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Abstract
In this thesis, the impact of wind energy on isolated wind-diesel hybrid grid ystem and
on remote grid connected wind farm were tudied. In the case of the wind-die el ystem a
detailed mathematical model of Cartwright grid system is pre en ted. The impact of a grid
connected wind fam1 near St. Anthony, Newfoundland was also tudied. Initially a prefeasibility study was conducted to size the wind farm depend ing on wind data and local
load data. In both ca es voltage fluctuation and frequency vari ation in the grid power
system due to the addition of wind energy were studied. Optimization software tool
HOMER wa

used for pre-feasibility study for wind farm in St. Anthony. Detail d

dynamic model of all ystem component and system parameters are provided in the
thesis. MATLAB-SIMULINK was used for both cases for the dynamic modeling and
system analysi . Finall y, results are pre ented in both cases and future studies are
propo ed.
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Chapter 1
Introduction
1.1 Background
For human development to carry on, it is necessary to find the sources of renewable or
virtually unlimited energy. It is difficult to imagine this, but even if we find several
hundred or even thousand years of coal and natural gas supplies, what the human being
will do after thousand of years. Even the most apparently "persistent" sources like fusion
involve the generation of large amounts of waste heat enough to place damagi ng stress on
even a robust ecosystem like Earth's, at least fo r the organisms that depend upon tability
of the system. Wind is one of the cleanest and inexhaustible energy among all renewable
energy sources [1 ]. The first windmills on record were built by the Persians in
approximately 900AD. T he history of wind power shows a general evolution from the
use of simple, light devices driven by aerodynamic drag forces; to heavy, materialintensive drag devices; to the increased use of light, material-efficient aerodynamic lift

devices in the modem era. Wind fam1s were developed first in the United States in the
late 1970s and then in Europe in the late 1980s in Denmark.

During the last two decades it is observed that the increase in electTicity demand and
environmental concerns resulted in a fast growth of power production from renewable
energy sources. Among all renewable sources wind energy is one of the most cost
effective fonns to generate electrical power. Statistical data shows that worldwide
capacity reached 121 ,188 MW, out of which 27,261 MW were added in 2008 [1]. Wind
energy continued its growth in 2008 at a rate of 29 %. All wind turbines installed by the
end of 2008 worldwide are generating 260TWh per annum, equaling more than 1.5 % of
the global electricity consumption [1]. In Canada, government initiatives to advance the
expansion of wind energy were implemented moderately later than in many other
countries around the world. However, since 2001 , Canadian wind energy has grown from
faintness to one of the world ' s largest and fastest growing markets, driven largely by
national production incentives and provincial renewable energy targets. These targets
have obligated the largely provincial owned utilities and related entities in Canada to
procure large blocks of renewable energy, especially wind energy, through power calls
that have ranged in scale from 100 kW to 1,500 MW. GWEC (Global Wind Energy
Council) reports that Canadian provincial governments are cunently seeking to put in
place a minimum aggregate of I 0,000 MW installed wind power capacity by 2015 which
is shown in figure 1.1 [2].
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Figure 1.1: Expected annual MW additions in different provinces of Canada

Presently, wind farms in Canada have a capacity of2,775 MW. That is considered
enough to power over 840,000 homes or equivalent to about 1 % of Canada ' s total
electricity demand. Canada' s wind resource is well distributed in rural areas throughout
the country with 87 wi nd fanns in operation, and more now under construction [2]. There
is only one 27MW wind fam1 in Newfoundland and another 27MW wind farm is under
construction.

1.2 Wind farm infrastructure
Wind turbines can be divided into two main categories: fixed peed and variable
speed. A fixed-speed wind turbine generally uses a Squirrel Cage Induction Generator
(SCIG) to conve1i the mechanical energy from the wind turbine into electrical energy.
The fixed speed SCIG consumes reactive power and cannot contribute to voltage control.
Variable-speed wind turbine can offer increased efficiency in capturing the energy from
wind over a wider range of wind speeds, along with better power quality and the ability
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to regulate the power factor, by either consuming or producing reactive power. Wind
turbines operate as part of larger power producing and consuming systems such as large
electrical networks, isolated diesel-powered systems or as a stand alone power for a
specific load. In addition to the individ ual wind turbines and their switch gear, wind fam1s
have their own electric distribution system, roads, data collection and support personal.

1.2.1 Electric distribution system and roads
The electrical distribution system in wind fann s typicall y operates at higher
voltages than the turbine generator voltage in order to decrease re i tive losse on the
way to the substation at the grid connection. The voltage levels of the wind fann
distribution system depend on the distances between turbines and transformer and the
cable costs. Modern wind turbines come with an installed transfom1er in the tower base
but groups of lower voltage wind turbines in close proximity could share one transfonner
for cost reduction. Access roads between wi nd turbines and connecting and maintenance
roads to highway may represent a significant co t especially in environmentally sensitive
areas w ith rough terrain.

1.2.2 Data collecting system
Modem wind farms include systems for controlling individual wind turbi nes and
displaying and reporting information on the wind farm. Infonnation about the whole
wind farm sets of turbines or individual turbine can be displayed by supervisory control
and data acquisition system (SCADA). The infonnation typically includes turbine
operating states, power level, total energy production, wind speed and direction,
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maintenance etc. SCADA system connected to modem turbines may also display oil
temperatures, rotor speed, pitch angle etc.

1.3 Wind farm technical issue
The installation of wind fanns requires a significant amount of planning,
coordination and design work. Mistakes can be very costly. Before wind farms can be
installed and connected to an electrical system, the exact locations for the future turbines
need to be determined. Once locations for the turbines are chosen, the installation and
integration of wind farms into large grids requires obtaining permits, preparing site ,
erecting turbines and getting them operational. Once installed, significant interactions can
occur between individual wind turbines and between wind turbines and the e lectrical
system to which they are connected. Inadequate consideration of characteristic of the grid
at the point of connection can result in unwanted disturbances in the local power system
and also can affect other users of the grid.
Interconnection issues include problems with steady state voltage variation,
frequency variation, flicker and islanding. Depending on the country, voltages at
distribution points are allowed to fluctuate within + 10% of the nominal value [3]. The
purpose of this thesi is to study the impact of voltage and freq uency variation with the
addi tion of wind turbine to the isolated diesel driven electrical system of Cartwright and
adding a wind farm to the electrical grid system in the area of St. Anthony in the province
of Newfoundland and Labrador. Both sites are located in high average wind region in
Canada. Load data in both cases were collected from Newfoundland Hydro and wind data
from the website of weather office.
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1.4 Outline of thesis
After providing the general idea about wind turbine and wind farm impact on
electrical system in this chapter, the main topics of the thesis are outlined. The review of
the Iiterature are discussed in the second chapter. In this chapter the scope of the research
for previous studies with regards to impact of wind diesel and grid connected wind fanns
are discussed.
In chapter 3 the mathematical models of different components in the wind diesel
hybrid power system are developed. A case study is done in chapter 4 to observe the
impact of wind turbine in diesel driven electrical system in Cartwright, Labrador. In
chapter 5 a grid connected wind farm in St. Anthony, Newfoundland is studied to
determine the voltage and frequency variation. The conclusions and recommendations are
listed in the last chapter.
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Chapter 2
Literature Review
2.1 Introduction
Wind power production is increa ing rapidly and more wind turbines are being
connected to power y tem . The revolution occurred in wind power indu try during the
Ia t century. The intere t in wind power industry is increasing due to the increasing fuel
prices, and to reduce pollution. The global wind power industry is expanding rapidly [4,
5]. EU countries plan to expand large cale off: hore wind fanns, I 0000 MW by 20 I 0,
including a predictable offshore wind power capacity of 4000 MW in the UK. The target
for installed wind energy is 5500 MW in Denmark by 2030, out of which 4000 MW will
be offshore. In Canada the government has et up the target to increa e the wind power
industry to I OOOOMW by 2015. With the development of wind turbine technology, large
scale wind farms of hundreds MW level are being developed in many countries. Wind
turbines interact with the electrical power sy tem in many ways and for the installation of
wind turbines in large cale, special studie are necessary to determine the impact over
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the system power quality and stability. A number of researchers have studied grid
integration issues of wind turbine and wind farm during the last decades. In Canada still
wind energy is mostly unexplored and there is a huge potential. The following sections
discuss the issues of grid integration of wind farm and the impact of wind turbine on a
diesel powered electrical system.

2.2 Grid integration of wind farm
If wind fanns are installed solely to maximize energy output, they would have
major limitations in tem1s of power control, voltage variation, frequency variation, power
factor, transient fault behaviors. These are the main issues that should be considered
before the connection of wind fam1. Some details of past research are given through out
the following section.
Tande JOG . [6] hied to give an overview of grid integration of wind farms with
respect to impact on voltage quality and power system stability. A procedure is
recommended for assessing the impact of voltage quality in grid. To observe the slow
voltage variations, load flow analysis is conducted over ten minutes time period. The
result of this analysis shows variations within + I 0% specified by the power quality
standard EN 50160. To improve the voltage quality constraint, power factor modification
is recommended. He found that a modest reduction in power factor from unity to 0.98
(inductive) will reduce the maximum voltage by 1.5% and hence will reduce the voltage
variation on customer side. But again he found with this solution, a reduced power factor
will increase network losses. The output power from wind farms may vary significantly
within a few seconds and depending on the applied wind turbine technology. He found
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that sufficient and fast control of reactive compensation is required to relax voltage
stability limitation related to wind fann , which can be provided through the use of wind
turbine active control or by using external compensators such as tatic var compensators

(SVCs).
Tande JOG . and J0rgersen P. [7] suggested a set of parameter should be pecified
for wind turbines as part of their technical documentation, and the recommended
assessment methods described can be applied prior to installing new wind turbines. They
predicted the wind turbine' s voltage quality to investigate the electrical characteristics of
wind turbine. They introduce a set of reference parameters to enable the consi tent of the
electrical characteristics of different wind turbines. The maximum continuous power
from wind turbine is essential for determining the impact on the teady state voltage
level. The relation between the maximum continuous power and the reference power
depends on the wind turbine design. Reactive power of a wind turbine is also a key
element for determining the impact on the steady state voltage level. Operation of wind
turbines has an impact on the voltage quality at the connected network. It i found that
the impact of wind turbines on the voltage magnitude is most critical if wind turbines and
consumers share the same medium voltage feeder. In this paper they found that the wind
power gives le s voltage deviations the higher the short circuit power. It i also found that
the same injection of wind power may give an increment or a decrement in the voltage
magnitude depending on the network impedance phase angle. It was suggested that the
magnitude of the voltage may be assessed by preparing the load flow analysis.
Tande JOG. and Uhlen K. [8] sugge ted an assessment of thermal capacity and
voltage stability limitations and innovative solutions. These limitation were identified
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through examples and allowed them a cost effective means to increase the penetration of
wind power in weak grids. Load flow analysis was conducted to assess the slow voltage
variations. Two load situations were considered to observe the maximum and minimum
voltage levels on the minimum voltage lines. The flicker emission from a single wind
turbine or from a wind farm due to starts and due to continuous operation can also be
assessed. To reduce flicker during at the starting of wind fann can be reduced by
allowing less number of wind turbines starting at the same time [8]. They found that
flicker emissions due to continuous operation are a limitation for further ex ten ion of the
wind farm. To overcome this limitation, different types of variable speed wind turbine
were selected which give a much lower value for flicker co-efficient. A wind turbine with
an induction generator directly connected to the grid without an inverting power
electronic converter is not expected to distort wavefom1. A large wind farm is to be
connected at the remote end of wide regional network that also connects to nearby
distribution gtid with some other local generations. With modest wind power penetration
an acceptable level of security is maintained because the local generation i able to
supply the main pa1is of the local load in case of a critical contingency. In normal
operating condition high wind penetration will lead to voltage stability problems and
thermal over load due to the limited capacity. Thi constraint can be solved by installing
various rating of static var compensators. The regional network can be isolated from the
main interconnection at any time when faults occur. In such a case the isolated network
may have a large but varying surplus of power due to the wind generation. They propose
that application of energy storage and automatic frequency control of the wind turbines
may be neces ary in order to maintain a continuous supply of power in this situation.
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Chen Z. [9] presented the requirements of wind turbine connection with the power
system. Wind turbines can be connected to electrical systems in various voltage levels
including the load voltage, medium voltage, high voltage as well as to the extra high
voltage system. Voltage quality of a wind turbine or wind fanns may be assessed in terms
of steady state voltage under continuous production of power and voltage fluctuations.
The impact of connecting a wind farm on the grid voltage is directly related to the shOJi
circuit power level. It is found that the variations of the generated power will result in the
variations of voltage at the point of common coupling (PCC). If the shori circuit
impedance of the network is small then the voltage variations will be mall, indicating a
strong grid. For large value of short circuit impedance the variation of voltage will be
large indicating that the grid is weak. Operation of wind turbines may affect the voltage
in the connected network. It is recommended that load flow analysis can be conducted to
assess this effect to ensure that the wind turbine installation does not bring the magnitude
of the voltage outside the required limits. Fluctuations in the power system voltage may
cause perceptible light flicker depending on the frequency and magnitude of the
fluctuation. The allowable flicker limits are generally established by individual utilities.
Integration of large scale wind power can have greater impact on the connected power
system. For future large wind fann active power is regulated linearly with frequency
(50Hz electrical system) variations between a certain ranges (47 Hz - 52 Hz). The
reactive power should be regulated within a control band at a maximum level of 10% of
rated power. In this paper the author has discussed many aspects regarding the potential
operation and control methods during the installation of large scale wind power into the
power systems.

