm and it can be casily
implemented using a PC. One of the major drawbacks of the positional algorithm is that
the value of u, is Stiff to determine and requires extensive trial and error. By shifting one
sampling interval of the PID controller equation (5.5), it can be written as

(-2)}

w(r-1)= K e(i-1)s Ky Kbl

A +uy 56)

(t

Subtracting (5.5) from (5.6) gives

Kl
£

T,
K;'e(/)+

u(t)=u(t-1)+K,[e(r)-e(t-1)]+ [e(r)-2¢(t-1)+e(t-2)] (5.7

Equation (5.7) describes the velocity PID controller equation. There are several
advantages of the velocity PID algorithm over the positional PID algorithm such as:
« The summations of errors are not explicitly calculated so there is an anti reset

wind up accumulated with this controller algorithm.



A base value is not required for velocity PID controller algorithm, i.¢, it depends

on the previous state value and no prior assumy

s necessary.
Due to the above reasons, the velocity PID controller algorithm was used to track the
theoretical rotational speed of the wind turbine rotor by the DC motor. As there are three

types of controllers which can be implemented, the obvious question that could arise is

Error (o) = Rewence pond - Actual mond

=)+ Ky [0 o) IO T) I 0

Fig. 5.4 Controller flow diagram for the wind turbine emulator



which controller would be the most suitable to implement. A Proportional (P) only
controller is the easiest to tune, however, zero steady state error with only proportional
control is not possible. On the other hand a PID controller i the most complicated to tune
and the derivative term might be affected by noise. To avoid these complexitics, a PI
controller was used as it has the ability to make the steady state error zero and is also less
complex to tune. Although, it should be noted that a trade off is required before
implementing a PIPID controller based on the consideration of time span, accuracy and
tuning issues. Due to the use of a PI controller, the derivative term will become zero, and

(5.7) will be reduced to

u(r)=u(t-1)+K, *[e(r)-e(r-1)]+ (58)

A flow chart for the controller algorithm is given in Fig. 5.4.
5.1.1.7 System Integration
The emulator developed in this research consists of a 3HP separately-excited DC motor.

‘The parameters of the motor are given in Appendix C. This motor serves as the wind

Lab Master
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Fig. 5.5 Schematic of the wind turbine emulator test bench
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Fig. 5.7 Wind turbine emulator with controller and peripheral



Fig. 5.8 Photograph of the wind turbine emulator test bench

turbine rotor, which literally drives a PMG or WRIG in order to emulate a PMG and
WRIG-based system. The PC-based controller produces the required control voltage

which passes through the D/A converter to trigger the phase controlled relay. A simple

amplifier and a filter circuit are used in conjunction with the current sensor. Saturation of
the armature current is eliminated by adjusting the gain of the amplifier stage. The output
of the phase controlled relay is rectified and then filtered using a capacitor to remove the
noise from the rectified voltage. During the tuning of the parameters it was necessary to
use a circuit breaker in the armature side of the system. Fig. 5.5 and Fig. 5.6 show the

schematic of the emulator and photograph of the power clectronics of the emulator

respectively. The complete emulator with the controller and peripheral and photograph of




the test bench are depicted in Fig. 5.7 and Fig. 5.8 respectively. More details of the
emulator may be found in [109].

512 Grid Connected PMG-based Small Wind Turbine System
The grid conneeted PMG-based system is developed by using available laboratory facility
as well as commercially available components. The following sections describe the
development procedure in detail.

5.1.2.1 Basic Structure

The grid connccted PMG-based small wind turbine system is composed of the wind
turbine emulator (described in Section 5.1.1), a PMG, a 3-phase bridge rectifier, a Boost
Converter (BC) and an inverter. The changes in wind speed result in changes to the shaft
speed of the emulator, and hence the speed of the PMG. The shaft of the emulator is

coupled to the PMG through flexible coupling. Thus the PMG output has the
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Fig. 5.9 Basic structure of the PMG-based system test bench

characteristic of variable voltage, current and frequency. The output of the PMG is fed to

a 3-phase bridge rectifier. A diversion load (dump load) is conneeted to the output of the

rectifier in order to ensure safe operation of the system in case of very high wind speed




The output DC voltage of the rectiffer is fed to BC, which acts as a mid stage between the
rectifier and grid inverter. The regulated DC output voltage is fed to the inverter, which
supply o the grid at a predetermined nominal voltage and frequency. The BC and inverter
modules are considered as a single unit in this thesis (BCI), since both of these
components are supplied by the manufacturer as a single unit. The BCI unit is
programmed with the wind turbine model specific power curve. The model specific
power curve is used for the Maximum Power Point Tracking (MPPT) control to extract
the maximum amount of power from the emulator at a specific shaft speed. A block
diagram structure of the PMG-based system is presented in Fig. 5.9.

5.1.2.2 Control strategy

‘The basic idea behind this control strategy i to ensure optimum tip-speed-ratio at all
wind speeds. In order to achieve this objective, the following approach is employed:

The emulator optimum speed, @ for a specific wind speed, w s controlled by the
emulator controller and the corresponding rectified DC voltage, ¥ is determined. As a
result, a table with one input as the emulator shaft speed and one output s the rectified
DC voltage is recorded. In addition, a table of shaft speed versus maximum power, P s

known in advance from the modeling cquations of the emulator. Thus at a given wind

speed, a lookup table, containing rectificd DC voltage versus maximum power
characteristic, is programmed into the BCI unit using a serial interface. The BCT unit uses
the lookup table to create a curve by interpolating between points as necded and ensures
the variable speed operation. The control strategy described above is presented in Fig.

5.10.
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Fig. 5.10 Control strategy for the PMG-based system

5.1.2.3 System Integration

‘machine, which has a rated terminal line to neutral voltage of 120 volts. Appendix D
provides the nameplate information for the PMG. A circuit breaker was connected in
between the 3-phase bridge rectifier and the output of the PMG. A diversion load resistor
was connected to the output of the rectifier in order to limit the rectifier output voltage
during gusts and very high wind speed conditions. When the rectifier output voltage
exceeds 530V, , the diversion load is switched on and remains on until the rectifier output

voltage decreases to approximately 4307 The output of the rectifier was connected to

The DC motor based wind turbine emulator was coupled to a 1.6kW permanent magnet



an ammeter and voltmeter and afterwards a circuit breaker. The output from the circuit

breaker was connected to the input of the BCI unit. The BCI unit is equipped with several

protective devices to protect the BCI unit from Anti-Islanding and Ground Fault
Furthermore, the BCI unit is equipped with additional protections to guarantee safe
operation under all circumstances. The protections include a continuous monitoring of the
grid voltage to ensure the frequency and voltage values are within the proper operational
limits. The BCI unit is installed using watertight wiring methods, which required the use
of watertight components and locknuts with the applicable wiring method. On the bottom
of the unit there are four 29mm diameter holes (Trade size 34") covered with cap

Elektrozubehdr, type H 400 P (model designation K 426 21 P) or equivalent to UL listed

RS-48S sevial link DC from rectifier

Grids
DC from rectifier

Fig. 5.11 Hole assignment of the BCT unit

BCTuit

Fig. 5.12 Communication between the BCI unit and PC
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Fig. 5.14 Photograph of the PMG-based system test bench
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watertight cap. Un-used holes were left scaled by the caps. Fig. 5.1 shows an example of

hole assignment of the BCI unit. To program the BCI for the MPPT control, a

communication with the external PC was required. The BCI has a RS-485 link to
communicate with the PC. The RS-485 link uses two wires for signals plus a third wire
for signal ground, which is different from the equipment grounding of the BCT unit. The
wires are run in a watertight conduit through the bottom of the BCT unit.

Despite the RS-485 link, an adapter was used to convert the communication from RS-485
to RS-232 in order to optimize the operation. A diagram of the communication between
the PC and BCI unit is shown in Fig. 5.12. The lookup table for the MPPT control is sent
through the serial interface whether the BCI unit is online or offline. The BCT unit can
also provide the necessary real time values and can be stored in the PC. The single phase
output of the BCT unit was connected to a circuit breaker and finally to the grid. Two
Fluke power harmonics analyzers are used to acquire the time sampled voltage and
current from the output of the PMG and from the input of the grid. The power harmonics
analyzers are connected to another PC through serial port to store the instantancous

voltage and current values to a file for further calculation. A detail schematic is presented

in Fig. 5.13 and a photograph of the test bench is given in Fig. 5.14. Appendix F provides
the list of the components used to integrate the system.

5.1.3 Grid Connected WRIG-based Small Wind Turbine System

‘The grid connected WRIG-based system is developed by using the available laboratory

facility as well as the commercially available components. The following sections

describe the development of the system in detail.




