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Abstract

Wind generation has become one of the most pophlaices of technology for adding new
generation capacity to power systems worldwi@®everal factors have contributed to the
increased integration of wind generation, includemgironmental concerns and the continual
increase in fossil fuel prices. As well, recentulagions have moved toward limitations on
greenhouse gases, especially in the European WBidh Similar laws are currently under
consideration in the US and other parts of the dva@ither factors have also promoted the
use of wind energy, such as advances in manufagtand control technology and the

attractiveness of wind as a “green” source of energ

The large-scale integration of wind power into deceicity system introduces planning
and operational challenges because of the intenmtittature of wind speed and the difficulty
involved in predicting it. For these reasons, wertergy is often considered an unreliable
energy source. Additional problems are associatiéld tive integration of large-scale wind
farms into an electrical grid, among which wind moviluctuation is the most challenging.
To maximize the penetration level of wind energyaigrid, a reliable technology must be

developed in order to eliminate or at least de&eand power fluctuation.

The primary goal of this thesis was to develop méshof maximizing the penetration
level of wind energy conversion systems (WECSS) mtgrid, which requires mitigating
wind power fluctuation. A robust control technighas therefore been developed for
mitigating wind power fluctuation. This control tedque exploits historical environmental
data collected over a number of years in orderv&duate the profile of the output power of a
variety of wind energy conversion systems (WEC38E developed control technique was
applied to Types A and C WECSs modifying the pdalgle controller of Type A WECS and
the back-to-back converter control of Type C WETRKe Attachment of a storage device to
the WECSs after the control technique is applied waestigated from both an economic
and a technical point of view. The optimum sizimgl &iting of the wind energy conversion
system equipped with the proposed control technmgagalso studied.



This research is expected to contribute to the rckment of WECS technology by
presenting a feasible solution to the problems @atal with the integration of large-scale

WECSsSs into electrical grids.
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Chapter 1

Introduction

1.1 General

The approaching depletion of fossil fuels, enviremtal regulations due to the increase in
the greenhouse effect, the rapid advancement dfaicand power electronics technology,
and the new deregulated electricity market strest@re the main factors that have led to an
increasingly widespread use of renewable energscesuwhich include wind, photo-voltaic,
tidal, and geothermal. When these types of reneavabergy are used as electrical energy
sources in distribution systems, they are knowrdiaibuted generation (DG) [1-5]. In
addition to renewable energy, micro-turbines, ftals, and conventional diesel generators
are also used in DG systems (DGs). DGs can retravesmission congestion, reduce power
losses, and maintain voltage levels within accdptedinges. In addition, renewable energy

DGs have the advantage of providing customers elian energy.

Of the previously mentioned types of renewable gynelstems, wind energy conversion
systems have become the most popular choice for gesveration installations in power
systems worldwide. At the beginning of 2006, thénested capacity of installed wind
generation reached 60,000 MW, which correspondsngrgy generation of 120 TWh per
year [6]. Since large wind farms are now connettettansmission systems, wind energy is
considered “utility scale” and can affect utilitystem planning and operations for both
distribution and transmission systems. Wind enengg therefore received considerable
public attention and has become the fastest-growimgygy source in the last decade. The
global installed wind capacity is expected to iasee rapidly over the next decade because
many governmental regulators around the world hay#emented or are in the process of
implementing policies to encourage this growth.

The operational difficulties introduced becausethsd stochastic nature of wind power
have been recognized for some time and have beesuthject of a number of studies that
address this topic. However, the impact on powstesys the uncertainty associated with

1



will become more fundamental when wind generationtitbutes a more significant portion

of the total power generated.

1.2 Motivations

One of the problems associated with the large-sogkgration of wind energy is the

intermittent nature of wind and its effects on tygeration of a power system and on the
electricity market. The intermittency of the wirgldefined as continuous variations in wind
speed that result in lower power controllabilitydapredictability and higher power

variability compared to those associated with cotie@al power generation. The integration
of intermittent wind power into existing power syists may affect the technical operation of
the system. Hence, utility managers might becomeemauctant to increase the integration
of wind energy into a grid over time [7]. The follong subsections introduce the most
common challenges that are created by the intesmittature of wind power and that are

encountered during its integration into electrigidis.

1.2.1 Power Fluctuations

wind power is proportional to the cube of the wspmked which is stochastic in nature, i.e.,
continuously changing from minute to minute, hauhour, and even from season to season.
Small variations in wind speed result in large wpwiver fluctuations, which are considered
the main problem associated with wind power ger@raand the main barrier to increasing

the integration of wind power into an electricaldgi8-15].