II

Chuong T.T. [I OJ addresses the impact of wind power on the voltage at
distribution level in his research paper. He presented a method to observe the relationship
between the active power and voltage at the load bus to identify the voltage stability
limit. A system experiences a state of voltage insecurity when there is a progressive or
uncontrollable drop in voltage magnitude after a disturbance, increase in load demand or
change in operating condition. The main factor, which causes these unacceptable voltage
profiles, is the instability of the distribution system to meet the demand for reactive
power. Under normal operating conditions, the bus voltage magnitude (V) increases as
reactive power injected at the same bus is increased. Although the voltage instability is a
localized problem, its impact on the system can be wide spread as it depends on the
relationship between transmitted real power, injected reactive power and receiving end
voltage. To overcome the constraints of the bus bar, he proposed that generator and
excitation system protection settings and timings will require applying carefully to ensure
that wind fam1s operate within accepted network voltages and machine ratings.
Chen Z. [ 11] studied the voltage fluctuation and harmonic distortion in a network
to which variable speed wind turbines are connected. In his paper he proposed a wind
farm comprising a number of wind turbines housing direct drive, variable speed
permanent magnet generators and variable speed capability is achieved through the use of
an advanced power electronic converter. In his paper he describes that voltage fluctuation
and harmonic di tortion can be minimized through advanced power electronic converters.
ln his case study he used a radial distribution system and he kept the slack bus voltage to
I .053 pu and also he considered a constant loading during the analysis with a wind fann
total loading capacity of 32%. He performed different power flow analyses with no wind
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power connected, with wind power converter operating at
with wind power converter operating at

Pmax

Pmin

and unity power factor and

and unity power factor. He found that unity

power factor operation of the wind farm can increase the network voltage level and also
he found that the injection of varying power can result in bu

voltage fluctuation,

although the voltage variation is less than 2% in this case. If the wind power varies over a
wider range and the load variation is taken into account, then voltage fluctuations may
become unacceptable for loads connected on some buses even though the wind power
generation is maintained at unity power factor. He also proposed that the bus voltage
fluctuation can be reduced if the wind farm inverters are used to generate reactive power
during system low voltage periods and to ab orb reactive power during system high
voltage periods.
Muyeen S.M. and Shishido S. [ 12] have shown the necessity of energy capacitor
system (ECS) for combining power electronic devices and electric double layer capacitor.
Here they showed that ECS can significantly reduce voltage and power fluctuation of
grid connected wind farm. To verify the effectiveness of their proposed system they
perfonned two case studies using real wind speed data and 275kW wind turbines. In their
first cases they found that the generator output and line power are same. In ease-l they
found that with a maximum wind speed variation 6m/s the voltage variation is about 11%
without using energy capacitor system. With the addition of energy capacitor system they
proposed that the voltage variation can be reduced to almost 2%. It is proposed that ECS
can be used for smoothing the fluctuations of output power and terminal voltage of wind
fann under randomly fluctuating wind speed condition. They calculated the line power
reference using EMA of wind fam1 output, instead of using constant line power
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reference. Finally it is proposed in the research work that a capacitor sy tem can be us d
in power system to reduce the fluctuations that can be caused by wind farm.
Biala iewicz J.T. and Muljiadi E [13) explore the effects of wind fam1 power
fluctuations on th

power network. They follow a conservative approach to explore a

wind fann that con i ts mainly of tall-controlled wind turbines with fixed frequency
induction generators and a specified grid with a known short circuit capacity. It is found
that the voltage variation at the PCC is a result of real and reactive power output
variations of the wind farm. The variation of reactive power is more dominant in causing
the voltage fluctuation at the PCC. Their imulation show that the maximum de iation
of the PCC voltage above average value occurs when the reactive power ab orbed by the
wind fann decreases to low values due to low generation. Thus, this maximum voltage
deviation can be correlated to the deviation of reactive and real power below average
value. The minimum of the voltage value at PCC occurs when the r active power
absorbed by the wind farm increa es to high value . Thus thi minimum oltage can be
correlated to the deviation of the reactive power above average value. This paper
investigates the effect of wind turbine aggregation on a large wind farm. This paper also
shows that the more groups used to represent a wind farm , the maller the fluctuation
which means that a wind fam1 with more small turbines creates fewer power/voltage
fluctuations on the power grid than a few large turbines.
Feltes and Erlich [14] introduced a new approach for the coordinated control of
voltage source converter based HYDC and wind turbines equipped with doubly fed
induction generators. A PI controller is u ed to regulate the frequency in the wind fam1
grid to limit the value in desired range. When this control i u ed to limit the maximum
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slip considering maximum speed, a slip limitation can be perfom1ed at the super
synchronous operation. But smce rotor power m sub synchronous operation mode is
small , this approach hows the best behaviour concerning limitation of rotor power. An
increase of wind peed above its nominal value accelerates the rotor of the wind turbine.
The pitch control is slow and it takes time to reduce the mechanical torque again, o that
the generator can break and finally recover its nominal speed. During this process the
variable control can be u ed to limit the generator slip and also the rotor power. With a
wind speed ramp from 12 to 20m/s for fixed frequency operation they found that the
frequency variation is about 15%. When the frequency control is operated at constant
voltage, the grid and rotor side converter active currents are proportional to rotor and
stator active power. With the change of wind speed they found that the full range of
voltage fluctuation is + I 0%

2.3 Wind Diesel System
Wind - diesel technology is at an exciting stage of development. Re earch on
sophisticated wind-diesel systems is still undergoing. Jn order to determine the feasibility
of wind-diesel sy tern, they must be evaluated. Research is being done to predict fuel
savings, power quality, voltage fluctuation, frequency variations etc. Thi

ection will

discuss the current research works.
Hunter R. and Elliot G. [15] discuss that slow voltage variation can be defined as
changes in the RMS value of the voltage occurring in a time span of minutes or more.
The voltage variation at the customer' s terminal under any condition must not differ from
the nominal voltage by more than + I 0%. Normally, the frequency of large power
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systems is very stable (< 1% variation). Electrical components and appliances should
normally be designed to withstand a frequency variation of at least +3%. So they suggest
wide frequency range operation for small diesel grids and wind-diesel systems.
Tsit ovits and Freris [ 16] developed a computer simulation program to investigate
the feasibility of 100% wind penetration in wind diesel power system in i olated network.
They simulated the system and developed a computer policy to minimize the voltage and
frequency variation due to wind turbulence and load fluctuation. They considered three
distinct mode of operation for system steady state operation. One of which is the load
upplied by diesel power only, the next one i the load is supplied by wind turbine only
and the last one i

the load is supplied by wind-diesel hybrid source. During the

simulation it was expected that the voltage variation should be within
frequency variation should be within

+ I 0%, the

+ 4% etc. In parallel mode operation the voltage

fluctuation was found to be less than 3%. In case of stand alone wind generator mode the
frequency variation in uncontrolled system was found almost + ! .5Hz. The range of
frequency variation in controlled system is within 50-50.3 Hz. The imulation re ults in
their research are the eigen value analyses of the proposed system indicating that stable
operation and acceptable energy quality are achievable with 100% wind penetration
except turbulent windy condition.
Jindal A.K., Gole A.M . and Muthumuni D. [ 17] designed controllers to en ure
operation of the wind and diesel units in a cooperative manner to reduce the fossil-fuel
consumption of the diesel generator. Wind turbines produce a level of power dependent
on the wind passing the rotor at any given instant. As wind is variable in nature, the wind
turbine' s power output can have fluctuation . The proportion of wind power determines
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the level of control required for an electrical system. To evaluate the performance of th
wind-diesel hybrid power system, they considered an isolated village with load of 1MW .
The load in that village was supplied by diesel generator. The wind turbine is connected
with the load through a short over head tran mission line of length 2.5 km. From their
simulation they found that wind turbine and die el generator work ati factorily to meet
the power demand with their proposed control system .
Hee S. K. and J atskevich J. [ 18] proposed power quality control logic based on
Takagi-Sugeno fuzzy model and linear quadratic regulator. They compared thi control
with the conventional proportional integral controller and shown that it i more effective
against disturbance caused by the wind peed and load variation . Th y con idered a
system consisting of a horizontal axis 50kW induction generator wind turbine is
connected to an ac bu

in parallel with a 55KVA turbocharged diesel- ynchronou

generator. During their simulation they found that with the change of wind peed the
change of bu voltage is about 3.4% and the variation of bus frequency is about 2%.
Their proposed control cheme provides more effective means to achieve better power
quality.
lgle ias l.J ., Garcia L., Agudo A ., Cruz I. and Arribus L. [ 19] present a design of
an isolated wind diesel hybrid power ystem with a flywheel energy torage unit. Their
main objective wa on reducing the fuel con umption by introducing a flywheel which
permits the switching off the diesel supply. First the kinetic storage sy tem has been
simulated by modelling both the motor and the network side convetiers. Second the
complete wind die el generator has been

imulated with all the element

working

together and also the complete control y tem which maintains both the frequency and
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voltage of the isolated network. During their sim ul ation they found that with no load the
wind turbine is generating a power of 30kW and the flywh eel is storing energy. But when
suddenly an external load of 50kW is applied then the input wind power remains constant
at 30kW and the flywheel will have to supply the additional power to meet the total load
demand . It was observed that such a high increment of the load only gives a variation of
the frequency up to 49.85Hz.
Fadaeienedjad R., Moschopoulos G. and Moallem M. [20] studied the impact of
all electrical, mechanical and aerodynam ic aspects of the wind turbine on the power
quality of a wind-diesel system. Flicker and voltage variations are induced by load flow
changes in the grid and wind speed variation. They found that the flicker emission
produced by a Wind Turbine during continuous operation is mainly caused by
fluctuation s in the output power due to wind speed variations, tower shadow effect, and
wind shear effect. The torque and power generated by a wind turbine fluctuate as they are
much more variable than that produced by more conventional generators. These
fluctuation s are due to periodic and stochastic terms. Wind velocity is a stochastic
phenomenon continuously changing in direction and speed while wind shear and tower
shadow are events that can be categorized as periodic tem1s. During their simulation they
found that how wind speed fluctuations vary the generated power and vo ltage, where the
di esel generator and its controllers, i.e. A VR and governor, try to compensate the
variations. From their simulation results they found that the A VR mai ntai ns the voltage
variations between 0. 98pu and 1. 005pu, w hereas the wind turbine bus voltage varies from

0.92pu to 1.04pu

(~V1

= 12%).
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Choi S.S. and Larkin R. [21] studied the behavior of the hybrid diesel-wind
turbine power system by assessing the effect of nom1al variations in the wind mechanical
power on system frequency and voltages. It is found that the wind turbines would
degrade the quality of the electrical supply by causing unacceptably large voltage and
frequency excursions. From their test measurements, they concluded that voltage as well
as frequency transients under normal wi nd turbine operating modes were comparab le
with those produced by typical load changes on the diesel system alone. From the
simulation, the voltage variation at 6.6kV bus was found 5.2%, while a 0.8 Hz frequency
change is predicted. These variations are considered excessive under normal planning
criteria. In practice, reactive support is likely to be distributed within the wind farm and
the Joss of some of the induction generators will most probably involve the h·ipping of
some of the capacitive supp011. The overvoltage problem can therefore be alleviated. The
maximum frequency excursion is predicted to be approximately 1.2 Hz.