5.1.3.1 Basic Structure

The grid connected WRIG-based system is composed of a wind turbine emulator, a
WRIG, a 3-phase bridge rectifier, and a variable resistance. The shaft of the WRIG is
coupled to the shaft of the emulator through flexible coupling. The stator of the WRIG is
directly connected to the grid, while the rotor is connected to a 3-phase bridge rectifier

and a variable external resistance. The variation of shaft speed of the emulator due to

Wound Rotor
Simall Wind Induction

Variable

(MPPT) Control

Fig. 5.15 Basic structure of the WRIG-based system test bench

changes in wind speed, changes the speed of the WRIG and subsequently injects power to
the grid. The model specific wind turbine power curve used for the WRIG-based system
is identical to the PMG-based system. The power curve is used to provide MPPT control
to extract maximum power from the wind turbine. A block diagram of the structure of the

system is presented in Fig 5.15.



5.1.3.2 Control strategy
An optimum tip-speed-ratio control method is adapted with the WRIG-based system to
optimize the power production. This requires a continuous change of the power speed
characteristics of the system. The convenient parameter that can be used to modify the
torque-speed characteristics of the WRIG is the external rotor resistance. The change of
rotor resistance can be realized by changing the duty cycle, d of a switch connected in

parallel with the external rotor resistance. At a fixed value of the external resistance, the
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Fig. 5.16 Control strategy for the WRIG-based system
emulator can operate at a maximum power, P at one wind speed, w and shaft speed, o
only, as can be seen from Fig. 5.16. For the system to operate at maximum power at all

wind speeds, the rotor resistance is continuously changed, so that under varying wind



speed conditions, the system always follows the maximum power locus. In this manner,
‘maximum power is extracted from the system through the WRIG stator.

5.1.3.3 System Integration

The emulator used with the PMG-based system was coupled to a 1.8kW WRIG, which
has a rated terminal line to neutral voltage of 120 volts. Appendix E provides the
nameplate information for the generator. A circuit breaker was connected in between the
stator of the generator and grid. The three phase output from the rotor of the generator
was connected o a 3-phase bridge rectifier. The output of the rectifier was connected to
an ammeter and voltmeter, and afterwards to an external variable resistance. The variable
resistance is varied to ensure maximum power flow to the grid at the optimum shaft speed
for a specific wind speed. Two Fluke power harmonics analyzers are used to acquire the
time sampled voltage and current values from the stator and rotor output of the WRIG. A
current probe is used to acquire the current values, while a voltmeter is used for voltage
from the output of the rectifier. The power harmonics analyzer is connected to another PC
using serial port to store the instantancous voltage and current values. A detail diagram
and a photograph of the test bench are given in Fig. 5.17 and Fig. 5.18 respectively.
Appendix F provides the list of the components used to integrate the system

5.2 Power Loss Determination

The test benches for the grid connected systems comprised several laboratory and
commercial components. Some of the commercial components (for example, the BCI
unit) are entirely scaled by the manufacturcr. As a consequence, the switching and

‘conduction loss for the individual switches in the BCI unit could not be reproduced.



Fig. 5.18 Photograph of the WRIG-based system test bench



Considering rather the conduction and switching power loss for the individual switches,
the total power loss of cach block is calculated. Here a “block” refers to the 3-phase
bridge rectifier and BCT unit for the PMG-based system and 3-phase bridge rectifier and
external rotor resistance for the WRIG-based system. The following section deseribes the
procedure used to determine the losses for each block.

5.2.1 Loss Determination of the PMG-based System

The PMG used in this rescarch has a star connected stator with balanced and identical

three phases denoted asa, b, ¢, while the neutral

absent. The Root Mean Square (RMS)
value of the PMG output voltage and current for phasea, b and ¢ isV,,/,:V,.1,; and

V..., respectively. The instantancous power at time £, P(9), is expressed as

P(r)=

ula Vil +V,, (5.9
where v, v, and v, are the instantancous values of PMG output voltages for phasca, b
and ¢ respectively

and i, are the instantancous values of PMG output currents for phasea, b and ¢

s

respectively
The characteristic of a balanced 3-phase generator is that at any instant the summation of

all instantancous currents is zero and can be written as
i+ +i =0
G (5.10)

Substituting the value of i, in (5.9), the power is expressed as

P(O)=(v=v )i+ (v )i [EAD)
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As the generator phases are ‘balanced’, both terms in (5.11) are equal, hence

P(r)=2(v, )i, =2(v - %)iy (5.12)

Averaging over one period T of (5.12) will give the average power. So the output power

of the PMG, which consequently acts as the input AC power to the 3-phase bridge

rectifier, B, " is expressed as
1 N
g™ = [ P01 f;m[f(vsvf)r.m (5.13)

An approximation uses a digital oscilloscope fo obtain instantancous values of
n of the

v.and I,=i,. If there are n samples in one period then by defin

integral, (5.14) becomes the power generated by the PMG.

P 2 T, .14)

The output DC power from the 3-phase bridge rectifier can be expressed as

P

" =V sl (5.15)

Subtracting (5.15) from (5.14), the rectifier power loss is found as

B (5.16)
The PMG-based small wind turbine system has a single phasc output with phascs
al,bland a neutral (ground). As a consequence, a similar kind of formulation expressed

by (5.9) to (5.15) is derived to compute the power flowing into the grid, 7, ,,,.," , and

can be written as

P ™ "‘ 2wl 5.17)
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Equation (5.17) expresses the power flowing into the grid by the actual voltage and
current; however, the BCI unit itselfis able to calculate the power flowing into the grid

Permanent Magner 3 Fhase Bridge
G

Power Hormanics Anslyser

Analyzer ,

by its own data acquisition system and denoted in this research as commereial or expected
value. The commercial power production values from the BCI unit is also stored in the

. 5.19 Power loss calculation diagram for the PMG-based system
PC and denoted by Pou_comgrid™. These commercial power output values are recorded in
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order to observe the commercial power loss values. Thi

is of particular importance
because the expected and experimental outcomes from a system will be clearly identified
and any misconception about a system performance will certainly be evaluated.

‘The BCT unit loss is computed by subtracting (5.16) from (5.17) and is given by (5.18),
which represents the experimental power loss of the BCI unit. In contrast to the
experimental power loss, subtracting the commercial output power from the BCI unit will

provide the commercial power loss of the BCI unit as expressed in (5.19).

P o

o (518

P

P

- com a1t o _com i

(5.19)

The experimental and commercial total power losses for the PMG-based system can be

expressed by (5.20) and (5.21) respectively, and a complete schematic diagram is given in

Fig. 5.19.
B = P 4 Py ™ (5.20)
B =P P, mncr ™ (5.21)

The efficiency of the individual component is calculated as follows: Equation (5.22)
expresses the rectifier efficiency, while (5.23) and (5.24) represent the respective
experimental and commercial efficiency of the BCI unit. The composite experimental and
commercial efficiency of the PCS is also calculated and expressed by (5.25) and (5.26)

respectively.

(522)
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g = (523)
O

Mamim. s =~ p " pas— (.24

Nepempeste = e X Mepac (5.25)

(5:26)

leamconpostte = Tree X Moam st it

5.2.2 Loss Determination of the WRIG-based System

The three phases, a3, 53 and ¢3of the stator of the wound rotor induction generator is
diretly connected to the grid for the grid connected WRIG-based system. Two power
harmonics analyzers are used to determine the total real power and the connection

presented in Fig. 5.20. A similar formulation expressed by (5.9) to (5.15) is

diagra

derived to compute the power flowing into the grid and can be written as

P 5L TVl (527)
ne

Pepd™ w1300l (5.28)
ney

where ¥, and ¥, are the line-to-line voltages of the stator, and 1,, and /,, are the
line currents of the stator.