The undesirable effects of wind power fluctuationspower systems can be divided into
their technical and economic impact. From a tecdmecospective, wind power fluctuations
cause frequency deviation [9, 16-18] and, espgudiallemote areas, bus voltage fluctuations
[13-15]. They also influence the stability and s#@guof the power system [19]. Economic
factors include the impact on the required spinnmegerve capacity [15], the unit
commitment and dispatch [20], and the market prfaglectricity [21-23].



1.2.2 Penetration Level

The determination of the penetration level, whishthe amount of wind power that can be
connected to a grid without violating the grid cedis one of the most difficult challenges
facing a power system operator. Grid codes areeéeéfas the rules, standards, and guidelines
that are set by national agencies or associatiodgheat must be followed by power system
participants [24, 25]. The difficulty in determignthe penetration level results from its
dependence on many factors, such as the totalnsyssses, the voltage profile, the reactive
power support, and the protective device settilgs. stiffness ratio of a system, which is the
short circuit capacity of the grid divided by themsmation of the short circuit capacities of
the wind farm and the grid at the point of commaupding [26], is considered another
important factor that can be used to determinertagimum capacity of the wind power that

is integrated into a grid at a specific point.

1.2.3 Storage Devices

Because wind energy is not dispatchable, a numibgtiotage systems have been introduced
in order to convert the wind energy into dispatébadnergy. DC batteries, hydrogen, and
hydro-storage are examples of storage systems getplo conjunction with wind power
generation. Using one of these storage systems lstgbilize the output power of wind
generation, i.e., reduce power fluctuation [27].riDg periods of high generation and low
consumption, the storage device is charged, andwbasumption increases and/or wind
generation decreases, the storage device boostpatver in the electric grid. Storage
systems are classified according to their storageaaity, i.e., long term or short term, or
according to their design technology, i.e., chemelactromechanical, etc.

Selecting the appropriate type and choosing thanopt size of the storage device are
important considerations in addressing the chalengf increasing the penetration level of

wind energy. Technical and economic studies aref&etprs in such decisions [28, 29].

1.2.4 Trading Wind Power in a Liberalized Electrici  ty Market

Due to the uncertainty and uncontrollability of dirspeed as well as the difficulty of

predicting it, forecasting generated power is dlehge for both the wind farm owner and
3



the system operator. Even with state-of-the-artedasting methods, the short-term
generation produced by wind farms cannot be prediatith a high degree of accuracy. In a
liberalized market situation, forecasting erro@déo commercial risk because of imbalance
costs imposed on wind power generation througtdiraace contracting [23]. In addition, in

order to increase the penetration level of windrgnethe system operator is forced to
allocate greater spinning and supplemental eneeggrves in order to keep the system

balanced, which causes the total price of eletyrtoirise [15].

A variety of pricing schemes for generated wind povwhave been introduced for
different utilities. In some markets, such as thetétl Kingdom [21], this type of power is
treated in the same manner as traditional poweweker, in others, more flexibility is
employed in pricing wind generation in order to @mage this type of clean renewable

energy, as happens in North American markets [30].

1.3 Research Objectives

This research focuses on the development of a ampsive study for the purpose of
enabling high wind penetration levels in electricalds, and hence, improving system
performance. This study has addressed the chalemgmtioned and developed new and

effective solutions for addressing them.
The main objectives of the research can be sumethag follows:

1) Model Type A and Type C wind energy conversionayst (WECSs) and simulate

their output power based on real-time data.

2) Introduce a new control technique for overcoming plower fluctuation problem,
and hence, maximizing the penetration level of wamergy and improving the

performance of power systems.

3) Apply this new control technique to fixed-speed aviyeneration (Type A WECS)
by modifying the existing pitch-angle controller ander to enable the dispatching

of the wind energy.



4) Apply an optimization technique for selecting are@uite type and optimum size
of storage device to be connected to Type A WEQ® purpose of this storage
device is to compensate for the energy lost duthéoapplication of the control
technique mentioned. The application of this teghaiwill increase the overall

efficiency of a wind farm.

5) Develop a new wind energy conversion system cordigon based on variable-
speed wind generation with a doubly fed inductinegator (Type C). The
developed system introduces a storage system dmchieetween two back-to-back
converters with a novel control technique basedadificial intelligence. This

system will increase the market share of this tyjpeind energy in the grid.