2.4

Scope of the Thesis
From the above literatures it is found that most of the researchers studied their

wind diesel system in labs. Most likely they discussed the control of a wi nd-diesel
system, flicker emission, wind diesel storage system, power quality from a wind farm etc.
None in the above listed literature search have done simulatio n of a community size
wind-diesel system and studied voltage and frequency fluctuations. None studied the
impact of wind power addition on local load in a community connected to the grid
through a long transmission line. In this research two remote communities in
Newfoundland and Labrador are identified to study the impact of wind power addition to
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their existing power ystem. Cartwright is in Labrador, which is an i olated community
and is now being supplied by a diesel plant. Other remote area i in the North West side
of Newfoundland where the community is now upplied by a central power grid through
a long transmis ion line. In this research work we have tried to identify the potential wind
resource avai lab le in tho e two areas and determined voltage variation and frequency
variation that are expected in the power system after adding wind power to the exi ting
system .
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Chapter 3

Mathematical

Model

of

the

Wind

Energy

Conversion System in Cartwright, Labrador

In th is chapter, the mathematical modeling of different components, such as wind
turbine, synchronous generator, transmission line, transformer and converter in a wind
diesel system are presented. After getting the mathematical equations, these equations are
solved using SIMULINK along with the system components already available in the
Simulink.

3.1 Wind Energy Conversion system
The history of wind energy demonstrates a general evolution from the use of
simple, light devices driven by aerodynamic drag fo rces; to heavy, material-intensive
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drag devices; to the increased use of light, material-efficient aerodynamic lift devices in
the modern era. Nowadays wind energy is gaining increasing importance throughout the
world. The first wind turbine for electricity generation was developed at the beginning of
the twentieth century [22]. During the last decade of the nineteenth century world wide
wind capacity doubled approximately every three years. Wind energy was the fastest
growing energy technology in 1990s. After the wind power boom in California during the
mid-1980s, development slowed down significantly in Nmih America [22]. In past few
years, wind energy has become a significant electrical source in many utility systems in
Canada. Wind energy is now being used to enhance a progressively larger proportion of
Canada' s electrical requirement. However, compared to some other countries that rely on
wind for a much larger piece of their energy such as the Netherlands, Spain, Denmark
and Ge1many, this segment of the Canadian electrical market is still very small. Today,
rapid growth is both encouraged and expected due to various government, utility and
industry initiatives boosted by the demands of Canadians for a clean, safe, and consistent
source of energy.

3.1.1 Types of wind turbine
Wind energy is now used in isolated grid power system or hybrid system and is
able to attain some attention. There are vmious kinds of wind turbines. A particular type
of wind turbine is selected depending on the available resource and requirements. Wind
turbines can be classified as explained below:
I. According to the size and capacity
a) Small wind turbine (<300kW)
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b) Large wind turbine (>300kW)
2. According to rotor speed
a) Fixed speed wind turbine
b) Variable speed wind turbine
3. According to rotor axis orientation
a) Horizontal axis
b) Vertical axis

Based on load demand and types of power system, different sizes of wind turbines
are chosen. Here large wind turbines are chosen to deliver electricity in lower rate. This is
due to the cost of foundations, road building, electrical grid connection, different
electronic control system which are somewhat independent of the size of the machine.
The cost of foundations does not rise in proportion to the size of the machine, and
maintenance cost are largely independent of the size of the machine. In areas where it i
difficult to find sites for more than a single turbine, a large turbine with a tall tower uses
the existing wind resource more efficiently. Small sized wind turbines are chosen most
likely to supply power to the local electrical grid which may be very weak to handle the
small range of electricity. This may be the case in remote parts of the electrical grid with
low population density and little electricity consumption in the area. There is a smaller
amount of fluctuation in the output from a wind park consisting of a number of smaller
machines since wind fluctuations occur randomly and therefore tend to cancel out. The
initial investment for installing a small wind turbine will be much less compared with the
larger one.
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In the early 1990s the standard installed wind turbines operated at fixed speed.
The rotor speed of this kind of wind turbine is detem1ined by the frequency of the supply
grid. These wind turbines are designed to achieve maximum efficiency at one particular
wind speed. The main advantage of this kind of wind turbine is that they are simple,
robust, re liable and lower in cost. Their disadvantages are an uncontrollable reactive
power consumption, mechanical stress and limited power quality control. Due to their
fixed speed operation wind speed fluctuation also affect the weak power quality with
voltage fluctuation, frequency fluctuation etc. So to avoid these problems most of the
power companies are now using variable speed w ind turbine. These types of wind turbine
are used to operate over a wide range of frequency. The electrical system of a variable
speed wind turbine is more complicated than a fixed speed wind turbine. The advantage
of a variable speed wind turbine is an increased energy capture, improved power quality
and reduced mechanical stress.
Horizontal-axis wind turbines (HA WT) have the main rotor shaft and electrical
generator at the top of a tower. Most have a gearbox, which turns the slow rotation of the
blades into a quicker rotation that is more suitable to drive an electrical generator. There
is a variable blade pitch, which gives the turbine blades the optimum angle of attack. So
the turbine collects the maximum amount of wind energy for the time of day and season.
This type of wind turbine has high efficiency. Because of their tall towers and blades the
installation cost can be more. They require additional yaw control system to turn the
blades toward the wind. Vertical-axis wind turbines (VA WT) have the main rotor shaft
ananged vertically. VA WT can utilize winds from varying directions. They may be built
at locations where taller structures are prohibited. They require lower wind
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peed as

compared with HWAT. Designs without yaw mechanisms are possible with fixed pitch
rotor designs. The main disadvantage with this type of turbine is that they produce 50%
less energy as compared with HW AT.

3.1.2 Wind Energy Conversion
Most of the grid-connected commercial wind turbines today are built with a
propeller-type rotor on a horizontal axis to convert the linear motion of the wind into
rotational energy that can be used to drive a generator. Based on speed, fixed-speed wind
turbines are the pioneers of the wind turbine industry. They are simple, reliable and use
low-cost electrical parts. They use induction generators and they are connected directly to
the grid, giving them an almost constant rotor speed stuck to the grid frequency,
regardless of the wind speed. In this research work a fixed speed horizontal axis wind
turbine wa chosen.
Figure 3.1 illu n·ates the links between the most important components and
associated energy conversion stages [23]. Here a fixed speed wind turbine equipped with
an induction generator is connected to the grid through transformer and protective
devices. The MATLAB/SIMULINK modeling of the wind energy conversion system is
discussed through out the following sections.
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Figure 3.1: Functional chain and conversion stages of wind turbine

The kinetic energy of an air mass m moving at a velocity v can be expressed as

E = -I mv-'
2

(Nm)

Here the ma s flow with the air density p is:

1i1

= pvA

(kg I s)

So the energy is physically identical to the power P:
I

1

P =- p v · A
2

(W)

With the help of Betz elementary Momentum theory the typical output characteristic of a
wind turbine is given by (24]:

P

=

I
3
- C P(A.,a)pv A (W)
2
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3.1.1

Here p (kg/m 3) is the air density, A (m 2 ) is the rotor swept area and Cp is known as the
performance co-efficient which can be expressed as a function of tip speed ratio (A.). Here
the tip speed (A.) is obtained from the quotient of the peripheral velocity V11 (rad-m/sec) to
the undisturbed wind velocity V1 (m/s)

3. 1.2
For a fixed blade pitch turbine Cp can be approximately expressed as [24]:

1

(

- 16.5

116

Cp = 2 x - 0.4 x (a -5) exp
A. p

-l

J

"

3. 1.3

Here
A. p

=

---~---0. 0-3_
5_

(A. + 0 . 089 )

a

3

3.1.4

+I

Where a is the blade pitch angle. For this modeling a mid sized wind turbine was chosen
which rated power is 250kw (max. 260kW) at rated rotor speed 32 rpm and at wind speed
13m/s. Here blade pitch angle is assumed to be constant. With the help of above
numbered equations the wind turbine is modeled in SIMULINK

3.1.3 Gearbox
The dri ve power of a wind turbine engenders torques in its mechanical drive train
or generator that is subject to fluctuation as a result of both periodic and aperiodic
process, such as [23)
a) change in wind speed
b) tower-shadow or tower-occasioned upwind overpressure,
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c) blade asymmetry,
d) blade bending and skewing and
e) tower osci llation
In addition, load moments in generator due to
a) static
b) dynamic and
c) electromechan ical

These behaviors also act on the wind turbine via drive train. The interaction of all torque
effects works together with the flywheel-effect-dependent acceleration components to
determine conditions in the mechanical drive train. Here the equivalent model of a wind
turbine drive train i presented in Figure 3.2. It includes turbine low speed shaft, gear box
and generator high peed shaft. Here aerodynamic torque (Tr) i counteracted by the
electromechanical torque generated by generator (Tg) through the gear box.

Wind turbine
Generator
Figure 3.2: Two mass Model of the w ind turbine drive train
Here the corre pending torque equations of different stages for the whole model i giVen
by-
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T

____~::_=gr

7;,
Where Jr, Jg, D1~ Dg, K r, Kg are moment of inertia, damping co-efficient, stiffness
of wind turbine and generator respectively. TL i torque into the gear box and Tu is the
torque out of the gear box. The model can be reduced to a single ma s model [25] by
considering high stiffness of wind turbine rotor and generator and also neglecting the
moment of inertia, damping co-efficient and stiffness for the gearbox as these are very
small compared with the wind turbine rotor and generator. So the torque equation for thi
implified model can be given by-

3.1.5

3.1.6

Here gr is the gear ratio of the gear box. The above equation represents the torque
equation for induction machine operating as motor operation. For generator operation the
only change is instead of negative sign there will be a positive ign in torque equation

[26] .
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3.1.4 Induction Machine Model
The induction generators commonly used on fixed - speed wind turbines are very
similar to conventional industrial induction motors. Figure 3.3 shows a cut away view for
a three phase squin·el cage induction machine. The only differences between an induction
machine operating as a generator and as a motor are the direction of power flow in the
connecting wires, whether torque is applied to or taken from the shaft and the rotor speed
is slightly above or below the synchronous speed.

Figure 3.3 : Cutaway view of three phase squin·el cage induction machine [27]
The induction machined- q or dynamic equivalent circuit is shown in Figure 3.4.
There are numerous ways of fom1Ulating the equations of an induction machine for the
purposes of computer simulation. Altho ugh the behavior of a symmetrical induction
machine may be described in any frame of reference, there are three commonly used : the
stationary reference frame, the rotor reference frame and the synchronously rotating
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frame. One of the most popular induction motor models derived from this equivalent
circuit is Krause 's model. According to Krause ' s model the voltage equations [27] in the
arbitrary reference frame may be written as:

Jqdr -l\lqdr
_ d ·I +(OJ_W,.)x'dqr +P~qdr
Where

(A-dqs

Y=[A-ds

(xdqry

= [~,,.

So the voltage equations in expanded form can be written as:

V

qs = Rsiqs + OJAds + pAqs

V ds

=

v~,.

=

RJds - OJAqs +pAds

R: i~,.

+(OJ- OJ,. )A-~,. + pA~,.
v~,. = R: i~,. - (OJ- OJ,. )A-~r + pA.~,.
Also the flux linkage equations in expanded form can be written as-

Ads

=

A~tr

=

i~,. )
L,sids + Lm (ids + i~,. )
Lj,.i~,. + Lm (iqs + i~r )

=

L llrl· drI + L m(·l ds + l· dr
I )

Aqs = L 1siqs + L 111 (iqs +

AI

dr
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q aX IS

vds

vdr

l

l.
d axis

Figure 3.4: d-q axis equivalent circuit of a 3-phase induction machine.

As machine and power system parameters are always g1ven

tn

ohm s or

percentage, it is convenient to express the above voltages in terms of reactance:

3. 1.7
3.1.8

3.1.9

3.1. 10
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Also the flux linkage equation can be written in terms of reactance a follows .