The total real average power flowing into the grid s given by

P o Lp o (529

”
v o bl

P

e
ot et
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‘The rotor of the generator is star connected and balanced. As a result, a similar attempt

described by (5.9) to (5.15) is used to determine the power losses in the rotor and results

™ 2= W el (530)

"
where 7, is the line-to-line voltage of the rotor, and 7, is the lin current of the rotor.
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Fig. 5.20 Power loss calculation diagram for the WRIG-based system
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The output power of the 3-phase bridge rectifier is eventually the exteral rotor resistance

Toss and can be expressed as

Bt =Voctles (531)
Subtracting (5.31) from (5.30), the rectifier power loss is found as
Beap,, ey e 63

‘The electrical and frictional losses in the slip rings are determined based on the slip of the
generator and expressed by (5.33) and (5.34) respectively, while the total slip-ring loss is
expressed by (5.35). The sum of (5.30) and (5.35) reflects the total power loss of the

WRIG-based system and i represented by (5.36).

g = K0 (533)
[P (5.34)
g = P s+ P st (535)
PO =, o p oy p W p—

5.3 Test Results

The grid connected small wind turbine systems described in this chapter were
implemented and tested in the laboratory environment. It should be mentioned that the
operating range of the systems was greatly dominated by the available laboratory facility
as well as safety regulations in the laboratory environment. Based on these, a specific
wind speed range was selected and corresponding results are presented. First, the

emulator test results are presented and afterwards, the power losses for both systems are

described based on the computation procedure described in Section 5.2. Finally, AEC,
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AEL and efficiency are compared based on the wind speed distributions for cight

different sites in Newfoundland and Labrador as employed in Chapter 4. In order to
reduce the volume of results that can be presented for the § different sites and 8 different
wind specds for each system, representative results for each system are presented in the
thesis

5.3.1 Small Wind Turbine Emulator

‘The wind turbine emulator developed in the laboratory environment has been subjected to
a changing wind speedw. This changing wind speed is prepared as pseudorandom wind

speed profile (Fig.5.21a); the input to the emulator as a series of steps, equi-duration.

Although real wind does not occur with such abrupt slopes, a series of equi-duration steps
is a standard testing signal, which permits a clear interpretation of the system behavior.
‘The wind speed was limited to values between 6 m/s and 13 m/s. As discussed in Scction
5.1.1.3, limitation of the armature current is of importance in order to proteet the motor
armature and this was taken into consideration during the development of the wind
turbine emulator using an initial current limiting controller. The performance of the
controller with current limitation of 4 amperes is illustrated in Fig. 5.21b from the initial
start-up of the emulator. The variation in armature current characteristic corresponding to
the change in wind speed is recorded and averaged to generate a uniform distribution over
the entire wind speed range. It can be seen that the proposed controller limits the
amplitude of the armature current of the DC motor below 4 amperes. System stabilization
is also achieved, as after some initial transient, the armature current settled to a new value

and remained more or less constant. Furthermore, with the increase in wind speed, the
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motor started to draw more current from the main, while no unwanted overshoot of the
current was observed. The experimental results proved that the current limitation
functioned well. The controller performed well, independent of the speed and of the

motor dynamics.
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Fig. 5.21 Variation of the emulator characteristics, a) Wind speed, b) DC motor armature

current, ¢) Furling angle and expected dynamics, d) Shaft speed

‘The response of the furling angle, ¢ and expected dynamics are shown in Fig. 521c.
During the wind speed increase, within 10 seconds, the rotor reached a stable state at a

furling angle corresponding to the value obtained in (4.4) in Chapter 4. This settling time
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s required in order to avoid any excessive overloading of the mechanical part of the wind
turbine.

In the emulator controller, the theoretical or reference rotor shaft speed was compared
with the actual speed measured from the shaft of the DC motor in order to find the speed
error. The controller forced the actual speed of the emulator to trace the reference rotor
speed. The reference speed, actual speed and error between them in rpm of the emulator
are shown in Fig. 5.21d. The upper trace shows that after some transients, the speed of

DC motor always followed the reference speed of the controller. Therefore, the error was.

always minimized at steady state. It can be observed that the transition time takes less

than 12 seconds at the startup of emulator before the algorithm reaches its steady states.
As discussed in Section 5.1.1.2, an acceptable performance of the emulator is determined
by two criteria namely, achicving the furling control and expected dynamics; and tracking
the theoretical speed of the rotor by the DC motor. Both criteria were achieved as
demonstrated by the experimental results described above.

5.3.2 Power Loss in the Systems

The grid connected PMG and WRIG-based small wind turbine system experimental

power loss results are presented in this section. The emulator was coupled to the PMG

and WRIG and the required power conditioning system was implemented as describe
Section 5.1.2. The MPPT control was implemented through an external PC for the PMG-
based system, while the external rotor resistance was varied for the WRIG-based system.

The instantancous values for the voltage and current were recorded through a power

harmonics analyzer, which was connected to an external PC using serial interface. The
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gear ratio for the PMG-based system was 2.2 and the emulator was operated at the
corresponding optimum speed for each wind speed. Both of the systems were subjected to

the same wind speed input as used for the emulator and the corresponding voltage and

current values were used for computation of the power losses for cach component as

described in Section 5.2. The system was allowed to rotate at different speeds with the

varying wind specds in order to ensure the maximum power transfer to the grid. It should
be mentioned that the experimental voltage and current used for computation of the
power losses are presented only for a wind speed of 6 m/s.

5.3.2.1 Power Loss of the PMG-based System

Fig. 5.22a shows instantancous line-to-line output voltage, v,. of the PMG, while Fig,

5.22b depicts line current, i, input to the rectifier when the PMG is operating at 25 Hz,

. 749 pm. It is observed that the generated voltage waveform is non-sinusoidal in

nature, with saturated maximum and minimum values. This is mainly due to the
‘mechanical arrangement of the generator, i.c., number of poles and the diameter of the
‘generator. There is not enough width for the magnets to cover 3 coils at same time for the
sinusoidal waveform to form properly due to the fast rotation of the stator magnet
transversing across the stator winding, resulting in saturation of the maximum values.
Furthermore, in order to quantify the distortion of the voltage and current, the harmonic
content and Total Harmonic Distortion (THD) of the generated PMG voltage and current
were obtained. The results are summarized in Fig. 5.23a and Fig. 5.23b. The fundamental
components were omitted in these figures, in order to highlight the harmonic content

From the figures it is observed that 5" 7% 11" 13% 17" and 19" harmonics are
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Fig. 5.22 Instantaneous value of the PMG output a) Line-to-line voltage v, , b) Line
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Fig. 5.23 Harmonic content of the PMG output a) Voltage, b) Current

significant for the voltage, while the 5% 7% 11%, 13", 17% 19" and 23" harmonics are

significant for the current. The total harmonic distortion (THD) was determined to be

5.89% and 41.4% for the voltage and current respectively, which is quite high. The

presence of the high and low-order harmonics

the voltage and current is obviously not
undesirable. High-order harmonics can interfere with sensitive clectronics and
communication systems, while low-order harmonics can cause over heating of the

‘generator and conductors which is not undesirable for a small wind turbine system. In




Fig. 5.24 Instantancous power of the PMG output

Fig. 5.25 a) Instantaneous grid a) Line-to-line voltage v,,,., b) Line current i,

Fig. 5.26 Harmonic content of the grid output a) Voltage, b) Current
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Fig. 5.27 Instantancous power injection to the grid
addition, regulation of the harmonics will increase the cost of the system to a great extent,
The calculated instantancous power, £, " (Fig. 5.24) corresponding to the PMG

output voltage and current is averaged as 335W, while the rectified DC power, £, "

at the output of the 3-phase bridge rectifier is found as 326 W using (5.15). As a result,

the 3-phase bridge rectifier power loss, £,,." is calculated as 9 W by (5.16). The grid
voltage, v, current, i,, and power are shown in Fig. 5.25 and Fig. 5.25b. A frequency
of 60.5 Hz is observed. The harmonic content for the voltage and current is presented in
Fig. 5.26a and Fig. 5.26b respectively. It can be seen that the 5%, 7%, 11", 17", and 23
‘harmonic content of the voltage is significant, while the 5, 7%, 11, 13%, 17", 23", 25",
29" and 31* s significant for the current. The THD for the voltage and current is 2.68%
and 14.3% respectively. The high THD of the current is because of the operation of the
" flowing into the grid is

BCI unit at a low power level. The average power, 2, ,..,"

calculated as 238 W from the instantancous power curve given in Fig. 5.27, which is quite
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close to the rated maximum power of 254 W at 6 m/s wind speed. However, the
commercial value of the grid power, P, .,..,.," from the BCI unit is found to be 242
W, which is slightly higher than the value found by the experimentation. The
experimental, P 5, " and commercial, B, sc; "™ power losses of the BCI

unit are 89 W and 85 W respectively. The experimental and commercial values of grid

power are less than the generator power due to the system losses.
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Fig. 5.28 Characteristic of the PMG-based system a) Rectifier power loss, b) BCI unit

power loss, ¢) Total power loss, d) Power at different stages
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The calculation procedures described above based on the experimental voltage and
current waveform is applied to all wind speeds and power losses for each component are
determined. Fig. 5.28a depicts the power losses of the rectifier when the system is
subjected to the same wind speed profile that was applied to the emulator. The wind
specd of 6 mys s included in the presentation of the results for convenience of observing
the behavior of system. It can be sen that the rectifier power loss increases with
increasing wind speed and reaches a maximum of 52 W at a wind speed of 13 m/s. The