6) Apply an optimization technique for selecting are@uiate type and optimum size
of storage device associated with the proposed Type&ind energy conversion

system configuration. This technique will increagstem efficiency.

7) Conduct technical and economic studies in ordewalidate the improvements

gained by applying the developed control methodplog

8) Apply an optimization technique for selecting th@imum size and site of a large

wind energy conversion system after the new coméiainique has been applied.

1.4 Thesis Outline

The research based on the objectives listed iepted in this thesis, which is organized as

follows:

1. Chapter 2 presents an overview of the types of wmelgy conversion systems. This
chapter focuses on Type A and Type C WECSs beadafutiee popularity and the
high market shares of these two types. The overvgesupported by models and
governing equations for each type of WECS and $e@ated control strategies.

2. Chapter 3 discusses the technical and economiccimgfaconnecting large-scale

wind energy conversion systems to the grid. Thaptér concentrates on wind power
5



fluctuations because they are considered to bentiia challenge in and barrier to
increasing wind power penetration into electrionoeks.

. Chapter 4 presents the new control technique tappéied in a WECS in order to
reduce wind power fluctuations. The proposed comdahnique relies on wind power
leveling. The power levels were calculated usintaddustering and wind energy
maximization.

. The application of the developed control techniquea Type A wind energy
conversion system is described in Chapter 5. Thaicagpion was achieved by
modifying the pitch angle controller associatedwitype A WECS. An optimization
techniqgue was also applied for selecting an adeqtigie and optimum size of
storage device to be connected to Type A WECS.plinpose of this storage device
is to compensate for the energy lost due to thécgtion of the control technique.

. In Chapter 6, the application of the control teciua presented in Chapter 4 to Type
C WECS is explained. The application required tbeetbped of a new configuration
of Type C WECS with a storage device connected éatwthe two back-to-back
converters and the converter controller modified docommodate the new
configuration.

. Chapter 7 presents the investigation of the optirsiz®@ and site of large-scale wind-
based distributed generation (WBDG) to be connetuettie grid. The optimization
process considers that the WBCS runs under thelapma control technique
described in Chapter 4. An IEEE 24-bus meshed systsed for reliability test
assessment was also used in this research ttiéaseétv method.

. Chapter 8 outlines the contributions of the presg@méesearch and includes the future

work.



Chapter 2

Wind Energy Conversion Systems: An Overview

2.1 General

In recent decades, grid-connected wind turbines lgradually been enhanced until they
have become MW-size power generation units. Thests @re usually accompanied by
advanced control systems. Wind farms are geneggjlyipped with two types of control
systems: wind turbine and central automatic [31)wiAd turbine control system performs
several control actions, such as turbine operatiod grid connectivity, based on the
information received about wind speed, generatttage, and utility operating conditions. A
central control and monitoring system that usesi@ewvisory control and data acquisition
(SCADA) system is also required for wind farms, tattarly large farms with a large
number of wind turbines. A central control systewnitors and sends control signals to each

turbine in order to fully control the entire windrin operation.

This chapter presents brief background informatabout wind energy conversion
systems (WECSs) and a detailed survey of the fiterarelated to the control techniques
applied to a variety of types of WECSs.

2.2 Wind Turbine Characteristics

wind turbine output power is proportional to thebeuof the input wind speed. Fig. 2.1
shows typical wind turbine characteristics [32]. wind speed increases, turbine output
power also increases. Unfortunately, the peaks itbérent wind speed curves are not
coincident. Therefore, to obtain the maximum allblgasoutput power for every wind speed
level, the rotor speed should track the peaks @fwind speed levels. This process is called

the maximum power tracking method.
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Fig. 2.1: Wind turbine characteristics [32]

The power output from a wind turbine can be exm@saccording to its rated power (

P.eq)s CUt-in speed\(,,;, ), rated speed\,.,), and cut-out speed/(, ,.). Fig. 2.2 depicts

ut=in

the typical wind power-speed characteristics ofiredviurbine [33].
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Fig. 2.2: Wind power-speed characteristics of adwirbine



The mathematical function that relates the powdputufrom a wind turbine to wind

speed can be written as follows [34]:

0 O<V <V

cut —in
a+bVv +cv?)P V... <V £V
Pout (V ) — ( ) rated cut —in rated (21)
rated Vrated = V = cht—out
0 V2 cht—out
where

P.V) is the power output from a wind turbine,

\Y is the wind speed in m/s,

a,b,and ¢ are constants, and

P

rated

is the turbine rated output power.