(jJqs
(jJds

I
(jJqr

I
(jJdr

= x ,s i qs

+XIII (iqs + i~,. )

= x ,s i ds +XIII (ids + i~,. )
I ·I + X l qs + l·Iqr )
= X lrlqr
111

= X lr' l·drI + X

111

c
c+
l ds

·I

l dr

)

3.1.11
3.1.12
3.1.13
3.1.14

The above equation are convenient for simulating the symmetrical induction machine in
the arbitrary reference frame. The above equation can al o be u ed to detennine the
currents in induction machine windings in the following way:

iqs

=;

(lPc,s - lP,,q)

3. 1. 15

Is

ids =; (lpds -lP,,J

3. 1.16

Is

i,, = ;, (<P,, - IJJ,,.,)

3.1.17

lr

3.1.18

In the above equation d-axis and q-axis mutual flux quantity can be expressed a

(jJ mq

X

111

(jJ md

X

111

Vqs
Vds
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+ l.qrI )
+

.I )
l dr

Now if the current quantities in the above equations from 3.1. 11 to 3.1. 14 can be replaced
then the resulting voltage equations from 3. 1.7 to 3. 1.1 0 can be solved for the fl ux
linkages per second which are given below:

3.1.19

3. 1.20

3.1.21

3.1.22

As squirrel cage induction machine is used,

v'dr

and

Vqr

in above eq uations are set to

zero. So the magneti zing flux equation can be written in following ways:

3.1.23

m
't'md

=X

( qJds
I

X

Is

+

xqJ~,lr'. J

3.1.24

Where
-1

X=1 ~~
~II ~S X:,.
I

(
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J

3.1.25

The electromagnetic torque equation can be given by

3.1.26

With th help of equations 3.1.7 to 3.1.26 the wind energy conver ion system can
be modeled in S lM ULINK. The sub-systems are given in Appendix A.

3.2

Transformer
The power transfonner ts a maJor power system component that pem1its

economical power transmis ion with high efficiency and low series voltage drops. The
main uses of electrical transfonners are for changing the magnitude of an ac voltage,
providing electrical isolation and matching the impedance of the load to the source. For
an ideal transfom1er it is assumed the windings have zero re istance, the core
permeability is infinite, there is no leakage flux and there are no core losse [28]. A
schematic repre entation of a two winding transformer is shown in figure 3.5

Secondary winding
turns N:~
. Seeon4afy
12 ctllTerl

' -

Figure 3.5: Diagram of a single phase two winding transfom1er. [28)
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With the core reluctance neglected, the resultant mmf needed to magnetize the
core is zero. That i

The induced voltage in the winding is:

el

= N dcpm & e = N? dcpm
2
I
dt
dt
-

et
e2

Nt
N2

If there is no power loss in the tran former, then the net power flow into the ideal
transformer from both of its windings will be zero.

In the above equation the positive polarity of the voltages is on one ide of the winding
and the direction of the currents is into the winding. For simulating and analyzing, circuit
variables on one ide can be transferred to other side to obtain the simpler equivalent
circuit. Transfening one side variables to other ide can be done by
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From figure 3.6 it can be seen that there are two components of flux of each winding:
mutual component which link both windings and leakage flux component which link
only the circuit itself. So the total flux linked by each winding can be given by:

+ CfJm

3.2.1

q; 2 = q;,2 + q;/11

3.2.2

CfJ1 = CfJ1 1

Here <p1I and <p12 are the leakage flux component of winding I and 2 re pectively. For an
ideal transformer, the mutual flux is established by the resultant mmf of the two windings
acting around the same core. The flux linkage of the winding I can be given by

Here

cp,

I

(/) 111

= Nt it f.lt I
=

(NJI + N2i2)JLm

Here f.1 1, is the leakage path permeance of winding I and f.1 111 i

3.2.3
3.2.4
the mutual path

permeance. The above flux linkage equation can be expressed in terms of the winding
currents by replacing leakage and mutual fluxes by their respective mmf and permeance.
So for winding I flux linkage equation can be written as follows:
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r------------------~

--~-- -

Similarly for winding 2

The resulting flux linkage equations for the two magnetically coupled windings can be
expressed in terms of winding inductances as follows:
3.2.5
3.2.6

Here the self inductances of winding I and 2 can be expressed m tenns of their
magnetizing and self inductances which are given below:

(A-,}2= 0
L"

z,

L ,l

L,l

~

~

N '2 f.lt I + N2I fl m
Lh

L 22

(112 \ =0
12

~

L m...,
~

=N~f.1,2 + N~f.l~~~

The equivalent circuit representation of a two winding transformer is shown in figure 3.6.
The above figure shows the transformer has winding resistances, infinite core
permeability, magnetic flux is not entirely confined to the core and there are real and
reactive power losses in the core.
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Figure 3.6: Equivalent circuit of a two winding transfom1er

The induced voltage in each winding is equal to the rate of change of the winding' s flux
linkage. So the induced voltage in winding I is:

= L11

dil L -d (·z +z·I)
-+
1
2
dt

m, df

Similarly the induced voltage in winding 2 is

e

2

=

L
/2

di 2
+ L
dt

Ill 2

N-I t. +
-d ( dt
N 2 I

t•

J

3.2.7

2

To make a simplified calculation it is required to transfer the voltage e2 to winding
which is given below
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2

e1
2

di+ L
= Ll dt

( -N

2

lz

m2

1]

N2

-d (.t +N-2 t.
dt

Nl

I

1
di+
2
e 1 = L1 L - d (·1 + l. )
2
lz
dt
ml dt
I
2

2

J
3.2.8

The flux linkage and winding currents can be used to represent winding voltages as
follows :

3.2.9

Similarly for winding 2:
- ·I R I
V2I -l2
2

1

d

I

(jJ2

+--(J)b

dt

3.2. 10

Here

Where

So the current equations are

and
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.f

l

2

3.2. 11

3.2.12

I

I

Xm

X m1

-= -

I

I

X /1

X '1

+- + -

3.2. 13

2

From equation 3.2.9 it was found that:

3.2.14

Similarly for winding -2, flux linkage equation can be written as:

rn
'~' 2

= wb

f[v'-R'[cp~X-'cp/11 J}t
2

2

3.2. 15

/2

With the help of equation from 3.2.1 to 3.2.15 the transformer can be modeled tn
SIMULINK. The sub-systems are given in Appendix A.
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3.3 Transmission Line
Electric power transmission is the bul k transfer of electrical power, a process in
the delivery of electricity to consumers. A power transmission network typically connects
power plants to multiple ubstations near a populated area. Usually transmission lines use
three phase alternating current (AC). Single phase AC current is someti me used in a
railway electrification system. High-voltage direct current systems are used for long
distance transmission, or some undersea cables, or for connecting two different ac
networks. Electricity is transmitted at high voltages ( II 0 kV or above) to reduce the
energy lost in transmission. Power is usuall y transmi tted as alternating current through
overhead power lines [29].
Overhead conductors are not covered by insulation. Im proved conductor material
and shapes are regularl y used to allow increased capacity and modernize tran mission
circuits. Today, transmission-level voltages are usually considered to be II 0 kV and
above [30]. Lower voltages such as 66 kV and 33 kV are usually considered

ub-

transmission voltages but are occasionall y used o n long lines with light loads. Voltages
less than 33 kV are usuall y used for distribution. Voltages above 230 kV are considered
extra high voltage and require different designs compared to equi pment used at lower
voltages.
A single phase of a balanced three phase transmission line can be represented by
fi gure 3.7. The impedances and admittances of the transmission line are con idered to be
unifonnly distributed [28]. Here in figure 3. 7 a very sma ll length ~x of tran mission i
considered.
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l(x+Ax)

l(x)

j_
V(x)

V(x+\x)

Figure 3.7: Schematic diagram of a single phase tran mi sion line
In the above figure Z/1x is the series impedance of the elemental length of the line
and y/1x is the hunt admittance. The voltage at the sending end is V(x) and receiving end
is V(x+/1x). Applying KVL around the elemental loop the voltage equation can be found
as follows [29] :

v(x) = I(x)z& + v(x + & )

v(x )- v(x + L1x) = I(x )z
Llx
If /1x

---+

0
3.3.1

Applying KCL current equation can be found as follows [29]

I(x) = V(x + fu: )Y& + I(x + Lil)
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I (x) -I (X + fu) = V (X+ fu )Y
fu
Letting ~x

~

0

3.3 .2

The equation 3.3.1 and 3.3.2 are the function of x and time t. Applying Laplace
transforms and ignoring the initial condition differential equation of voltage and current
be found as [29]:

V(s)

= dV = -(R + sL )I= -ZI
dx

J(s) = dl =
dx

-(G + sC)V =

-YV

Again differentiating, it is found that:

d 21

dV
=-(G+sC)- =(G+sCXR+sL)I
dx
dx
2
d 1
= (G+sCXR+sL)I
dx 2
-

2

Similarly voltage equation can be found that:

Taking the solution of above equation it is found that

I(x ' s) =AI erx +A2 e -rx
v(x,s) =- ZCA,efX + ZcA2e-rx
'-v--'

vb
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Vr

In the above equation , y

IS

known as propagation constant and Zc 1s known as

characteristic impedance of the line.

3.3.3

z = (GR ++sL)
sC)
c

3.3.4

Here

V1 =11 Zc and ~J =- IbZc

so

v(x,s) = vf + ~J
If the line is terminated by some impedance Z11 (.'>) at the receiving end then :

=

1- p ;
l + P;
2

Where p;= current reflection co-efficient. =

c

- Zd

Z c +Zd

And p,.= Voltage reflection co-efficient =

vb zd- zc
=z z = - p;

-V

I
d +
c
The integration constants A 1 and A 2 are the functions of the boundary condition . Setting

x=d
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Again it is known that,
At X = 0

i(x,s) =A,e r-r + A2 e-r-r

=

A
2

lfd -

I(O,s)

1 +pie - 2yd

a, A 1= 0 and A 2 = i (o, s). So the current equation can be written as:

I(x,s)

=

!(O,s)e-rr

Using Taylor's expansion ofy it is found that

y =R

{C + s.JLC = a + s~

2~T

Taking the inverse Laplace of the current equation it is found that

RJf

I(x, t) =e-2 -zxl(O,t- JLCx )u(t- JLCx)
So

v(x,t) = ZCI(x,t)
The time taken by a wave to cover a distance' d' can be given by

r =d

JLC
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3.3.5

When the switch is closed, applying a voltage to a line a voltage wave
accompanied by a wave cunent starts to travel along the line. Here fi gure 3.8 shows that
a load is connected to a source through a distributed transmission line.

Distributed Transmission Line

,'

',

Sou~ce

Load

Figure 3.8: A single phase line connecting a source to an RL load

To calculate the sending end current, KVL is applied in the source side which is given
below

Vs + I sRs + L s dl s
dt
1
1 5= - J(e- Vs - RJJdt
Ls
e=

3.3 .6

Similarly to get the receiving end cunent KVL is applied in the load end side.

3.3.7
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With a distributed transmission line representation, the voltage and current on the line at
any time consists of its forward and backward components. So the sending end voltage
can be represented as follows [29]:

vs= vfs+ vbs
Vs = Zc Is + 2Vbs

3.3.8

Similarly on the receiving end side, the voltage can be represented as [29]:

vR == vfR + vbR
== 2Vm- IfRZc

3.3.9

With the help of eq uations from 3.3.3 to 3.3.9 the transmission line can be modeled in
S IMULINK. The sub-systems are given in Appendix A.

3.4 Synchronous machine
A "synchronous" generator runs at a constant speed and draws its excitation from
a power source external or independent of the load or transmission network it is
supplying. A synchronous generator has an exciter that enab les the synchronous
generator to produce its own reactive power and to also regul ate its vo ltage.
Synchronous generators can operate in parallel with the utility or in "stand-alone" or
"island" mode. Synchronous generators require a speed reduction gear [31].
Synchronous generators can be readi ly operated in parallel, and, m fact, the
electricity suppl y systems of industlialized countries typicall y have scores or even
hundreds of them operating m parallel, interconnected by thousands of miles of
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transmission lines, and supplying electric energy to loads scattered over areas of many
thousands of square miles. These huge systems have grown in spite of the necessity for
designing the system so that synchronism is maintained following disturbances and the
problems, both technical and administrative, which must be solved to coordinate the
operation of such a complex system of machines and personnel. When a synchronous
generator is connected to a large interconnected system containing many other
synchronous generators, the voltage and frequency at its

am1atu~·e

terminals are

substantially fixed by the system [31 ].
This section will discuss about the mathematical model of an ideal synchronous
machine. The fields produced by the winding currents are assumed to be sinusoidally
distributed around the air gap. The rotor reference frame (Park ' s equation) is used to
establish the machine equation to represent the machine for mathematical modelling and
imulation. Figure 3.9 shows a d-q repre entation of a 3-phase synchronous machine
[27). The stator windings are identical sinusoidall y distributed windings. The rotor is
equipped with a field winding and three short circuited damper winding .

q axis
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Figure 3.9: d-q representation of a 3-phase synchronous machine
Park transfom1ed the stator variables to the rotor reference frame that eliminates
time varying inductances in the voltage equations. So according to his model stator and
rotor voltage equation can be represented in rotor reference in the following way [27]:

Where

-A:·qs ]
The d-axis is aligned with the magnetic axis of the rotor field winding and the q-axis is
assumed 90° ahead of the d-axis in the direction of rotor speed. Park ' s voltage equation
can be written in expanded form as follows:
3.4.1

3.4.2
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3.4.3

lr

v kq 2 =

R

·l r
kq 2 1kq 2

P

lr

3.4.4

+ -- (/J kq 2
(J)h

3.4.5

3.4.6

The current and flux linkages are related and cannot be independent variables.
For computer simulation, it is desirable to express the voltage equations in term of either
currents or flux linkages. Krause [27] sugge t taking the flux linkage as the independent
variables and then to calculate the cuJTents. The flux linkage equation can be written in
terms of reactance we get
r
(/{s

X

=-

·r
tiqs

+X mq(-

r =-X tids·r + X md (-

(/Jds
_.) r
V'kqJ

=

_.) r
'l1q2

=

·r
.f r
·I r )
zqs +zkqJ +zkq2

3.4.7

r

r)

3.4.8

·r
·I r
·I r )
zqs +zkqi +zkq2

3.4.9

.,.