BCI unit power losses are depicted in Fig. 5.28b. A significant difference between the

experimental and commercial power values is observed. This is because the commercial
BCI unit never mentions the accuracy of their internal instrumentation that usually used
for data collection. As a result, with a lower accuracy on the commercially available BCI

absolute terms when

unit, it is expected 1o provide a high value, while it differs a lo
experimentation carried out with the same instruments. This is also a reason why people
mislead when calculating the expected outcome from a small wind turbine system using
the manufacturers” data sheet values. Morcover, the circumstances become more severe
when the BCI unit operates at high wind speed. At high wind speed, the BCT unit operates
with higher values of voltage and current and consequently power losses increase and so
docs the difference between experimental and commercial loss. The sum of the losses of
the rectificr and BCT unit provides the total power losses (commercial and experimental)

of the PCS as

ustrated in 528¢, while Fig. 5284 incorporates power

values at several stages of the system. The PMG output power has the highest value as

expected. The theoretical maximum power of the system is presented and can be scen that

the exper d ial power nearly follows power values for
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Fig. 530 Variation of the efficiency a) Component, b) Composite
cach wind speed and the corresponding rotational speed is presented in Fig. 5.29. It can
be seen that for cach wind speed, the system is able to produce maximum power, while
maintaining the optimum speed and ensuring the MPPT control strategy. It should be
mentioned that the experimental and commercial power values are not exactly the same
as the theoretical maximum power values; however, they behave logically. Fig. 5.30a
shows the efficiency characteristics of the rectificr and BCT unit in the case where the
wind speed is changed from low to high under the condition of maximum power transfer

to the grid. The measured cfficiency of the rectifier 7. is at least 97%, while the
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experimental efficiency, 7,5, and commercial efficiency, 7.pc; v for the BCI

unit is 86% and 91% respectively. A lower experimental value is observed which is

expected as the power losses of the BCI unit from the experimental is higher than the
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Fig. 531 Harmonic content of the a) PMG output current, b) Grid output current

commercial. The composite efficiency is the product of rectifier and BCI unit efficiencies
and illustrated in Fig. 5.30b. Both experimental, 17, and commercial, 7.
efficiency is more than 80% at high wind speed situation. Indeed the experimental
efficiency is lower in value than the commercial efficiency, and the results suggest that
the manufacturer’s stated efficiency may not be reliable. The generalized claim of the
‘manufucturers rarely mentions the operating condition of a system. From the composite
efficiency, it is observed that the efficiency drops at low wind speed, i.c., light load; a
typical challenge in variable speed wind generation system. Another point worthy of note
is that at full load, the generated current harmonic content will be minimized due to the

influence of machine stator equivalent inductance and resistance, while the grid current

harmonic content will be minimized because the BCT unit will operate at a high power
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level. Fortunately, this effect was noticeable when the wind speed increases and therefore,
the maximal output power increases and the THD decreases as presented by Fig. 5.31a
and Fig. 5.31b with a wind speed nof 6 /s to 10 m/s.

5.3.2.2 Power Loss of the WRIG-based System

Figures 5.32 a-d show the observed instantancous waveforms of the line-to-line stator
VOltages v,..5,Vyy,, and line current i,,,i,, respectively when the system is operating at
60.5 Hz in steady state. From the measurement result of the stator voltage and current, the
instantancous values of the power arc calculated and presented in Fig. 5.32¢ and Fig.
5.32f. The sum of the average value of the generated stator clectric power, P,, "™
is 243 W, which s quite close to the rated maximum power of 254 W at 6 m/s wind
speed. In addition, the stator voltage and current is essentially sinusoidal, which is a
desirable feature because harmonics in the supply may produce adverse effects on the
supply system. The experimental instantaneous waveforms for the rotor voltage and
current are presented in Fig. 5.33a and Fig. 5.33b respectively when the generator is
operating at 17.5 Hz, i, 527 rpm at super synchronous speed. The rotor voltage is
sinusoidal and s rich in harmonics, which is casily notable from the harmonic of rotor
voltage as presented in Fig. 5.34a. It can be seen that the high as well as low-order
harmonic contents are present; however, the amplitude as well as the THD (11.9%) are
low. In contrast to the voltage, the cffect of commutation overlap is evident from the

waveform of the rotor current and is not sinusoidal. The associated harmonic content is

presented in Fig. 5.34b, and it can be seen that the 5™ and 7" harmonics have the

‘dominant effect on the rotor current and the THD was found to be 23.7%. The THD for
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5.3 Instantancous rotor output a) Line-to-line voltage v,.,, b) Line current i,,

Fig. 5.34 Harmonic content of the rotor output a) Voltage, b) Current

Fig. 5.35 Instantancous power output from the rotor
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Fig. 5.36 Characteristic of the losses of the WRIG-based system a) Rectificr, b) External

rotor resistance, ¢) Slip ring, d) Total power loss
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Fig. 5.37 Variation with the wind speed a) Shaft speed, b) Power to the grid
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both voltage and current is quite high. The power graph (Fig. 5.35) produces an average

instantancous power loss, £,,,," into the rotor circuit which was amended to the

corresponding slip as 40 W. The power loss in the exteral rotor resistance " was

found to be 38 W and after calculation, the rectifier power loss, £, was found to be

s

and frictional, P, =

g™ losses were

2W. The slipring clectrical, 2,
calculated based on the speed of the generator and were found to be S W and 12 W
respectively. The same procedure was repeated for the same wind profile applied to the
emulator. The results of the losses of the rectifier are presented in Fig. 5.36a. The extemal
rotor resistance losses are presented in Fig. 5.36b, while the electrical, fictional and total
losses of the slip ring are presented in Fig. 5.36¢. The summation of all the losses is the
total power losses of the system and is depicted in Fig. 5.36d. Power losses increase with
increase in wind speed, which is an expected behavior from the system. In order to verify
the MPPT control strategy, the speed of the system (optimum and experimental) is
recorded and presented in Fig. 5.37a, followed by the corresponding power injection to
the grid (maximum and experimental) by the stator, in Fig. 5.37b. It is evident from this
figure that the experimental grid power and speed maintains a high agreement with the
theoretical maximum power and speed for cach wind speed, which consequently ensures
the MPPT control strategy.

5.3.3. Performance Characteristic of the Systems

One of the basic objectives of this research is to compare the losses over a period of a
year, iic., overall efficiency for the two systems in a number of wind conditions. As

presented in Chapter 4, cight sites were selected and compared for a wind speed range of
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Fig. 5.38 Wind speed distribution for a) Battle Harbour (BH), b) Cartwright (CW), ¢)

Little Bay Island (LB), d) Mary’s Harbour (MH)
2ms to 17 m/s and conclusions were drawn. However, as far as the experimentation is
concerned, the same eight sites were considered and the respective wind speed
distributions are presented in Fig. 5.38 and Fig. 5.39, which can be reproduced from the
wind speed distribution presented in Chapter 4. The annual energy capture of the PMG
and WRIG-based system was calculated as presented in Section 4.3 in Chapter 4. The
power loss for the PMG and WRIG-based system for the wind specds are presented above

ion 4.3. Tt should be

used to calculate the AEL of each system, as described in Se

mentioned that due to the introduction of commercial power loss of the PCS, the annual
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Fig. 5.39 Wind speed distribution for a) Nain (NA), b) Ramea (RA), ¢) St. Brendan’s

(SB), d) St. John's (S1)

Fig. 5.40 Variation of energy for St. John’s, a) Energy capture, b) Energy loss




energy capture, annual energy loss and efficiency will be different for the PMG-based
system, while the WRIG-based system is not subjected to such situation. In order to
observe the effect of low wind speed regime for of the 8 sites considered, an example
using St. John’s is presented because other regions behaved more or less the same. The
resulting energy capture, energy loss is presented in Fig. 5.40a and Fig. 5.40b
respectively. It is notable that the WRIG-based system is more efficient for the low wind
speed regime though higher energy losses oceur at the high wind regime. However, the
high frequency of occurrence of low wind speed would diminish the effect of high energy
loss on the system efficiency and will make the WRIG-based system more efficient than
the PMG-based system.