The constantsa,b,and ccan be expressed by, andV,. in order to represent the

ut=in

cubic relation between the wind power output aredwind speed and can be obtained from

the following relations [34]:
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2.3 Wind Turbine Generators

Wind energy conversion systems (WECSSs) are divididfour categories according to their
construction: Type A, B, C, and D. Type A WECS Inge to the fixed-speed class of wind
turbine generators, and Types B, C, and D are Marspeed wind turbine generators. In
fixed-speed wind turbine generators, the generastaonnected directly to the grid, and
hence, the frequency of both the grid and the nm&chre coupled; i.e., the machine rotates at
a constant speed regardless of the wind speedh®wther hand, the power converter in
variable-speed wind generators enables the systmdncy and the rotating speed of the
machine to be decoupled. Figs. 2.3.a to 2.3.d ghewonfiguration of fixed- and variable-
speed wind turbine generators. In this researdly, Dypes A and C wind energy conversion
systems were considered because of the high msiiket of these two types: approximately
30 % and 45 % of market capacity, respectively.[35]
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Fig. 2.3.a: Type A wind energy conversion systemFig. 2.3.b: Type B wind energy conversion system

Transformer

Gear-box 7 AC Dc
—- A\ Gear-box —
oc l AC

AC bC Transformer
Power electronic

DC Converter

AC

Machine Side Grid Side
Converter Converter

Fig. 2.3.c: Type C wind energy conversion systemFig. 2.3.d: Type D wind energy conversion system
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2.4 Fixed-Speed Wind Energy Conversion System

Type A wind power generation consists of a windite, a gearbox, and a squirrel cage
induction generator (SCIG) whose terminals are eoted directly to the grid. The direct
connection of the SCIG terminals to the grid caubesrotor to be coupled with the grid
frequency so that it operates at a fixed speed. Z#yshows the characteristics of a fixed-
speed WECS. The rotor speed is selected so thaigits with the peaks of commonly
occurring wind speeds. Observation of the powevewf a fixed-speed generator reveals
that as wind speed increases, output power alseases until the generator reaches its rated
output power. An increase in the supplied outpuivgroappears as an increase in the
generator torque because the rotor speed is altwegd. After the rated generator output
power is reached, the pitch angle control startmtoease the pitch angle, i.e., the angle of
attack of the wind to the blades, in order to redany extra increase in the effective wind
speed. If the wind speed reaches the cut-out speedhe maximum allowable wind speed,
the stall control applies the brakes to the blagb#e the pitch angle control increases the

pitch angle to the maximum.
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Fig. 2.4.a: Type A WECS characteristics [32] Fig. 2.4.b: Power curve for a fixed-speed generator

2.4.1 Pitch Angle Control

Employing blade pitch angle control is considereel most effective and reliable method of

controlling the mechanical input power of a windbine. A blade pitch is similar to the
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throttle valve in conventional steam turbines; heeve a pitch angle control is much faster
than a governor control in a steam turbine [27,34, This kind of control methodology is
implemented in medium-sized and large wind enemgwersion systems in order to regulate
the mechanical input power and hence the electpoaber output of the wind turbine
generator. A blade pitch angle control is also ukaal method for controlling the output
power at wind speeds above the rated wind speed3Bt30]. A description of a pitch angle

control and the associated equations are as fallows

The control quantity of a pitch ang@&(f) is given by [12]

_AB_ 1
G('B)_E_W R

for

A=a,+2a,B+3a,ps’

2.6
A =a,,+2a,, f+3a,, 5’ (20

where a,,—a,,are constantsy is the wind speed; andPand AS are small-signal state

variables of the generator output powey X and the pitch anglef), respectively.

As shown in Fig. 2.5G(f) in Equation (2.5) depends on the wind spee}l (vhich

varies from the cut-off wind speed to the rateddvspeed. A pitch angle control follows the
turbine output power curve, as shown in Fig. 2d. &ample, in region (a) in Fig. 2.6, the

wind speed is lower than the cut-in speed, andatl@lable power is minimalR=0 p.u.)

therefore, the pitch angle controller sets thehpingle t090, i.e., zero output power. In

region (b), however, where the output power vafiesn P=0 p.u. to P=1 p.u., the blade

angle is set to its minimum value, typicaffy to10. In region (c), the pitch angle varies
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between its minimum anB0 in order to keep the output turbine powePatl p.u. Finally,
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Fig. 2.5: Control quantity of the pitch angle
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Fig. 2.6: Wind turbine output power curve
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(d), for safety reasons, the pitch angfeis set at90 in order to keep the output power at
P=0 p.u.. Fig. 2.7 shows a block diagram for the piéctgle controller that resolves the

pitch angle outpys where the output power err@ is used as input into the lead-lag

output !