·I

·I

zds +t.fd +zkd

X

·r
tkq.lkqi

+X mq(-

X

·r
lkq2lkq2

·r
·I r
·I r )
+X mq(-zqs
+zkql +zkq2

3.4. 10

3.4. 11

3.4. 12

The simulation used most widely is derived from the voltage equations expre ed
m the rotor reference frame. Expres ing the d-q axis voltage equations as integral
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equations of the flux linkages of the windings, the above voltage equations along with
other inputs can be used in the integral equations to solve for the flux linkages of the
windings as follows [27].

3.4.13

3.4.14

3.4.15

Ir
cpkq 2

Ir

(/) fd

=

=

f

mb [
mb

+X
R

r
Ir
(cpmq - cpkq2)

kq 2

/kq 2

fX

Rlfll

r

l

1
Ir
vkq 2

dt

1
Ir

e_vc,

R frl

l

+X (cpmd - (/) fd ) dt

md

r

Ir

3.4.16

3.4.17

/fd

3.4. 1R

The salient effect of the generator is taken into account by considering different
values of the mutual reactance in the d-q axis. To handle all the set of inductors in d-q
axis, all the mutual flux linkages are expressed in tenns of the total flux linkages of the
winding as follows :
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r

=

cp

X
aq (

"'"

cp

r

=

lr
(/Jkql

lr
(/Jkq2

X

XI

XI

Is

lkql

r

X

"'"

r
(/Jqs

-+--+--

ad (

J

3.4.19

lkq2

lr

lr

XI

XI

J

(/). ds+ (/Jfd
(/Jikd
+X

Is

3.4.20

lkd

((d

Where

- 1

xaq

=

1

[

I

1

I

-- + - +-~-+ -1xlllq

x is

xlkql

xlkq 2

I

1

x,kd

x!f'd

J

3.4.2 1

-1

X art

I

1

xllld

x is

= [--+ -

+- +-I
I

J

3.4.22

After calculating the values of the flu x linkages of the windings and mutual flux
linkages in d-q axis, cunents in those axes can be calculated by using the following
equations [27]:
. ,.

l qs

.,.
lds

= -

=

x
}

(

r

r

(/J qs -

)

(/J mq

3.4.23

,. )
(/J md

3.4.24

Is

1 (
-X

r
(/Jds -

Is
·lr
lkql

l ( lr
= -7
(/J kq l

r )
(/Jmq

-

3.4.25

!q I

-l r
l kq 2

= - 71

(

/r
(/J kq 2 -

r )
(/J mq

3.4.26

kq 2

·l r
l fd

1 ( lr
= -7
cp f d

-

r )
cp llld

-

r )
(/J md

3.4.27

lfd

·l r
l kd

= - 7 1 ((/J kdl r
/kd
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3.4.28

The electromagnetic torque generated by a synchronous machine with P pole can be
given by [27]:

T

g

f
.
= -3?
- - \(/) ds 1 qs
4 (J) b

-

qJ qs

.

1 ds

)

3.4.29

The synchronous rotor speed can be given by the following equation [27]:
mb
,. = - 2J

m

J(r - rmP\J'
g

3.4.30

With the help of equations 3.4.1 to 3.4.30 a synchronous generator is modeled in
SIMULINK. The sub-systems are given in Appendix A.

3.5 Converter
Power electronic converters have been one of the fastest growing markets in the
electronics industry over the last 25 years. The main application areas for power
electronics are in power quality and protection, switch-mode power conversion, batteries
and p011able power sources, automotive electronics and solar energy technology. As
energy is mostly transported on AC lines, electronic circuits able to convert AC to DC
voltages have been the first application ever for power semiconductor devices. At large
power levels, energy is transported and distributed within three phase systems, and
conversion from three-phase AC to DC voltage is used.
A circuit of the load commutated converter is shown in figure 3.1 0. The converter
is fed by three phase ac source with commutating inductance. The circuit also includes a
de inductor and de resistor which may represent the armature resistance and inductance
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of a de machine or a filtering circuit. The output voltage is the pure de voltage to be
applied to fielding winding or a capacitor voltage in a filter.

Tl

T

1
T6

T2

Figure 3 .I 0: Three phase full conve11er circuit

Three-phase controlled rectifiers have a wide range of applications, from mall rectifiers
to large high voltage direct current transmission systems. In this figure the converter
consists of six gate of a thyristor, the thyristor is said to be gated on, regardless of
whether or not it conducts. The AC source voltage may be expressed as [33]:

d'
Vas =JiECosB+lc~

3.5. 1

J

3.5.2

'

dt

2Jr + lc-b
di
vbs = vr::;
LECos( B-3

J

dt

di c
Yes = -vr::;
LECos( B +2Jr
- + Ic3
dt

3.5.3

The average values may be established for any rr/3 interval of e.The average de voltage
over this interval may be expressed as
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3.5.4

In the figure 3.10 the thyristor T3 begins to conduct only when T, & T2 are conducting. So

0

Again T4 begins to conduct only when T2 & T3 are on.

iabc = [o
In the above equation

~id

represents the change in average de cmTent over the

given conduction interval due to long term dynamics.

7r di d
- ---

3m

di d
3m dt
7r

lc

=ld

7r
did
+ ---3m dt

So the rectified voltage in equation 3.5.4 can be given by:

After simplification de voltage can be found as follows:

56

3.5.5

dt
3.5.6

3.5.7

3.5.8
Again applying KVL, the average de current can be found by [27):

Vd = R de l.d + L de did
dt + ed

3.5.9

The output de cutTent can be found by integrating above equation as follows :

3.5.1 0
To get the q and d-axis components of the ac current, the de current is assumed
constant throughout the interval. The average-value of de q- and d- axis cmTents is
broken into two components of de current Cict) which are: commutation interval during
which the cun·ent is transfen·ed from T 1 to T 3 and the conduction interval during which

T 2 and T 3 are conducting. So the current into the ac source must be in the form of
following way:

And

2nJ

r::;
di = -v2ECo
r::;
{ B- di
vLECosB+lc-a
B+lc-b
dt
3
dt

After simplification cutTent in phase can be found as [27] :

l

=-L

0

0

a

d

1 J3 ~{ Cosa - Co{ e
+--....;2

lm

2
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--l[JJ
3

The commutation subinterval ends when the cunent in T 1, which is the a-phase current
becomes zero. The angle from the time T 3 is turned on & T 1 is turned off is known as the
commutation angle u. So putting iag zero at the above equation, the commutation angle
becomes [27]:

u =-a+ arccos cos a - !JJJ id ]
[

2

After commutation, the a-phase current remains at zero
i abc

= [O

So here the average q and d-axis components can be established [34] as foll ows:
7[

3

- +a + u
3

f

i(( ,COIII

lq,co111

7r

(e )de

7[

-+ a
3

3

27f
-+a
3

l q ,cond

f

iq .cond

7r

7[

(e)de

- +a + u
3
7[

3

-+ a + u
3

f

i d ,COlli (

ld ,COlli

7r

e )d e

7[

- +a
3

3

27f
-+ a
3

f

l d ,cond

7r

iq ,cond

7[

-+ a+ u
3

After simplification it is found that [27] :
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(e)de

3.5. 11

i q.com
. .=

2

Sn-JJ2
fiE
Cosa[Co".1u+a) -Cosa]
/
6
cw

fj i d [sil{u+a- Sn-J- si,{a 6

Jr

Jr

3 fiE
+---[Co~2u)-Co~2a+2u)]
4n lew
id.com =

2

.J3 id[- Cos(u +a- SJr ) +Cos( a- SJr
6

7r

+-

3 .J2E

47r

3.5.12

6

)Jl

.J2E Cosa[Sin(u +a)- Sin a]

7r

//1)

3 .J2E

- - [Sin(2u ) - Sin(2a + 2u )] - - - - u
2Jr

/ c (J)

3.5.13

/ c (J)

Similarly the conduction component can be found as:

3.5. 14

. .cOiul
Lr~

2J3 . [ -Cos( a+ 7Jr) +Cos(a +u + (5
5n
= ----;;-tr~

6

JJ

3.5.15

So the total d and q-axis current component can be calculated as

iq

== iq ,com

+ iq ,cond

3.5. 16

id

== id ,com

+ id ,cond

3.5. 17

From the abo e equation 3.5.1 to 3.5.17 the required converter can be simulated with the
help ofSIMULINK. The sub ystem representation is given in Appendix A.
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3.6 Conclusion
In this chapter, MA TLAB-SIMULINK is used to simulate the wind energy
conversion system in the w ind-diesel hybrid power system in Cartwright, Labrador and
grid connected wind farm near St. Anthony. In Simulink different graphical blocks from
built-in library can be used to connect together to simulate one equation. Several
equations can be grouped together to form a sub-system. Linking all sub-systems together
generate a full system. The sub-systems are given in Appendix A.
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Chapter 4

Impact of a 250kW wind turbine on Cartwright diesel
power system

4.1 Introduction

Ca11wright is an isolated community m Southem Labrador, Canada. The
community's ma in source of income is fishery . There is a crab plant operated by
Labrador fisherman ' s union shrimp company, which is the community' s main source of
employment. A die e l plant is located in the community which is the main source of
generation of electricity. The diesel plant is operated by Newfoundland Hydro. Four
diesel generators with the total capacity of 2150kW are operating to supply electricity to
the community [35]. The total diesel consumption by this diesel plant is about 1.2 million
liters per year. Generation of electricity using diesel is costly for a small remote isolated
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system. Figure 4.1 shows the location of Cartwright in Labrador. The nearest community,
Battle Harbor is about 200km away from Ca1iwri ght.

Ungava Bay

Labrador
Some Town• and Bay•

Atlantic Ocean

QuttbK

•
Figure 4.1: Location of Cartwright in Labrador
The most available renewable energy source in Cartwright 1s wind energy.
Generation of electricity from wind is the fastest growing energy technology in the world.
Wind-diesel system options are in exciting stage of exploration and development. A
significant number of wind-diesel systems have been installed throughout the world to
serve isolated remote load. For this comm unity, wind turbine can be installed outside the
community. At remote locations electricity generation from wind can help to reduce the
overall operating costs by reducing the fuel costs. In this chapter the voltage and
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frequency variation due to wind power addition to the existing isolated power system in
Cartwright are determined.

4.2 Existing power system in Cartwright
Four diesel generators are installed in Cartwright to supply the electricity demand
of the community which is shown in figure 4.2. A voltage level of 4.16kV is supplied to
the community which is generated by two generators running at one time with line to line
voltage of 600V. In this distribution layout only major loads are shown. A fish plant only
operates during summer time. Most of the residents of this community heat up their
houses by using wood or furnace oil.

I

•!