Fig. 5.41a depicts the annual energy capture by the PMG-based system (experimental and
commercial) and WRIG-based system. It is evident that the commercial energy
production of the PMG-based system always shows a higher value than the experimental,
which is because low power values were observed in all experiments. Although the
‘maximum power is supposed to be the same for both systems, a slight variation in values
was observed for the maximum power for both systems and reflected on the annual
energy capture values. This deviation is not unusual as it is very difficult to inject the
same power to the grid. However, it should not affect the calculation as more (less) power

injection to the grid will produce more (less) power losses on the required power

electronics for cach system. Fig. 5.41b shows the AEL for both systems and several
interesting points can be noticed. The AEL for the WRIG-based system is lower for all
sites than the calculated AEL of the PMG-based system. But the commercial AEL of the

PMG-based system is lower than the WRIG-based system at Battle Harbour and Ramea,
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Fig. 5.41 a) Annual energy capture for the PMG and WRIG-based system, b) Annual

energy loss for the PMG and WRIG-based system
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Fig. 5.42 Variation in eff

while the AEL remains almost the same for Mary’s Harbour and Nain. This is a very

important point to consider as relying on the manufacturer values could lead to a

miscalculation of the annual energy loss of a system and could discourage the possible

, it should be observed from the total power

penetration of a specific system. Howev

losses figures that the total power loss of the WRIG-based system remains low for wind

speeds up to 7 mis, but starts to increase above 7 m/s. Therefore, from cut-in wind speed

to 7 m/s wind speed, the total power losses are less than the PMG-based system. In



Table 5.1 Performance characteristics of the PMG-based SWT system

Annual energy Aunual energy loss a5 @ Efficiency, 1
Region capture percentage of the annual 12
] energy capture
Com Exp Diode BCT unit [

ridg
rectifier [%]
Com | Exp | Com | Exp | Com | Exp

BH | 1311280 | 1260084 | 4.43 | 4.61 | 19.03 | 23.87 | 7652 | 71.50

W | 635363 | 613573 | 4.62 | 479 | 22.37 | 2671 | 7.

68.49

LB | 1556458 | 1499049 | 4.66 | 4.84 | 2049 | 25.11 | 74.83 | 70.04

MH | 1247259 | 1200958 | 4.50 | 4.67 | 2022 | 24.86

6 | 7045

NA | 377700 | 363818 | 4.57 | 4.74 | 20.59 | 25.10 | 74.83 | 70.06

RA | 1081526 | 1039260 | 4.60 | 4.78 | 18.81 | 23.64 | 76.58 | 71.56

SB | 831015 | 801310 | 4.60 | 4.78 | 20.58 | 25.19 | 74.80 | 70.02

SJ | 1165376 | 1124061 | 4.50 | 4.66 | 21.

2601 | 73.04 | 6931

‘Table 5.2 Performance characteristics of the WRIG-based SWT system

Al | AmmwaT ey o v prreenngeof e
energy ‘aunual energy o
T [ S Diode | Switeh and
Reglon | T ip ring | Slip ring | Diode | Switch an
s IWHE | Clettrienl | frictional | bridge | external | Efficlency, n
1) rectifier | von 1041
%] | resistance
[
B | 130315 | 139 | 281 Y TS 7536
(& R T I I R 3% 750 7556
T | issiasd | 139 | 513 5% 536 G
NH | 126605 | 137 | 308 o7 1540 7545
B S T R R R 60 [EE5 7553
RA | 100044 | 130 | 281 £ e 7536
S5 | swsi | 140 | 54 5 35 756
ST [T [ 1as | 5 a6 T 7568
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addition, the wind speed distribution shows that the systems face low wind speed most of
the time of the year, which suggests higher power loss in the PMG based system rather
than the WRIG-based system. So even if the commercial AEL of the PMG-system is
same or lower, it will eventually be higher if a full scale testing is performed. The
efficiency for the PMG-based system (experimental and commercial) and WRIG-based
system s presented in Fig. 5.42, which shows that the WRIG-based system maintains a

high efficiency for most of the system. Table 5.1 and Table 5.2 show the comparison of

the istics for the PMG and WRIG-based system respectively from 7
ms to 13 m/s wind speeds for all cight stes. The tables include the annual encrgy capture
as well as the energy loss as a percentage of the annual energy capture for both systems. It
is notable that the difference between the commercial and experimental AEC is certainly
a large amount and results in a difference of efficiency of around 4% - 5% for all sites.
Morcover, considering the cxperimental cfficiency of the PMG-based system, the
efficiency of the WRIG-based system is around 5% higher for all cight sites. As a result it
is concluded that the WRIG-based system could be an optimum surrogate in the small
‘wind encrgy conversion arca.

5.4 Summary

The cxperimental test bench results that have been presented in this Chapter reveal
several important observations which validate the conclusions from the numerical

simulation presented in Chapter 4. The synopses of the investigation are presented below:
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A furling control and resulting dynamics based wind turbine cmulator was
developed that emulates the behavior of a wind turbine in the laboratory. The
criteria imposed on the emulator performance were satisfied;

A complete development and implementation of the PMG and WRIG-based

system was undertaken and the required maximum power point control strategy
was defined for each system. It was found that both of the systems were able to
sustain the maximum power point control strategy, thus ensuring the variable
speed operation;

A procedure to calculate the power losses for cach system was described and it
was found that the WRIG-based system provides less power loss at low wind
speed regime than the PMG-based system;

Efficiency of the systems was calculated for cight sites in Newfoundland and

Labrador. A significant difference was observed between the commercial and
experimental AEC for a PMG-based system. This difference reflected on the
efficiency values and it was found that the experimental cfficiency was 5% lower
than the commereial efficiency for a PMG-based system;

Tt was found that a WRIG-based system could provide 5% higher efficiency than a
PMG-based system when considering the experimental efficiency valucs for both

systems and consequently, can be considered to be a better option for high

penetration of wind encrgy in future.
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Chapter 6

Reliability Comparison

The purpose of this chapter is to investigate the reliability of the power conditioning
system of a Permanent Magnet Generator (PMG) and Wound Rotor Induction Generator
(WRIG)-based system. This chapter focuses on 1) development of the mathematical
model for the reliability of the power conditioning system; 2) the identification of the
least reliable subsystem within the power conditioning system; and 3) calculation of the
reliability of the systems. A comparative study is also performed in order to investigate
an optimun system for the small wind power generation.

6.1 Failure Rate and Reliability of a Device

‘The failure rate of a device can be described by the Bathtub curve (Fig. 6.1), which
represents the failure rate over the lifetime of a component or system [110,111]. There
are two areas of high failure rate, early and wear out failures. Early failures are most
often due to manufacturing defects of the device. Wear out failures are due to the natural

aging of the device. The failure rate of the device is constant in the middle where the

re is random. This region is used to model the expected life time of the system. The
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Fig. 6.1 Failure rate curve

reliability of a system can be determined from the failure rates of the devices that
comprise the system. It is important to note that the reliability of a system is related to the
operating conditions and parameters, known as covariates. The covariates represent the
stress on the device, which can include, but are not limited to, current, voltage, and
temperature. The failure rate of a system can be described by (110, 111].

5(1,2) =6, (1)exn(2) (6.1)
where, ,is the base line failure rate, zis a vector containing covariates, and 4 is a
vector of regression coefficients.

Under rated conditions, the reliability of a system is a constant function of time, Ro (1), the
base line reliability. The reliability of the system including the covariates is given by
).

R(1,2) = R, (1)exp(~z) 62)
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Under different operating parameters, there are de-rating factors associated with the

current, voltage, and temperature that are outside of the normal operating ranges. These

de-rating factors negatively affect the reliability. As a result, the system reliability can be
modeled as a constant base reliability plus an additional factor for each rating above the
normal ranges. An example of such rating would be operating a device at a higher
temperature than it is rated value or at a higher power level. According to Reliasoft
Incorporation, this is a common practice for accelerated life testing [69, 113]. By
applying an increased stress over a short time interval, it is possible to simulate a lesser
stress over a longer time period.