controller. The pitch angle variabl&3 is obtained by multiplying the output power signal
AP of the PD controller and(5) of (3.1). Then, from the addition &4 andf, the pitch

angle outputg can be obtained, as shown in Fig. 2.7.

output

I

Table 2D Table 3D
Pref G(ﬁ)l '
Pact v_ 1+ _’O IB
iO e> 1+ TS AP AB i_@ output
1+TasS > X
min —*O

Pitch angle selector
Fig. 2.7: Pitch angle control system

2.4.2 Stall Control

Two basic types of stall control are used to cdrara protect a wind turbine: passive and
active. In passive stall-controlled turbines, thbearent aerodynamic properties of the blade
determine the power output without any change adélgeometry. The twist and thickness
of the rotor blade vary along its length in suchay that turbulence occurs behind the blade
when the wind speed becomes too high. This turlceleneans that less of the energy in the

air is transferred, minimizing power output at leglspeeds. On a passive stall-regulated
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wind turbine, the process is very similar to thergpion of a pitch angle controller except
that the blades move in the opposite directionh&athan decreasing the angle of attack of
the wind on the blades, the stall controller inse=athe angle of attack in order to send the
blades into a deeper stall, thus wasting the exeessgy in the wind. An important
advantage of active stall control over pitch arggatrol is that the blade remains essentially
stalled at wind speeds above the rated wind speethat wind gusts result in much smaller

cyclic fluctuations in blade loads and power output
2.5 Variable Speed Wind Energy Conversion Systems

2.5.1 Type B WECS

Type B wind power generation consists of a windoiue, a gearbox, a wound rotor
induction generator (WRIG), a soft starter, a cépadank, and an interface transformer.
The WRIG is equipped with a resistor controlled aipower electronics circuit that consists
of a diode bridge and a DC chopper. Both the msehd the power electronics circuit are
connected to the rotor winding and are usually nediron the rotor to eliminate the slip
rings and hence minimize the maintenance cost. dutg ratio of the DC chopper is
controlled to adjust the effective value of theises which allows the rotor to vary its
rotational speed up to £+ 10% of its rated speedrder to enhance the power quality and
reduce the mechanical loading of the turbine corapts1 This type of control is known as
OptiSlip. In addition to the OptiSlip, the wind himes of Type B WECS are equipped with
an active blade pitch control system as well assipasstall control. The generator is
connected directly to the grid. A capacitor bandvies the reactive power compensation. A
smoother grid connection is achieved through tieeaiis soft-starter.

The wind turbine generates power when the rotoredpexceeds the generator’s
synchronous speed. As the wind speed increaseppther input to the generator increases,
the rotor slip increases, and hence the electoiggdut power increases. As long as the input
power from the wind turbine is below the rated powee external rotor resistors are short

circuited (duty ratio = 1). However, when the inpaiwer to the generator begins to exceed
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the rated power, the external rotor resistancedjgstéed to keep the output of the turbine
constant. Analysis of Type B WECS is beyond thepsaaf this research.

2.5.2 Type C WECS

Type C wind power generation consists of a windihe, a gearbox, and a doubly fed
induction generator (DFIG) with its stator termmabnnected directly to the grid. The DFIG
rotor terminals are also connected to the gridubhoan AC/DC/AC converter which allows
a complete decoupling between the rotor speed ladyrid frequency; i.e., the rotor speed
can be easily changed without being affected bygtieefrequency. Fig. 2.8.a and Fig. 2.8.b
show the characteristics of a variable-speed WEX3She wind speed increases, the output
power increases, and the rotor speed also incréaseder to keep tracking the peak points
of the wind speed curves. When either the ratedepaw the cut-out speed is reached, the
same procedures described for a Type A WECS agedtikct in a Type C WECS,; i.e., the

pitch angle controller is activated.
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Fig. 2.8.a Characteristics of Type C WECS [32] Fig. 2.8.b Power curve for a variable speed turbine

Type C WECS has two modes of operation: sub-symcu® and super-synchronous. In
sub-synchronous mode, when the wind speed is lo&vgenerator speed is lower than the
synchronous speed, and most of the power is trareghthrough the stator while part of the
power is circulated in the rotor circuit. On thé@t hand, in super-synchronous mode, when
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the wind speed is high, the generator speed exdkeds/nchronous speed, and the power is
transmitted through both generator circuits. Thaveater in the rotor circuit allows the

distribution of power between the two circuits.