T~

01

Ill

Gl

1M

Figure 4.2: Existing power system in Cartwright
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Figure 4.3: Load demand in Cartwright

From figure 4.3 it can be observed that the daily load profile varies from about
300kW to 550kW. From monthly load profile it is also noticeable that during summer,
the load demand goes to its peak demand which is about 850kW. As the fish plant only
operates during summer, most of the electricity demand is consumed by the fish plant
during summer. DMap (data map) in the above figure shows one year of hourly data.
With time of day on one axis and day of the year on the other, each hour of the year is
represented by a rectangle which is colored according to the data value for that hour. The
DMap allows daily and seasonal patterns to be seen much more easily than would be
possible with a simple time series plot. The diesel plant has its own diesel storage tank
which is maintained by a local oil supplier. The principal limitation of diesel power g1id
is the cost of power tends to increase as oil price is increasing day by day. Some other
costs related to diesel plant such as the transportation cost, operation and maintenance
cost also affect the cost of the electricity especially when the diesel plants are located in a
remote isolated area.
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4.3 Wind Energy Resources in Cartwright
To place a wind turbine in an area, it is impmiant to discover the information
about available wind energy resources for that particular area. Available wind resources
or converted wind power can be used to select a wind turbine for that area. Environment
Canada has a weather station near to the diesel plant in Cartwright. Yearly wind speed
data can be found at [36). Figure 4.4 shows the yearly data in Ca1iwright. The annual
average wind speed is 5.02m/s at I Om anemometer height.
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Figure 4.4: Annual wind data in Cartwright

Cartwright is situated on the southern cost of Labrador. The community 's
economy mainly based on fishery. Figure 4.5 shows the topographical location of
Cartwright, Labrador. The scale of the map is 1:50000.
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Cartwright

Figure 4.5: Topographical location of Cartwright
A 250kW wind turbine can be installed outside the community. To extract
maximum power from wind, the turbine can be placed on top of any of the hill in the
area. The small circles in figure 4.5 represent the top of the hills. To observe the voltage
and frequency variation, different locations were considered to establish the wind turbine
near to the community.

4.4 Dynamic simulation of Wind Diesel hybrid System
Figure 4.6 represents the complete wind-diesel hybrid power system of
Cartwright. Block diagrams of the sub-systems are given in Appendix A. The values of
the variables are given in Appendix B.
As the objective of this research work is to observe the voltage fluctuation and
frequency variation by a 250kW wind turbine, only the wind speed parameter is
considered for introducing voltage and frequency variation into the system. The voltage
fluctuation and frequency variation were observed at the grid side and also at the wind
turbine side. The bus voltage and frequency are determined by diesel system. Three phase
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voltages are fed to wind turbine thro ugh transfonner. The output currents from the wind
turbine are fed back to the grid through a transformer. As wind speed is variable in nature
so the current output from wind turbine will also vary according to wind speed. So the
current variation from the wind turbine wi ll also vary the voltage and current at the grid.
The whole wind-diesel hybrid power system appeared to be difficult and slow. The model
is solved with 'Variable Step/ode-45(Domand-Prince)' method. The relative and absolute
tolerance was taken as 1e-3 and I e-6 respectively.

lhrtt phm 11Jnslonntf{OOOV-4.101V)

vp

o;...,t_PI•nl

I;

Windllll>lno

Grid-3

Coa~gul!d2

Figure 4.6: SIMULINK representation of Cartwright power system
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During SIMULINK design the power system of Cartwright is divided according
to the length of the transmission line mentioned in figure 4.2. Voltages are supplied to the
load by the grid through a transmission line. The grid voltage is maintained by diesel
plant through a step up transfonner (diesel plant output is grid) A wind turbine is
connected to the power system through a 13km transmission line. In an existing utility
system driven by multiple diesel generators such as a remote location, the power quality
required of a wind-diesel system will be determined by the utility itself. Wind turbine
output is dependent on the nature of wind energy and diesel generator depends on the
availability of diesel. The quality of power can be described by voltage stability,
frequency variability, flicker, phase balance and power factor. The quality of power
supplied by wind-diesel system in ideal condition should be purely sinusoidal voltage and
constant frequency so that no fault should be developed within the components or
consumer appliances. But in practice, voltage and frequency vary to some extent in an
isolated system. The degree of deviation from its finn value can be used to measure the
power quality. To reduce the degree of deviation, it is imp01iant to choose a good
location for the wind turbine installation. Figure 4.7 shows the satellite image of a
possible wind turbine location and distance from the diesel plant. From the figure it can
be observed that a 250kW wind turbine can be installed on the top of a hill about 6.5km
away from the community to extract maximum wind energy from the wind.
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Figure 4.7: Wind turbine is placed 6.5km away from grid
To observe the voltage variation and frequency variation introduced by the wind
turbine in Cartwright power system follow ing wind speed data is used in the SIMULINK.
Figure 4.8 shows the wi nd speed data for Cartwright over a 20sec time period.
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Figure 4.8: Wind Speed data in Cartwright
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With the wind speed characteristics applied to the simulation, the wind turbine
voltage, grid voltage and frequency variations are shown in figure 4.9 to 4.1 I
respectively.
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Figure 4.9: Variation of voltage at wind turbine

The variation of voltage at the wind turbine side is about 16.149V with the wind speed
variation.
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Figure 4.10: Variation of voltage at grid
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The variation of voltage at the grid side is about 12.1784V due to the fluctuation of
voltage generated by the wind turbine.
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Figure 4.11: Variation of freq uency

The frequency variation caused by the wind-diesel system is about 1.1 Hz at the
grid. As from figure 4.5 it can be seen that there are some hilly areas outside the
community of Cartwright. So during simulation we have also observed the voltage
fluctuations and frequency variation considering different placements of wind turbine
from the grid. The simulation results are given in Table 4.1

Table 4.1 Voltage fluctuation and frequency variation for different length of
transmission lines
Wind
turbine
distances
(km)
8
10
13

Voltage
fluctuation at
grid
(V)
8.103
5.71
4.95

Voltage
fluctuation at
wind turbine
(V)
11.1
9.65
8.22
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Frequency
variation
Hz
0.97
0.85
0.801

The above table shows that with increasing the distance of wind turbine from the
grid can reduce the voltage fluctuation and frequency variation. The variation of voltage
at the customer' s terminals under any condition must be within the limit of± I 0% of the
nominal voltage [15). Frequency variation for large power system is allowed to vary
within the range of < 1%. Small wind-diesel hybrid power systems are allowed to operate
within the variation of frequency is about ±3% [ 15). The above simul ations show that
voltage and frequency variations w ill be well in limits if a 250kW wind turbine is
installed in Cartwright.

4.5 Conclusion
In this chapter the impact of a 250kW wind turbine on a remote isolated diesel
power system is observed. From the above discussion it is found that a 250kW wind
turbine can be installed outside of the community which can bring benefit to the
community from the available wind energy in this area. As wind energy is variable in its
nature, so to avoid sudden variation ofvoltage at the grid terminal and load end, the wind
turbine can be placed at a suitable distance but it can' t be placed far away from the diesel
plant as attenuation characteristic of transmission line can reduce power flow to the grid.
Voltage and frequency will be well in the limits after such an installation.
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Chapter 5

Grid Impact of a 5.25MW Wind Farm near St.
Anthony, Newfoundland

5.1 Introduction
St. Anthony is a town on the northern peninsula of Newfoundland. This region is
connected to the Newfoundland island grid through a 248km transmission line and has
one of the best wind resources in Canada. For remote locations, the powers supplied by
diesel plants are associated with high fuel cost and high running cost. Power supply from
central grid using long transmission lines is also associated with high maintenance cost,
high protection cost and high transmission loss. This limitation of a remote area like St.
Anthony can be reduced by proper uses of renewable sources available in that area. St.
Anthony is situated in the northern side of Newfoundland, and is the largest of the
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communities scattered along the great Northern Peninsula. It has a population of 2730
and is considered the service center for the most northerly communities on the island of
Newfoundland. The economy is based mainly on three sectors, namely the fishery,
institutions and retail/service industries. Until recently a 6000kW die el generating plant
was used to supply power to the town. The plant is now used for emergency purposes.
Now the electrical power is delivered from the Newfoundland central grid through a
248km transmission line.
St. Anthony is located in one of the wind abundant areas of the province. Annual
average wind speed recorded is about 7.1 m/s, which is one of the highest wind power
regions in Canada. Wind fann development can be divided into a number of phases such
as initial site selection, project feasibility assessment, construction ana operation. An
initial assessment of various sites and the selection of a suitable site were under taken
several years ago [3 7]. A summary of the assessment given in the Appendix C. The size
of the selected location is determined using the sizing tool called HOMER [38]. After
detern1ining the size of the wind farm the dynamic modeling and simulation of the wind
farm were carried out to detennine the voltage and frequency variation . Details of the
study are provided below.

5.2 SIZING OF WIND FARM:
The initial site assessment

IS

given m Appendix C resulted in Cape

Norman being identified as one of the best sites in that region to establish a wind farm .
The inputs to HOMER are wind speed data, load data, wind turbine characteristic curve,
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turbine costs and system constraints. Environment Canada has a weather station at St.
Anthony airport. The annual wind data for St. Anthony is shown in Figure 5.1 [36].
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Figure 5.1: Annual wind data in St. Anthony
From the wind speed data it is found that the average wind speed is about 8.85m/s
at 32.9m height, which is one of the highest wind resource regions in Canada. The wind
speed data was only available for St. Anthony, so the one year wind data for Cape
Nonnan was obtained by scaling the St. Anthony wind data using the average values
[39]. The seasonal mean wind speed value for Cape Nonnan is given in Table 5.1.

Table 5.1: Average wind data in Cape Norman
Period

Months

Mean Wind
Speed

Winter

December/January/February (DJF)

11.81 m/s

Spring

March/ April/May (MAM)

9.83 m/s

Summer

June/July/ August(JJA)

7.15 m/s

Fall

September/October/November(SON)

9.12m/s
9.46 m/s

Annual
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The ann ual average wind speed for Cape Norman is 9.46m/s at 30m elevation.
Scaled data for Cape Norman is shown in Figure 5.2. From the wind speed data it can be
seen that the maximum and minimum power production from the wind fam1 can be
expected during winter and summer respectively. Figure 5.2 indicate that there is a
significant wind re o urce to develop a wind farm , which in association with the grid can
supply the power req uired for the St. Anthony area.
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Figure 5.2: Cape Nom1an scaled annual wind speed data

The load data for St. Anthony region was collected from Newfoundland Hydro
which is shown in Figure 5.3.
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Figure 5.3: Annual load data forSt Anthony region
From the load data it is found that the average load demands is higher in fall and
winter season and less in the summer and spring season. The 250kW sized induction
generator type wind turbines were used for the sizing tool. The cut in speed of the wind
turbine is about 3m/s and the rated speed is about 12m/s. The proposed hybrid power
system designed for St. Anthony is shown in Figure 5.5. Sizing of the hybrid power
system can be done using HOMER, assuming a constant load in near future. Different
sizes of wind turbine can be used for constructing a wind farm. In practice, the price of a
wind turbine decreases with the increa ing size of the wind turbine. But the large sized
wind turbine can ' t be selected as the site is remotel y located which can increase the
transpot1ation cost and installation cost. Another issue is unavailability of a large crane in
Newfoundland. Mid

ized 250kW wind turbine was selected for the wind fann

considering ptice, installation and maintenance issues. Price for wind turbine was
obtained from its manufacturer.
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Figure 5.4: Satellite image of St Anthony and Cape Norman
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Figure 5.5: Proposed hybrid power system

The satellite image in Figure 5.4 shows that the proposed wind farm site is almost
50 km away from the locality of St. Anthony. In the HOMER simulation it is assumed
that the interest rate is 8% and the project life time is 25years. The amount of wind
generation that can be integrated into the current island grid system is limited to
approximately 80 MW [40]. Currently 54 MW wind generation is installed in the
province and another still 26 MW wind generation can be integrated into the power grid
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of Newfoundland. A 5.25MW wind power addition would lead to a renewable energy
fraction of about 30% in St. Anthony region. With a condition of about 30% renewable
energy fraction , the optimized homer simulation results are shown in Figure 5.6.
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Figure 5.6: HOMER optimized resu lt

Figure 5.6 shows that the hybrid power system will need 21 , WES30 (induction
generator type) 250kW wind turbines along with 14400kW electricity demand from the
grid with excess electricity almost 0.0%. Twenty one wind turbines were selected to keep
renewable energy fraction below 30% as the maximum possible renewable energy
addition to Newfoundland grid is 80MW. Initial cost for thi

system will be

approximately $14,332,499 with a production cost of electricity at $0.093/kWh. The
expected electrical performance of the hybrid power system is shown in Figure 5.7.
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Figure 5.7: Electrical perforn1ance of the proposed hybrid power system
Figure 5.7 shows that more electricity wi ll be produced from the wind farm
during the winter season and less energy will be produced during the summer season.
Figure 5.7 also shows that the total electrical energy required for that area is
79,446,392kWh/year of which 73% will be met by the grid including the system peak
demand. The rest of the electricity, which is about 21 ,468,268kWh/yr, will be met by the
installed 5.25MW wind fann with a renewable fraction of27%. From Figure 5.7 it can be
seen that the excess of electricity in the hybrid power system of St. Anthony area is
almost 0.0% and unmet electric load is also about 0.0%.
In order to detennine the annual energy output from the wind fann it is required
to know the annual energy output from each wind turbine in the wind farm. The annual
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energy output of a turbine can be obtained from the capacity factor of the wind turbine
throughout the year and the capacity or use factor is obtained using the following
fonnula.