6.2 Arrhenius Life Model

Accelerated life testing employs a varicty of high stress test methods that shorten the life
of a device or quicken the degradation of the product’s performance. The goal of such
testing is to efficiently obtain performance data that, when properly analyzed, yields
reasonable estimates of the devices’s life or performance under normal conditions. A
variety of high stress test methods can be employed to shorten the life of a device and/or
quicken the degradation of product performance. This induces carly failures that would
sometimes manifest themselves in the carly years of a devices life, and also allows issues
related to design tolerances to be discovered before commercial manufucturing. Both the
type of stressor and the time under test are used to determine the normal lifetime. There
are various stressors including, but not limited to, heat, humidity, temperature, vibration,
voltage, current and load. The effect of these stressors on the devices's life can be
‘mathematically determined. However, when it is necessary to calculate or predict the

reliability of some clectronic equipment, the Arrhenius life-stress model (or relationship)
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is probably the most common life-stress relationship utilized in life prediction of the
‘material [67]. It has been widely used when the stimulus or acceleration variable (or

stress) is thermal (ie. temperature). It is derived from the Arhenius reaction rate

cquation proposed by the Swedish physical chemist Svandte Arrhenius in 1887, The

Amhenius reaction rate equation is given by (112, 113]

R(7;)=Acxp[;£f] 63)

where R is the speed of reaction or failure rate, T, is the absolute temperature in Kelvin,
K s the Boltzman's constant, , is the activation energy of the semiconductor, and A
is the model parameter,

‘The reaction represents the rate of decay and is useful for representing the life of a device
when temperature is a stress variable. As the temperature increases, the energy available
to initiate a reaction increases. The activation energy denoted by £ is the amount of
energy required for a molecule to take part in the reaction. As the temperature increases,
the reaction increases, reducing the life of the component. The Arrhenius life-stress
model is derived from the reaction rate equation by assuming life time is proportional to

the inverse reaction rate of the process. The life time of the device can be expressed as
L(¥)=Cexp| L1 (64
KT,

where L is the quantitative life measurement (hours),C'is the model parameter and ¥ is
the stress (based on temperature in Kelvin)

6.3 Reliability Calculation

Reliability is the probabiliy that a component will satisfactorily perform its intended
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function under given operating conditions. The average time of satisfactory operation of a

system is the Mean Time Between Failures (MTBF) and a higher value of MTBF refers
10 a system of higher reliability and vice versa. As a result, engincers and designers
always strive to achieve higher MTBF of the power electronic components for a reliable
design of the power clectronic systems. The MTBF calculated in this chapter is carried

out at the component level and is based on the life time relationship where the failure rate

is constant over ti

 in a bathtub curve [111]. In addition, the system is considered

repairable. It is assumed that the system components are connected in series from the

reliability standpoint. The lifetime of a power semiconductor is caleulated by considering

junction temperature as a covariate for the expected reliability model. The junction
temperature for a semiconductor device can be calculated as [114].

T,=T,+B,R, (6.5)
P, is the power loss (switching and conduction loss) generated within a semiconductor
device and can be found by replacing the ,,, from the loss analysis described in Section
4.2 of Chapter 4 for each component.

‘The life time, L(7,) of a semiconductor is then described as

L(T)) = Ly exp(=BAT, ) (6.6)
where

L, is the quantitative normal life measurement (hours) assumed to be 1x10°

E 5
B=", K s Boltzmann’s consiant which has a value of 8.6x10°6V/K, E, is the
activation energy, which is assumed to be .2 eV, a typical value for semiconductors
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[116], 7, and AT, are the ambicnt temperature and variation of junction temperature

respectively and can be expressed as

©7

(638)

The global filure rate, 7,,,,is then obtained as the summation of the local failure rates,
yas:

Vo =20 ©69)
The Mean Time Between Failurcs, MTBF,,, and reliability, R, of the system are
given respectively by

(6.10)

R,

siem. ©.11)
6.3.1 Reliability Calculation of the PMG-based System

“The reliability analysis for the PCS of the PMG based configuration is performed by the
formulation described in Section 6.3. A Matlab program is developed which computes
the component junction temperature using the conduction and switching loss
formulations described in Chapter 4, Section 4.2.1. After the determination of the failure

ate for cach component using (6.8), the program sums up the failure rates to evaluate the
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total system failure rates (6.9). The reliability of the system s obtainable once the system

MTBF
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Fig. 6.2 Determining system reliability through component reliability for a PMG-based
system
(6.10) is known. A brief schematic of the program and its operating procedure is given in
Fig. 6.2

6.3.2 Reliability Calculation of the WRIG-based System

‘The procedure described in Section 6.2 is used to calculate the reliability of the rectifier

and chopper for the WRIG based system. In addition to the above mentioned method, a

stress prediction method is used to calculate the reliability of the external rotor
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Fig. 6.3 Determining system reliability through component reliability for a WRIG-based
SWT

resistor. The method calculates the failure rate of any component by multiplying a base
failure rate with operational and environmental stress factors (electrical, thermal etc). Itis
assumed that the chopper carries a predetermined duty cyele variation. The power loss in
the external resistor can be found by simply subtracting the power losses of the chopper

from the total power loss produced by, /,,. Based on this

sumption, a commercially

available resistor is selected and the stress ratio, S is calculated as the ratio of the
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operating power to the rated power of the resistor. The base failure rate, 7, is than

calculated as [76]

9 T,+273 S(T,+273
=4.5x1 12| =~ —| 6.1
st ”"[ [ ) )J“”[s[ m ]] s

where 7, is the ambient temperature ('C) and § is the stress factor.

‘The failure rate for a wire wound resistor is given by [76]
Vo= 1y x1x10° failure/ hour, (6.14)
where the resistance factor, 7, is 1 as the external resistance is less than | MQ. The

environmental factor, 7 is 1 due to the fact that a harsh environment is not considered,

and the quality factor, 7, is considered to be 15 duc o the use of a commercial resistor.

A detailed schematic of the calculation procedure is depicted in Fig, 5.3,
6.4 Simulation Results

The analytical calculations illustrated in the preceding Section are carried out to
determine the MTBF and consequently the reliability of the systems for a predetermined
wind speed condition. The rated power for the wind turbine is assumed o be 1.5 kW. The

expected operating condition of the wind turbine is 6 m/s. It s assumed that the generator

speed is proportional to the output voltage of the 3-phase rectifier for the PMG-based
system. The switching frequency of the boost converter, inverter and chopper is

considered as 20 kHz. In order to investigate the worst case scenario of the power loss in

the numerical simulation study, the modulation index is assumed to be unity and the load
current is assumed to be in phase with the output for the PMG-based system. The

analytical calculation is based on the data sheet on the EUPEC IGBT module
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Table 6.1 Component reliability for the PMG-based system

Quantity |_Rectifier Boost Converter Tnverter
Diode Diode IGBT Diode IGBT

Power loss 5587 42581 233 | 20559 7.9621
W]

Junction 298.8101 304.1742 321.4478 303.5238 314.7205
temperature
'K

Life 9.895x10° | 924x10° [ 7.5273x10° [ 9.3158x10° | 8.1311x10°

expectancy

]
Failure rate [ 10106107 | 1.0823x10 [ 1.3285x10™ | 1.0734x10*[ 1.2298x10™
[br']

Table 6.2 Component reliability for the WRIG-based system

Quantity | _Rectifier Chopper External resistor

Diode IGBT

Powerloss | 9028 20602 315280
W)

Junction 299.3091 3023264
temperature
(K]

Life | 9.8311x10° 9.458x10° 7.2464x10°
expectancy
[hr]
Failure rate | 1.0172x10° 1.0573x10% 1.38x107

b}

FPISRI2WIT4_B3 [99]. The results of the analysis following the procedure outlined are
presented in Table 6.1 and Table 6.2 respectively.
The calculation reveals that the PCS failure rate for the PMG-based system is

1.7688x10°* and the MTBF is 5.6537 x10* hours (6.5 years). The corresponding figures

for the WRIG-based system are 7.2984x10°* and 1.3702x10° hours (15.8 years). Itis
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Fig. 6.4 Reliability e, power conditioning system a) Over a year, b) Over time
well understood that the small wind turbine and the PCSs need to be affordable, reliable
and most importantly, almost maintenance free for the average person to consider
installing one.  As can be seen, the need to replace the PCS for the PMG-based system
corresponds to the MTBF value of 6.5 years. This leads to a more vulnerable system as
compared to the lifespan of the wind turbine system, which is usually 15 to 20 years.
Also from the financial standpoint, replacement of such a complex PCS is expensive and
needs a highly skilled repair professional. In contrast to the PMG-based system, the
WRIG-based system exhibits longer lifetime and remains in a good agreement with the
lifespan of the wind turbine, which is 15.8 years.
Fig. 6.4 shows the reliability of the PCS for a period of one year (8760 hours) for the
PMG and WRIG-based system. The result reveals that the reliability of the PCS for the
PMG-based system drops to 85.28% after one year, while the reliability of the PCS for
the WRIG-based system drops to 93.64% after one year. The reliability of the PMG and
WRIG-based system with time is presented in Fig. 6.4a and Fig. 6.4b respectively. It is

casily noted that the reliability of the PCS for the PMG-based system reaches less than
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50% at 40000 hours (4.5 years), this is obviously unacceptable for high penetration of
any specific system. In contrast to the PMG-based system, the reliability of the PCS for
the WRIG-based system remains more than 70% at 40000 hours (4.5 years), which
certainly could save cost of repair for the system. In both scenarios, the PCS of the
WRIG-based system illustrates higher reliability than the PMG-based system. The higher
reliability value of the WRIG-based system is certainly advantageous in terms of

‘maintenance and replacement costs.