2.5.2.1 Doubly Fed Induction Generator Control

Doubly fed induction generators (DFIGs) were susfigly used in the wind energy
conversion systems in the early 1990s. To contoth the mechanical parameters (torque
and speed) and the electrical parameters (actideaeactive power delivered to the grid) of
the machine, two back-to-back voltage source caekseare connected in the rotor circuit.
The machine-side converter, which is connectedctiyreto the rotor's terminals, is
responsible for controlling the DFIG parametersshsas DFIG speed, torque, and currents.
On the other hand, the grid-side converter, whgltannected to the grid's terminals, is
responsible for controlling the active and the tiwacpower delivered from the rotor to the

grid. The machine-and grid-side converters areudsed in the next subsections.

DFIG-based wind energy conversion systems arehblargpeed wind generators in which
the speed is controlled mainly to maximize the amaf power captured from the wind

(maximum power tracking) [41]. The DFIG stator antbr voltage equations are as follows:

Asab

Vsabe = Rslsape + ;; : (2.7)
A

Viabe = Rylrape + ;; < (2-8)

Transforming Equations (2.7) and (2.8) to the syowbusly rotating reference frame
allow them to be written as [42, 43]

_ dﬂ'sd
Vsd - RsIsd - wsﬂ'sq + 7 (2'9)
dA
Veq = Rslsq + wshsq + d—zq (2.10)
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dArd

Via = Relyg — (ws — wr)qu + dt (2.11)
da
Vig = Rylq + (w5 — wp)Arg + d;q (2.12)

wherews is the angular speed of the synchrondgseference frame, angk is the angular
speed of the rotor. The stator and rotor flux lggs are given by

Asa = Lislsa + Usa + Ira)Lm = Lslsq + Linlra (2.13)
Asq = Lislsq + (Isqg + Irg)Lm = Lglsq + Linlyg (2.14)
Ara = Liplya + Usa + Lra)Lin = Lylrg + Linlsa (2.15)
Arq = Liplg + (sq + Lng)lm = Lylrg + Linsq (2.16)

wherels = Ls + L, andL; = L + Ly, are the stator and rotor inductances, bgd_; andL,
are the stator leakage, rotor leakage, and mutanduciances, respectively. The

electromagnetic torque can be written as
Tem=1p (Asqlsd - Asdlsq) =pLln (Isdqu - Isqud) (2.17)
wherep is the number of pole pairs.

The typical stator and rotor resistances, espgdiallarge induction machines, are very
small and could be neglected. Hence, the statoreaahd reactive powers can be expressed

as follows [43]:

Ps = 1.5 (Vsalsa + Vsqlsq) (2.18)
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Qs =15 (Vsqlsd + Vsdlsq) (2.19)

Similarly, the active and reactive rotor powers expressed as follows:

P = 1.5 (Vralya + Viglrq) (2.20)

Q=15 (qulrd + Vrdqu) (2.21)

The following subsections briefly describe the tvaltage source converters connected in
the rotor circuit.

2.5.2.2 Machine-Side Converter

Three control loops in the machine-side convertatrol four parameters in the DFIG: rotor
current, output torque, rotor speed, and stator@Fdactive power. With respect to the
current controller, the rotor current is decoupie® d andq components; thg component
of the rotor current largely determines the torgueduced while the&l component can be
used to control the reactive power at the statoniteals. The governing equations of the
controller of the machine-side converter are exgdiin Chapter 6.

Since the stator fluys is almost fixed to the stator voltage, torque barcontrolled by
the g component of the rotor currentg.1Since it is difficult to measure torque, it is sho
often controlled in an open-loop manner. Thereftireq component of the reference current
can be determined from the reference torque,

However, the current dynamics should be set to behnfaster than the speed dynamics
so that the speed can be controlled in cascadet@thurrent.

Finally, since the flux for a DFIG system can bensidered to be constant, the

relationship between the reactive power anddfmmmponent of the rotor current is static.
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The d component of the rotor current can therefore bel tisecontrol the reactive power of

the DFIG, which is usually set to operate the maelat a unity power factor.