Actual amount of power produced over a time
Power could be produced if turbine operated at maximum output I 00% of the time

Usefuctor =------------------------~--~-------------------------

The results of the calculation above are shown in Table 5.2, which indicate that
the maximum energy output from a wind turbine is about 240.42MWh with use factor of
43.91% during the winter time of the year.

Table 5.2: Wind turbine output for annual and different times of the year
Period

Months

Power

Energy output

Capacity
factor

output
Winter

Decem ber/J anuary/February (DJF)

109.77KW

240.42MWh/period

43.91 %

Spring

March/April/May (MAM)

87.43KW

191 .48MWh/period

34.97%

Summer

June/July/August(JJA)

61.65KW

135.03MWh/period

24.66%

Fall

September/October/November(SON)

69.7KW

152.66MWh/period

27.88%

80.97KW

709 .36MWh/year

32.39%

Annual

From Table 5.2 it is observed that the annual energy output from a wind turbine at
Cape Norman will be 709.36MWh/yr. The HOMER optimization results show that a
5.25MW wind farm can be installed at Cape Norman to supply electricity to St. Anthony
and local area.
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5.3 Dynamic simulation of grid connected wind farm
Numerous technical issues arise during the construction and integration of a wind
farm. One of the common issues is what should be the placement of wind turbines in a
wind farm. The available wind resource can vary within the wind fann. Wind turbines
that are upwind of other wind turbines may cause lower wind speeds at the downwind
turbines and increased turbulence. Consequently, the wind farm will not produce I 00% of
the energy that a similar number of isolated turbines would produce in the sam e
prevailing wind. Energy loss within the wind farm can be reduced by optimizing the
location ofwind turbines within the wind farm. Assuming conservation of momentum the
equation for the velocity deficit at a distance x, downstream can be given by [41] .

I -

I -

.Ji - c

( 1 + 2K

T

~r

5.3. 1

With the help of the above equation the wind turbines within the wind fann are
placed in such way that the wind speed loss within the wind farm is minimized. Here CT
is the turbine thrust co-efficient, K is the wake decay constant which is 0.075 for
upstream turbine and 0.11 for downstream turbine; X is distance measured between
turbines, D is rotor diameter, and U 0 is initial free stream velocity. The above equation
can be used to decide the distances among wind turbines within a wind farm to keep array
loss within 5%.
Another technical issue arises during the integration of wi nd farm with the grid.
Wind fam1 operation results in fluctuating real a nd reactive power levels and may result
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m voltage and cunent transients. Wind turbines, especially fixed speed turbines
connected to the electrical grid, generally use induction generators which provide real
power to the system and absorb reactive power from the system. Changes in the mean
power production and reactive power needs of a wind fam1 can cause steady state voltage
and frequency change in the connected grid system. The changes occur over numerous
seconds. The weaker the grid, the greater the voltage fluctuations. In this section the
variation of voltage and frequency at St. Anthony local load side through out the year due
to the installation of wind farm at Cape Norman is investigated.
The distance between St. Anthony locality and Cape Nonnan along the road is
almost 50km. A 50km transmission line is therefore assumed between the grid and the
wind fann. At present the locality is being supplied by a central 138kV grid through a
248km transmission line. The proposed grid connected hybrid power system is shown in
Figure 5.8 which shows a 138kV grid connected to the average load of St. Anthony
(which is about 8.55MW) through a 248km transmission line and a 138/25kV
transformer. A pi-model is used to represent the transmission line. The voltage produced
at the wind farm is stepped up to 25kV to supply the local load through a 50km
distributed transmission line.
Within the wind farm sub-system there are twenty one 250kW wind turbines
connected together to the grid through 480V/25KV step-up transformer. In this
simulation variable wind speed is applied to wind turbines within the wind fam1. So the
output from the wind turbines will also vary according to the wind speed. This variation
of voltage and cunent will travel through the 50km transmission line to the grid side
causing voltage and frequency variation at the load. This model is solved with variable
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step/ode45 (Dormand-Prince) method. The absolute and relative tolerances are a sumed
to be I e-5 and I e-3 respectively.
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Figure 5.8: Proposed grid connected wi nd fam1 in St. Anthony
In order to observe the voltage and frequency variation the year is divided into
four seasons. To observe the voltage variation and frequency variation
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winter, the

scaled winter wind speed data for Cape Nonnan is used in the SIM ULINK Simpower
blockset. Figure 5.9 shows the scaled winter wind speed data for Cape Norman over a
20sec time pe1iod.
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Figure 5.9: Scaled winter wind speed data for Cape Nonnan
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With the wind speed characteristics applied to the simulation, assuming a constant load of
8550kW at St. Anthony, the expected load voltage variation is shown in figure 5.10 and
expected frequency variations are shown in Figure 5.11.
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From Figure 5. 10 it can be seen that during winter (DJF) the expected voltage
variation is about 1975V (i.e. 7 .9%) and from fi gure 5.11 for the same wind speed the
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frequency variation is about 0.942Hz. According to power quality standard EN 50160, the
voltage variation at the customer sides are required to be within ± I 0% [42]. The voltage
variation can be counteracted by adjusting the power factor of the wind turbines [43]. lt
has been observed that at nights with low system loads and high wind speeds, the wind
fanns can provide up to 75% of the total system load without problems [44]. Following
the procedure outlined above, the results of the load and frequency variation for other
seasons are shown in tabl e 5.3.

Table 5.3: Voltage and frequency variation in St. Anthony due to 5.25MW wind fam1
Period

Voltage Variation

Frequency Variation

Spring(MAM)

1860V (7.48%)

0.789Hz

Summer(JJA)

1620V (6.5%)

0.652Hz

Fall(SON)

1570V (6.28%)

0.608Hz

From Table 5.3 it can be seen that the least variation of voltage and frequency
occurs during the fall (SON). It can be seen that the voltage variation in St Anthony
through out the year is within the tolerable voltage limit specified by EN 50 160 standard.

5.4 Conclusion
It is well known that wind is a highly unstable resource. Substantial changes are
found on time scales of less than a few hours. To full y benefit from a large fraction of
wind energy in an electrical grid, it is necessary to know in advance the electricity
production generated by the wind fann . In this chapter the size of a wind farm for St.
Anthony based on the one-year wind speed data and load data has been detennined. It is
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found that a wind farm consisting of twenty one, 250 kW wind turbine is adequate to
provide up to 27% of the load in St. Anthony region. Outing winter the maximum voltage
vatiation will be about 7.9% and a minimum variation will occur during the fall, which is
about 6.28%. So due to wind energy addition to the St Anthony local grid, it is found that
the variation of voltage throughout the year is within the limit of ±_ I 0% specified by
power quality standard EN 50160. So based on above evaluation it is suggested that a
5.25MW wind farm can be installed in Cape Norman for the area of St. Anthony.
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Chapter 6
Conclusions and Recommendations

6.1 Introduction
At present in Canada the installed wind energy capacity accounts only for I% of
total electricity demand but the Canadian Wind Energy Association anticipates to
increase the number to at least 20% by 2015 [45]. So extensive research and project
developments are going on to explore more wind energy throughout the country to meet
the electricity demand. Most of the new installations in Canada are grid connected. More
than 300 remote communities in Northern Canada are far from the existing utility grid
power system. These communities are the significant opportunities for the researchers to
do their researches on wind energy addition in Canada. Frequently, diesel-powered
generators are used to provide electrical power to remote isolated communities, often at
ubstantial cost. Power supply from central grid using long transmis ion line has very
high maintenance cost, high protection cost and high transmission loss. Diesel powered
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electrical system also have high maintenance cost and operational costs to the local
isolated community due to the high fuel cost and transportation cost. Using on-site
renewable energy such as wind energy and small hydro in addition to diesel generators
reduces overall electricity generation costs and leads to safe and clean environment for
the future generations.

6.2 Conclusions of research
In this research two remote communitie in the province of Newfoundland and
Labrador are selected to study the opportunity for the exploration of wind energy. In both
cases voltage fluctuation and frequency variations which can be caused by the addition of
wind energy were studied based on available wind speed and load data.
To investigate the validity of any proposed isolated wind-diesel hybrid power
system, it is important to get the infonnation about the present wind en rgy and also the
impact of wind energy on existing diesel power system. To study the impact of wind
energy on diesel driven power system in Cartwright, mathematical models for all
different system components are developed and used to simulate the system
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SIMULINK. In chapter 4 the impact of a 250kW wind turbine on Ca11wright diesel
power system is observed. It is found that a 250kW wind turbine can be installed outside
the community. The tentative voltage fluctuation and fi·equency variation caused by the
addition of wind energy to the existing diesel power system is within limit described by
other researchers. In that chapter it is also found that as wind energy is variable in its
nature, so to avoid sudden variation of voltage at the grid terminal and load end, wind
turbine can be placed at a suitable distance but it can ' t be placed far away from the grid
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as attenuation characteristic of transmission line can reduce power flow to the grid. So
chapter 4 provides the details opportunity for the installation of a 250kW wind turbine in
Cartwright, Labrador.
In chapter 5 a detailed study was carried to establish a wind farm near St.
Anthony, Newfoundland. To establish a wind fam1 it is also imp01iant to consider
environmental impact on the community. In this research it is found that to establish a
5.25MW wind farm for the area of St. Anthony, Cape Nom1an is the best location for the
wind fann. A complete sizing of wind farm is carried out in HOMER based on available
wind resource and load profile for the area. It is found that a 5.25MW wind fann can be
installed based on twenty one 250kW wind turbine in Cape Nonnan to supply electricity
demand in St. Anthony. Dynamic simulation is carried out to observe the voltage
fluctuation and frequency variation in St. Anthony area through out a year due to the
addition of wind farm in Cape Norman. From Dynamic simulation it is found that the
maximum voltage variation will be of about 7.9% will occur during winter and a
minimum variation will occur during the fall, which is about 6.28%. Here it is found that
the variation of voltage throughout the year is within the limit of ±_I 0% specified by
power quality standard EN 50160. So from chapter 5 it is suggested that a 5.25MW wind
fam1 can be installed in Cape Norman for the area of St. Anthony.

6.3 Recommendations for improvement
Future work can be done to study the power quality in wind-diesel or grid
connected wind fam1. For wind-diesel system the following recommendations are
suggested.
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•

Based on available site information both types of wind turbine i.e. variable speed
and fixed speed can be considered. In this study only fixed speed wind turbines
were considered. In future work modeling of variable speed wind turbines and its
power electronics can be done and it is highly recommended.

•

Study of variable speed wind turbine power electronics generated hannonics on
an isolated wind-diesel grid is also recommended .

•

Different types of long term and short tenn storage systems can be used with the
proposed wind-diesel system to store excess electricity at minimum load.

•

Dump load can be incorporated into the wind-diesel system to dissipate excess
energy produced by wind turbine which can no be stored.

•

The standard controllers for the individual system can be utilized based on
minimum diesel run, dumping excess energy, filtering wind power. Therefore, a
detailed study of dynamic controller as well as supervisory controller is also
suggested.

For grid connected wind fann the following recommendations are suggested.
•

Variable speed wind turbine with voltage controller can be used to reduce voltage
variation.

•

To reduce transmission loss HVDC system can be used to transmit power from
wind farm to local power grid.

•

Soft starters can be used to integrate wind ' fann with the power grid so that less
voltage fluctuation results during switching of wind turbines within the wind
fann. No soft-starter were modeled or studied in this work.
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•

The wind turbines equipped with controllable source of reactive power such as
SVC or STATCON can be used to deliver reactive power required to increase the
speed so that steady voltage are maintained.