= ' ==
Ny == IS ==
R
i X | =
P P PR

Fig. 6.5 Effect of reliability variation of the components for a) PMG-based system, b)
WRIG-based system

Following the calculation of the reliability of the systems, an attempt is made to identify
the subsystems in the PCS that are the least reliable. To achieve this objective for the
PMG-based system, the MTBF of the rectifier is decreased by 50% while the MTBFs of
the boost converter and inverter are unchanged. In the same way, the cffect of changes in
the MTBFs for each of the boost converter and inverter on the system reliability has been
calculated and is presented in Fig. 6.5a. It is observed that the inverter has the most

dominant influence on the system reliability, while the boost converter has less
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significant effect than the rectifier. It has been found in the literature that the inverter is
the least reliable subsystem [67, 72, 116-118]. This study confirms the results through
quantitative analysis. In a similar manner, the effect of the rectifier, chopper and external
resistor of the WRIG-based system is investigated with a reduction in MTBF of 50% for
cach, and presented in Fig. 6.5b. It has been found that the rectifier is the least reliable
component in the PCS of such a system. From the financial standpoint, a rectifier is
casily replaceable while replacement of an inverter is expensive and needs a highly
skilled repair professional. The PCS of the WRIG-based system is composed of fewer
parts as well as a lower failure rate. Maintenance and replacement costs of the WRIG-
based system will be lower and thus favourable for the small wind turbine industry. As a
whole, this rescarch suggests that one should aim for a WRIG-based system that will
have a lower failure rate as well as less complex architecture and consequently will be

more reliable and less costly during operati

6.5 Summary
‘Summarizing the formulations and results presented in this chapter, it can be stated that
the proposed reliability analysis

o s focused on the component level that ensures an in-depth analysis rather than

considering the system level reliability data provided by the manufacturer;

is casy to extend for other power conditioning systems of the wind power

systems, provided that the system configuration is known;

confirms the least reliable component through quantitative analysis for both
topologics, thus enhancing the design criteria of the power conditioning system

for the small wind power generation;
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supports recent rescarch that for a grid connected wind turbine system, a PMG-
based system is not the best option from the reliability standpoint and rescarch

should be focused on a WRIG-based system due to higher reliability, less

maintainable.
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Chapter 7

Conclusions

As the demand for electri

energy increases, the development and utilization of wind

energy gain growing interest. The efficiency and reliability of grid conneted small wind
turbine systems equipped with Wound Rotor Induction Generator (WRIG) in comparison
to Permanent Magnet Generator (PMG) has been investigated. It has been concluded

from perspective of efficiency and reliability that a WRIG-based system performs better

than a PMG-based system under similar operating conditions. Concerning wind encrgy
technology for small-scale electricity generation, the grid connected WRIG-based small
wind turbine system is ideally suited for grid connected applications than the PMG-based
system and the former is expected to keep an optimum position for electricity gencration

in future,




Furthermore, the continuing need for an optimum system for low wind speeds also makes
the WRIG-based system an attractive option for higher efficiency than the PMG-based
system,

7.1 Concluding Summary

In Chapter 3, the market potential of a PMG and WRIG-based system was discusscd as
well as their power conditioning systems. It was shown that despite the ambiguous
specification asserted by manufacturers, users more often preferred to use the PMG-based
system due to the large number of manufacturers” advertisements and their availability in
nored, which is an

market. However, reliability is often portant criterion for a

successful penetration of a specific system. In consideration of these facts, it was
concluded that the WRIG-based system could be an optimum surrogate for wind power
generation as the system requires less power clectronics, control complexity as well as
being casily maintainable. The research thus starts investigating the PMG and WRIG-
based system in detail in order to compare the actual system performance from the point
of view of losses, efficiency, and reliability.

In Chapter 4, the power loss calculations of the power conditioning system for the grid
connected PMG and WRIG-based system were deseribed. The mathematical expressions

for the losses in the rectifier, boost converter, and inverter of a power conditioning

system for the PMG-based system, as well as the losses in the rectificr, switch, external
rotor resistance, and slip ring for the WRIG-based system were presented for the same
operating conditions of the wind turbine. The requirement for low loss in low wind speed
regimes is a unique challenge to the small wind power field and the WRIG-based system

appears 1o be an optimum option in the low wind speed regime than the PMG-based
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system. The comparison was further explored in terms of annual energy capture, annual
energy loss and efficiency based on the wind information for eight different sites in
Newfoundland and Labrador, Canada. The results showed that the annual energy loss is
Tower and efficiency is higher for the WRIG-based system than the PMG-based system
The proposed analysis aimed to show that the surrogate WRIG-based system would
achieve low power loss and higher performance characteristics during operation than the
mainstream PMG-based system.

In Chapter 5, an experimental verification was performed in order to verify the
conclusion reached in Chapter 4. The development of a wind turbine emulator for small
wind turbine system with furling control and resulting dynamics was presented in this
Chapter. Several implementation issues were identified and resolved. Afierwards, the
grid connccted PMG and WRIG-based system along with the required power
conditioning systems and control schemes were designed, implemented and tested in the
laboratory. Maximum power extraction was ensured by operating the systems at an
optimum tip-speed ratio. A procedure to caleulate the power losses for the power
conditioning systems was developed and applied on the system. Test results showed
acceptable performance of the systems in terms of wind turbine power loss and maximum
power point tracking characteristics. Finally, the efficiency of the systems was calculated
and it was found that the WRIG-based system maintains higher efficiency than the PMG-
based system, thus validating the theoretical conclusion.

In Chapter 6, the reliability analysis of the power conditioning system for the grid

conneeted PMG and WRIG-based system was presented. Temperature was used as a

stress factor for the reliability analysis and it was found that the power conditioning




system of the PMG-based system suffers from low reliability as compared to the WRIG-

based system. The least reliable component of the power conditioning system was

identified quantitatively as the inverter and rectifier for the PMG and WRIG-based

system respectively. It was shown that the WRIG-based system with a simple power

conditioning system could be surrogate for future research in the small wind turbine

system arca,

7.2 Thesis Contributions

O An investigation of the existing grid connected small wind turl

scientific contributions of this research may be summarized as follows:

e systems was

described. This investigation assisted to select the mainstream grid connected

system and a possible surrogate system along with the power conditioning system
to ensure variable speed operation. Furthermore, the reliability of the small wind
turbine systems was analyzed and as a result of the evaluation, the most
vulnerable sub systems of a wind energy conversion system were identified. The
‘major contribution of this work was to narrow down the research to a specific
dircction for further investigation,

The comprehensive power loss calculation for the power conditioning system of
the grid connected PMG and WRIG-based system was documented in Chapter 4.
The calculation was further extended to determine the annual energy capture/loss
and finally, the efficiency for cight different sites in Newfoundland and Labrador,
Canada. By itself, a simple calculation of power losses for the PMG and WRIG
based system is not new, neither is the calculation of efficiency for the PMG and

WRIG based system. The combination of both in a comprehensive manner and
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the performance of a comparison study, however, are unique. A unique approach
leads to a unique result. Furthermore, a laboratory examination based on a novel

small wind turbine emulator was neither explored nor evaluated in previous

rescarch. Two contributions follow from these:
1. The derived analytical model for power loss caleulation of the PMG and
WRIG-based system provided a clear demonstration of the power loss of
the systems. Moreover, the investigation in the low wind regime was
expected to enhance the high penetration of the WRIG-based system
compared to the PMG-based system. A global conclusion was reached in
favor of the WRIG-based system afier applying the calculation to cight
different sites in Newfoundland and Labrador, Canada. The  typical

obstacle of the variable speed system can be overcome using the WRIG-

based system. This is considered to be a major contribution of this

research.

Investigations on wind turbine emulator are not new on their own.
However, the furling control and resulting dynamics based small wind
turbine emulator were not found in previous literature. Furthermore,
comparison of performance on the basis of experimentation of the PMG
and WRIG-based system was also not available in previous research.
‘The following publications arose from the contributions deseribed above:
Journals:

+ M. Arifujjaman, M.T. Igbal, J.E. Quaicoe, “Experimental Verification

of Performances of Grid Connected Small Wind Energy Conversion
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Conferences:

Systems,” Under review with the Wind Engineering Journal, 2010.