2.5.2.3 Grid-Side Converter

The main purpose of a grid-side converter is totrobrihe dc-link voltage. Control of the
grid-side converter consists of a fast inner cureantrol loop, which controls the current
through the grid, and an outer, slower, controlpldbat controls the dc-link voltage. The
reference frame of the inner current control loe@ligned with the grid flux, which means
that theq component of the grid current controls the activever delivered from the
converter and that thé component of the grid current, accordingly, corstrtile reactive
power. This arrangement implies that the outerimicyfoltage control loop must act on the
component of the grid current. The governing equiatiof the controller of the grid-side
converter are included in Chapter 6. The block @iagof the DFIG controller is shown in
Fig. 2.9.

2.5.3 Type D WECS

Type D wind turbine generator, in its simplest foconsists of a gearbox, a generator, and
an AC-to-AC full power converter. Various types @énerators are being used, such as
synchronous generators, permanent magnet generaaois squirrel cage induction
generators. Because it is completely decoupled fragrid, it can provide a wider range of
operating speeds than the Type C and has a laagegerof reactive power and voltage
control capacities. Its main disadvantage is thet aaf the full-size power converter.
However, recent advances and the relatively lovest of power electronics components
make it feasible to build variable-speed wind todsi with power converters that have the
same rating as the turbines. The control strategg fType D WECS is very similar to that of
a Type C WECS. The examination of a Type D WEC&ignd the scope of this research.

Many studies have compared different types of genes used in wind energy conversion
systems with respect to performance, cost, powalitgussues, and control complexity [44,
45]. These studies showed that although a constsdd SCIG is more rigid and easier to

control, it produces power with a higher level loictuation [44]. However, compared to both
20
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constant-speed and full-converter SCIGs, the estist of the slip rings in a DFIG are
compensated for by the smaller converter and therggncaptured during the super-
synchronous mode. Regarding power quality issues,performance of a DFIG is much
better than that of the SCIG during 80 % of the syatrical and asymmetrical voltage sags
[45].

2.6 Storage Systems

The variability in and difficulty of predicting genated wind power has created significant
interest in adding a storage system to wind geloeraEnergy storage systems, such as DC
batteries, compressed air, hydro-storage, hydrbgsed systems, and flywheels, can offer
sufficient flexibility for operation in connectiowith the stochastic generation of wind
energy [46]. In areas where expansion of the tréssan capacity is undesirable due to
environmental, economic, or technical restrictioesiergy storage connected to wind
generation terminals can increase the exploitabibthe energy source in order to supply

local loads with constant power.

Generally, storage systems can be classified edleording to their technology, as
electrical and electromechanical, or accordinghiirtconducting period, as short or long
term. The following subsections introduce energyagie systems that are classified as short

or long term.

2.6.1 Short-Term Energy Storage Systems

Short-term storage systems are characterized lyah#ity to supply the required level of
energy for a short period of time, i.e., for secowd perhaps a few minutes, and by their
corresponding relatively low prices compared toglberm storage systems. Short-term
storage systems are integrated into wind energyazsion systems mainly to mitigate high-
frequency variations in wind power, i.e., flickef$ey can also be used to enhance the low-
voltage ride-through capability of wind generatdrke ride-through capability of a WECS is
defined as the ability of a power source to delivsable power for a limited time during a
power loss [47].
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2.6.1.1 Flywheel Energy Storage

One of the oldest and most reliable energy stodeeces is the flywheel. It is often
employed in small wind energy conversion systenliegjons and can be used to eliminate

short-term (seconds to minutes) power fluctuatidgs.

In previous studies, flywheel energy storage (FE& been integrated into wind energy
conversion systems (WECSS) in order to enhance pquwality [49-51]. The problem of
voltage sags and sudden changes in load demand dStaral-alone system has been
investigated with respect to constant- and varigpked WECSs. FES has been proven to
enhance the power smoothing of a constant-speed SMBEQ, 51]; however, in variable-
speed WECSSs, FES allows control of the DC-link agdt of the grid-side power converter
and hence the power flow from the variable-speedC®Bo the grid [49]. The main
drawbacks of FES are its extra size and weight, thedlimited durability of the stored
energy. From an economic point of view, a caseyshas shown that for a 1 MW capacity
wind turbine, connection with a 15.9 KWhr FES tbah store energy for a maximum of 10

min produces a gain of about $30,000 per year [52].

2.6.1.2 Super-Capacitor Energy Storage

In addition to flywheel storage devices, super-ciépastorage is considered one of the most
promising short-term energy storage systems. Scgyedicitor storage has recently been

shown to have higher efficiency and a longer lifele than batteries [53].