•

It is also suggested to use some fast computing facility like Atlantic

Computational Excellence network (ACE net) to simulate the system for a long
duration wind data. In this study only personal computers were used and the
simulation time was limited to only 20 Seconds. One simulation took few days to
process only 20 Seconds wind data.
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Appendix A
MATLAB-SIMULINK Subsystem Blocks
In this appendix the block diagrams represent the subsystems which are modeled
by mathematical equations in chapter 3. With the help of these blocks the wind energy
conversion systems which are described in chapter 4 are simulated.
Blade_angle (degree)

Wind speed (mls)

2 ~~----------------------~

torque

~_torque (KN-m)

Figure A.l: Subsystem: ' SS Wind Turbine'

The Simulink block diagram of figure A. l represents a WECS sub-system. This
model is implemented in SIMULINK with the help of equations 3.1.1 to 3.1.4 in chapter
3. A fixed speed wind turbine is considered in chapter 3. Wind speed and rotor speed are
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the variable input to this sub-system. Wind turbine torque and power are the output of
this sub-system.
wt_torque

(KN-m)

w_wind_turbine

(r/s)

Tg(KN-m)

Figure A.2: Subsystem: ' SS Gear Box '
The block diagram of figure A.2 represents the gearbox sub-system in the wind
turbine. This subsystem is implemented by equation 3.1.5 and 3.1.6. There are two inputs
to this subsystem. One input is wind turbine torque and the other one is induction
generator torque. There are again two outputs from this subsystem. One of them is
turbine rotor speed and the other one is induction generator speed.

Figure A.3: Subsystem: ' SS abc-dq transformation'

The above SIMULTNK block diagram of figure A.3 represents the subsystem for
transfonning three phase quantity to d-q axis quantity. The transformation was done
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according to the Krause's method [27]. In this subsystem the three phase voltage and
their angles are the input and d-q axis voltages are the outputs. This block was used in
both the induction and synchronous machines.

eqn 3.1.15

iqs(A)

2
ids (A)

iqr(A)

~------------~

4
idr (A)

~------------~ 6
Eqs crJ

wg (r/s)

EdscrJ

Figure A.4: Subsystem: ' SS Induction generator'

The subsystem of figure A.4 represents the Simulink representation of the induction
machine' s flux and current equations (3.1.15 to 3.1.24 and 3.1.26). The inputs to the
subsystem are d-q axis voltage and rotor speed. The outputs from the subsystems are
electromagnetic torque, d-q axis currents and voltages.
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ia (A)

Demux

1----~~

2
lb(A)

\.____~

3
ic (A)

Figure A.5: Subsystem: ' SS dq-abc transfom1ation'

The SIMULINK block diagram of figure A.5 is used for transforming d-q axis cun·ent
quantity to three phase current. This SIMULINK block is simulated based on Krause·s
method [27]. This block is used in the induction and synchronous machines. In this
subsystem d-q axis components and their angles are the input and the three phase currents
are the output.

eqn 3.1.14

01

Qm~--4

.------....-----.! 02"
eqn 3.1.11
02" j.--4--.....J

12" 1--t--...11--~

Figure A .6: Subsystem: ' SS Transformer flux and current'
The subsystem of figure A.6 represents the flux and current equations of a three
phase transfonner implemented by equations 3.2.11 to 3.2.15. In the above figure A.6
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MUX and DE-MUX were used to reduce system complexity. In this case the three phase
voltages are the inputs and three phase currents are the outputs.

Figure A.7: Subsystem: ' SS Transmission line'
The above block diagram of figure A. 7 represents a three phase transmission line.
Simulink blocks are used to implement equations 3.3.1 to 3.3.7. Here MUX and DEMUX were used to reduce the system complexity and also reducing the simulation time.
ln this subsystem three phase currents are the inputs and three phase voltages are the
outputs in both sending end and receiving end. Depending on the length of transmission
line, signal delays are calculated in the time delay block.
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Figure A.8: Subsystem: ' SS Synchronous generator flux and current'

The subsystem of figure A.8 represents the synchronous machine' s flux and
current equations from 3.4.7 to 3.4.23 . In this subsystem d-q axis voltage, fi eld voltage
and rotor speed are the input to the subsystem. The electromagnetic torque and d-q and
damping current components are the output from this subsystem.
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Figure A.9: Subsystem : ' SS Three phase current and voltage converter'

The block diagram of figure A.9 represents the converter which was simulated in
Simulink with the help of equations 3.5.6 to 3.5.11 . The output of this subsystem is the de
voltage which was fed to the synchronous machines de field. The input to this subsystem
is the d-q axis voltage and the firing angle. The gain block in the above subsystem is used
to convert the unit of firing angle from degree to radian.
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Appendix B
MATLAB Files
Wind-Diesel Model Parameters
fb=60;

% System frequency

wb=2*pi*fb;

% base speed

% initialization of Synchronous Machine
rs=0.234;

% Stator winding resistance

rf=0.005;

% Field winding resistance

rkd=0.00736;

% d-axis damper winding resistance

rkql =0.008;

% q-axis damper winding- I resistance

rkq2=0.005;

% q-axis damper winding-2 resistance

Xls= l.l458;

% stator winding leakage reactance

Xq=0.5911;

% q-axis winding reactance

Xd=0.0467;

% d-axis winding reactance

Xlf=0.0523;

% field winding leakage reactance
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Xlkd=0.1970;

% d-axis damper winding leakage reactance

Xlkq1 =0.0578;

% q-axis damper winding-I leakage reactance

Xlkq2=0. 7689;

% q-axis damper winding-2 leakage reactance

p=2;

% no of synchronous machines pole

a=-0.83;

% wind turbine blade angle

Jg=30.2;

% Synchronous machine's rotor inertia constant

Jd= IO.l07;

% diesel engines inertia constant

gd= I;

% diesel engine gear box ratio

Je=J g+Jd/gr/\2

% equivalent inertia constant of diesel generator

%Synchronous machine's mutual reactance calculations
Xmq= l /( 1/Xq+ 1/XIkq 1+ l/Xlkq2+ 1/XIs); % q-axis magnetizing reactance
Xmd= 1/(I/Xd+I /XIkd+l /XIf+IIXIs);

% d-axis magnetizing reactance

%Initialization ofWind Turbine parameters
Rr= 1.083;

%rotor winding resistance

Rs= 1.0 15;

%stator winding resistance

Lls=0.005974;

%stator leakage inductance

Llr=0.005974;

%rotor leakage inductance

Lm=0.2037;

%magnetizing inductance

p=2;

%number of induction machine's poles

Jg=252.02;

%Induction machine' s moment of inertia

Xls=wb*Lis;

%stator winding impedance

Xlr=wb*Llr;

%rotor winding impedance

Xm=wb*Lm;

%magnetizing impedance

Xmstar=l /(1 /XIs+ 1/Xm+ 1/XIr);

%total magnetizing impedance

Jt=98500;

% turbine rotor moment of inertia

gr=50.5;

% gear box ratio

Je=Jg+Jt/grA2;

% equivalent moment of inertia

Rt=21;

% wind turbine radius
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%Initialization ofTransmission line parameters
d I = 3.8;

% 3.8 kilometre long

d2=2.4;

% 2.4 kilometre long

d3=4. 16;

% 4.16 kilometre long

d4=0.6;

% 0.6 kilometre long

d5=6.5;

% 6.5 kilometre long

R = 0.01123;

%resistance ofline,Ohm per kilometre

L = 2.97e-3;

%inductance of line,Henry per kilometre

C = 0.174e-6;

% capacitance of line, Farad per kilometre

Zc = sqrt(LIC)

% characteristic impedance in ohms

tdelayl = d I *sqrt(L *C)

%propagation delay in 3.8km line

atten I = exp( -(R/2)*sqrt(C/L)*d 1)

%attenuation in 3.8km line

tdelay2 = d2 *sqrt(L*C)

%propagation delay in 2.4km line

atten2 = exp(-(R/2)*sqrt(C/L)*d2)

%attenuation in 2.4km line

tdelay3 = d3*sqrt(L *C)

% propagation delay in 4.16km line

atten3 = exp(-(R/2)*sqrt(C/L)*d3)

% attenuation in 4.16km line

tdelay4 = d4*sqrt(L *C)

% propagation delay in 0.6km line

atten4 = exp(-(R/2)*sqrt(C/L)*d4)

% attenuation in 0.6km line

tdelay5 = d5*sqrt(L *C)

%propagation delay in 6.5km line

atten5 = exp(-(R/2)*sqrt(C/L)*d5)

% attenuation in 6.5km line

% Initialization of Load parameters
Vrated =4.2e3

% 4.16KV system

SL = 200e3*(0.8 +j*0.6)

%200 KW, 0.8 pflagging

ZL = Vrated/\2/conj(SL)

% phase load impedance in Ohms

RL = real(ZL)

% seties RL load model resistance

LL = imag(ZL)/wb

% series RL load model inductance

% Initialization oftransformer initialization
rl =0.025 ;

% primary winding resistance

xl1 =0.056;

% primary winding leakage reactance
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r2p=0.0134;

% Secondary winding resistance refer to primary

xl2p=0.056;

% Secondary winding leakage reactance refer to primary

xm 1=708.8;

%transformer magnetizing reactance

xm= 1/(1/xl2p+ I /xll+ 1/xml ); %transformer equivalent magnetizing reactance
NpbyNs=600/4200;

% transfom1er ratio (primary to secondary)

Ns/Np= 1/NpbyNs;

% transfonner ratio (secondary to primary)
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Appendix C
Initial Site Assessment of Wind Farm near St.
Anthony
An assessment of various sites around St. Anthony was done many years ago
[34]. Initially ten sites were selected in that pre feasibility study. Long tem1 wind
statistics were onl y avai lab le for St. Anthony area in general; wind data for indiv1dual site
was not available. The province of Newfoundland has a rugged topography. Hills, ridges
and mountains cover the countryside. Large, flat open areas are rare in the province. It is
extremely difficult to locate a site near roads and transmission lines that is easily
accessible and that is higher than the surround ing area in a I Okm radius. The point
allocation was based on wind speed and direction distribution graphs for the region. In
designing a wi nd fam1 , there is an obligation to ensure the protection of health, safety and
welfare of others. Potential dangers include electrical shock, thrown ice, flying rotor
blades and collapse of the structure. It is recommended that wind farm site be situated at
least 750ft from the nearest housing.
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Atmospheric ice accumulation on wind turbine blades, towers and transmission
lines can affect the efficiency and continuous operation of installation and may cause
structural damage. It appears icing is a potential hazard in St. Anthony area. A wind fmm
may have to be shut down for a short pe1iods of time if excessive icing occurs. The
geology of a site is a necessary consideration in site selection since it dete1mines the ease
by which the wind fam1 can be constructed. There are four basic types of surface
conditions found in the province of Newfoundland: thinly covered bedrock, till , bog and
forest. Smooth bedrock is ideal for a wind fam1 since preparation is limited and no major
foundation is required. Site election in forest area was avoided since higher towers are
required in order to reduce sheltering effect and turbulence caused by the surrounding
trees. All of the proposed areas were considered to have equal accessibility by sea, road
and air. All of the initial sites would require construction or upgrading of access roads.
The site requiring the most expensive construction did not receive any points. Points for
other sites were awarded on the basis of their relative costs between the most expensive
and least expensive access roads. Social impacts in all sites are expected to be similar.
Acquisition of land is of prime importance in final selection of sites. If for some reason
the site was p1ivately owned and acquisition was either unfeasible or not possible, the site
was disqualified. The visibility of wind fann is important in this study because the project
may be the first of its kind in the province. A wind turbine is a potential source of
electromagnetic interference, primarily in microwave and television interference. Here
sites can only be selected if they are not in a direct line of transmission. The locations of
all transmitting and receiving towers in the area were obtained from Canadian Coast
Guard and the department of Communications. The connection distance is the length of
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transmission line that is required to connect the wind farm to the existing distribution
lines. This is an important factor from the point of view of economic feasibility. For the
purpose of evaluation, we assumed that the line will follow the access road and thus site
conditions are not critical in transmission line construction. Based on above c1iteria a
decision matrix [34] was developed to assist in making an initial investigation and
deciding as to the wind potential region and a pa1iicular site within that region. This
methodology was designed on the basis of an evaluation matrix which permits the
assigning of numerical values to relevant characteristics of potential wind fann sites such
that the site may be compared and the best site chosen. The weighing values given each
category are based on that category's importance in regard to the applicability of a site to
support a wind fann. Based on decision matrix all sites were ranked in Table C. I
below.

Table C.l: Ranking of Initial wind fann sites near St. Anthony

Score

Cape Norman

Site
No.
10

2

Cook ' s Harbour

9

150

3

St. Anthony

3a

145

4

7

130

5

L' Anse aux
Meadows
Ship cove

8

115

6

St. Carrol ' s

4

110

7

White cape

5

110

8

Goose cove#2

2

105

9

Cape raven

6

105

10

Goose cove# ]

1

100

Ranking

Community

I

Maximum available point 160

111

155

IS

given