M. Arifujjaman, M.T. Iqbal, J.E. Quaicoe, “Performance Comparison
of Grid Connected Small Wind Energy Conversion Systems,” Wind
Engineering, vol. 33, no. 1, pp. 1-18, 2009.

Md. Arifujjaman, M.T. Igbal, J.E. Quaicoe, “Analysis of Conversion
Losses in Grid Connected Small Wind Turbine Systems,” The Open
Renewable Energy Journal, ISSN 1876-3871, vol. 2, pp. 59-69, 2009.

M. Arifujjaman, M.T. Igbal, J.E. Quaicoe, “Emulation of a Small Wind
Turbine System with a Separately-Excited DC Machine,” Journal of
Electrical and Electronic Engincering, Istanbul University, vol. 1, Issue

15, n0. 1, pp. 569-579, 2008,

M. Arifujjaman, M.T. Iqbal, J.E. Quaicoe, “Testing of Grid Connected
Small Wind Encrgy Conversion Systems,” Submitted to the IEEE
Electrical Power and Energy, (EPEC), Halifax, Nova Scotia, Canada,
August 23 - 25, 2010,

M. Arifujjaman, M.T. Igbal, J.E. Quaicoe, “A Comparative Study of
Conversion Losses in Grid Connected Small Wind Turbine Systems,”
Canadian Wind Energy Association (CanWEA), Vancouver, BC, Canada,
October 19-22, 2008,

M. Arifujjaman, M.T. Igbal, J.E. Quaicoe, “Loss Calculation in Grid

Connected PMG based Small Wind Turbine Systems,” The 18" IEEE
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Newfoundland Electrical and Computer Engineering Conference

(NECEC), St. Johns, NL, Canada, November 8, 2008.

M. Arifujjaman, M.T. Igbal, J.E. Quaicoe, “Conversion Losses in
Utility Interfaced Small Wind Turbine Systems,” Aldrich Conference, St.
John’s, NL, Canada, February 8-10, 2008.

03 The use of temperature as a covariate to calculate the reliability of the power
electronic components is not new. What has been done in this rescarch, however,
forms a contribution, as a use of the reaction rate equation was related to the
power electronic component reliability evaluation and used to calculate the
reliability of the power conditioning system of the PMG and WRIG-based system.
The analytical model of the reliability can be used to calculate the reliability of
any power conditioning system as long as the configuration is known in advance.
Such a tool s also a contribution. Furthermore, the refiability was quantified for
both power conditioning systems and considered an innovative approach in the
wind energy area for calculating reliability of power electronics.

The following publications arose from the contributions deseribed above:
Journals:

« Md. Arifujjaman, M.T. Igbal, L.E

Quaicoe, “Reliability Analysis of Grid
Connected Small Wind Turbine Power Electronics,” Applied Energy
Journal, vol. 86, Issue 9, pp. 1617-1623, 2009.

Conferences:

+ Md. A

jjaman, M.T. Igbal, 1E. Quaicoe, “A Comparative Study of

Power Electronics Reliability in Grid Connected Small Wind Turbine
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Systems,” IEEE Canadian Conference on Electrical and Computer

Engineering (CCECE), St. John’s, NL, Canada, May 3-6, 2009.
In addition to the major contributions described above, related and complementary
investigation of the analysis of the grid connected small wind turbine systems resulted in
the following publications
Journals:
+ Md. Arifujjaman, M.T. Igbal, J.E. Quaicoe, “Vector Control of a DFIG
based Wind Turbine,” Journal of Electrical and Electronic Engineering,
Istanbul University, vol. 9, Issue 18, no. 2, pp. 1057-1066, 2009
Conferences:
+ Md. Arifujjaman, M.T. Igbal, J.E. Quaicoc, “Simulation and Control of a
DIFG based Wind Turbine,” The 17" IEEE Newfoundland Electrical and
Computer Enginecring Conference (NECEC), St. Johns, NL, Canada,
November 8, 2007.
7.3 Recommendations for Future Research
It is important to understand this study not as one which has produced final results, but
rather as a starting point for further investigations. Based on this work, the following
have been identified as key considerations for any discussions on the direction of future
research efforts in this area.
O The power loss calculation for the PMG-based system may be improved by
investigating ways to include different modulation schemes. While this may not
yield significant improvement in power loss, it may lead to an optimized

modulation scheme that result in minimal power loss. Such an effort is
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worthwhile as valuable information on a preferred modulation scheme can be

identified;

3 Some work may be done on generalizing a conclusion reached by this research so
that the conclusion remains valid for other grid connected small wind turbine
systems. One atiempt that must ceriainly be made is to use other power
conditioning systems for both PMG and WRIG-based systems and recalculate the
power losses and subscquently, evaluate the performances of both systems;

0O The collection of reliability field data over a certain period of time for different
components of the power conditioning system of the PMG and WRIG-based
System is an important endeavor because in such a scenario, it would be possible
to compare the expected results with the actual. Moreover, inclusion of different
power conditioning systems for both the PMG and WRIG-based systems will
produce different reliability values. A comparison of these will certainly be an

interesting and worthwhile venture.
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Appendix A

Wind Turbine Technical Specifications

This appendix provides the technical specifications for the wind turbine used during

simulation studies throughout the proposal.

Type

Rated Power

Rotor Diameter
Cut-in Wind Speed
Rated Wind Speed
Cut-Out Wind Speed
Furling Wind Speed
Blade Pitch Control

Over speed Protection

3 Blade Upwind
1500 Watts
24m

2mis

13ms

17mis

13mis

None

Furl



Gearbox

Temperature Range
Generator

Induction Generator (WRIG)
Output Form

Control System

None, Direct Drive

-40 10460 Deg. C

Permancnt Magnet Generator (PMG), Wound Rotor

Grid Connected

Personnel Computer (PC)-based
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Appendix B

Parameters of the IGBT-Module

‘This appendix provides the parameter specifications for the IGBT-Module EUPEC
FP15RI12W1T4_B3 used during simulation studies throughout the thesis

Housing Type EASY PIMIB
Tenom [A] 15

Vew V] 215

re (9] 0.0833

Eox [mJ] 175

Eorr [mJ] 120

Vi VI 0.7

ra ] 0.07

Esw [mJ] 0.68
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Diode Ry [K/W]
IGBT Ry [K/W]



Appendix C

Nameplate Information of the DC

Motor

‘This appendix provides the name plate information for the separately-excited DC motor

used for the wind turbine emulator

Model No| M253AS-DBZ
Serial No 370-117-301
Type M-1670
Enclosure OPEN

Rated Power 2kW

Full Load RPM 1750

Full Load Amps. 16

Volts 125

Field Amps. 085
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Field Volts

Ambient "C
°C Rise
Company

Country

60
Canron Limited

Canada
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Appendix D

Nameplate

Information  of  the

Permanent Magnet Generator (PMG)

‘This appendix provides the name plate information for the permanent magnet generator
used to implement PMG-based small wind turbine system

Serial No
Type
Enclosure
Rated Power
RPM

Amps.
Phase
Volis

Hertz

260-007-302
PMG-1480
OPEN
L6 kW
1800
55

3
120/208

60



Ambient 'C

°C Rise
Company

Country

40

60

Canron Limited

Canada
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Appendix E

‘ Nameplate Information of the Wound

Rotor Induction Generator (WRIG)

This appendix provides the name plate information for the wound rotor induction

generator used to implement the WRIG-based small wind turbine system

Model No 215-DBWD
Serial No 322-093-210
Type WR-1066-A
Enclosure D.P.

Rated Power L8 kW
RPM 1725

Amps. 19

Phase 3
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Volts
Hertz

Rotor Volts

Rotor Amps.

Ambient "C
°C Rise
Company

Country

1207208
60
105

Canron Limited

Canada
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Appendix F

Component List

‘This appendix provides the component st for the Permanent Magnet Generator (PMG)
and Wound Rotor Induction Generator (WRIG)-based small wind turbine system

Component List for the ased Sma d Turbine System
3-phase Bridge Rectifier PVI-7200
Ammeter M-52-0055-6
BCI unit PVI-3600-OUTD-US-F-W
Circuit Breaker CATEB3015
Diversion Load 5P00041-2767
Power harmonics Analyzer FLUKE-41B
Voltmeter M-3800

omponent List for the ased Small Wind Turbine System

3-phase Bridge Rectifier 26MT40
AC/DC Current Probe 80i-110s
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| ot

‘ Ammeter M-52-0055-6
Circuit Breaker CAT EB3015
External Variable Resistance  EC-609-65
Power harmonics Analyzer FLUKE-41B

Voltmeter M-3800
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