Super-capacitor energy storage has recently become of the most attractive
alternatives for enhancing the performance of wendrgy conversion systems through the
mitigation of high-frequency wind power fluctuat®fb3, 54]. A super-capacitor is applied
in a constant-speed WECS through a DC-DC converterder to control active and reactive
power, thus compensating for power fluctuationg;[5éwever, super-capacitors fail in the
case of low-frequency fluctuations. They have deen integrated into a doubly fed WECS
at the DC-link in order to compensate for rapid powariations and to enhance the fault ride

through capability of the wind turbine [53].
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2.6.2 Long Term Energy Storage Systems

Unlike short-term energy storage systems, long-tstonage systems are characterized by
their ability to store energy for very long peripaghich might reach several months in the
case of pumped hydro storage. However, they hagedibadvantage of higher capital
investment and running costs. For example, buildinmgservoir for pumped hydro storage
with a 2100 MW generating capacity costs abouf7dbillion [55].

Long-term energy storage systems were implememtgubwer systems even before the
integration of renewable resources into the netaofkey are used in substations in order to
enhance the stability, reliability, security, aroyer quality of the power system. However,
when they are attached to a renewable energy @sainey are used to convert a stochastic
renewable energy source into a dispatchable oreu$h of storage systems is consequently

included in power system planning operations as agein daily power scheduling.

2.6.2.1 Battery Energy Storage

Compared to other types of storage systems, arpaiterage device has a number of
attractive features. They are able to store a lqugentity of energy, and they can deliver this
energy in the form of transferred power at eitHewsor extremely high rates without being
damaged. They are also rugged and reliable anddaer@v source of constant power. For
these reasons, a battery storage system is a wekip storage technique for wind energy
conversion systems [56-58].

Connecting battery storage to a wind turbine genemnhances the combined system’s
participation in unit commitment and schedulingudsés have included the considerations of
wind speed and load uncertainties but have notesddd real-time wind speed or load data
[57]. Nevertheless, actual wind speed and irragiadata have been applied in order to
investigate a wind/photovoltaic system combinechvidattery storage [58]. To increase the
penetration level of wind energy, to address pogelity issues, and to improve stability
margins, a combination of battery storage and atikeapower support device such as a

static Var compensator or a static synchronous eosgitor has been proposed in several
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studies in the literature [59, 60]. However, thestcof combined systems is impractically
high.

2.6.2.2 Pumped Hydro Energy Storage

Pumped hydro storage is the process of pumpingrviii® large barriers constructed at a
higher level and then retrieving it later. This eéypf storage system is considered the most
reliable but also the most expensive. Some areagever, have natural reservoirs, in which
case, this solution can be both economical and@mvientally friendly. The recovery of the
stored energy is controlled by the release of dygeiired amount of pumped water through a
turbine [61, 62].

Since cost is the main different to the use of pednpydro as a storage system, the
literature examines the effect of attaching a puhipgdro storage system to a wind energy
conversion system with respect to operating cogtSimum sizing, and spinning reserve [15,
61]. One method of reducing the total operationastcis to minimize the share of
conventional generators in the delivered power,[61} this method might also affect the
system reliability. Another method is to minimizestspinning reserve and hence the use of
must-run generators, which are usually charactérize low no-load efficiency [15]. The

optimum sizing of various types of storage systemaiscussed in later subsections.

2.6.2.3 Compressed Air Energy Storage

As with pumped hydro storage, a compressed aiagéosystem stores energy in mechanical
form but with greater system flexibility and longystem costs. Implementing a compressed
air storage system in a power system has had timise thus far. Few studies of this topic
have been conducted, and most address only theomooraspects. In [63], the author
proposed an electricity market model for investigatthe economics of a compressed air
energy storage system in a system with a high lefvelind energy penetration. A variety of
parameters were included in the study, such as @edacteristics, wind power plant

characteristics, energy prices, and generatiorsfngssion system capabilities
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2.6.2.4 Hydrogen Energy Storage

While wind energy can be stored in mechanical fatms, also possible to store it in chemical

form by using the electrical output of the winditime generator to produce hydrogen and
oxygen in an electrolytic cell [62, 64]. The oxygentraded directly in the oxygen market,

while hydrogen can either be traded in the marketsed to produce electric power through
fuel cells [65].

Both technical and economic studies have beenechout in order to investigate the
viability of introducing hydrogen as a storage swstand as an end product [65-67]. The
technical studies have examined the optimum operaitiplanning for a system consisting of
wind generation and a hydrogen storage systemgiiaerates hydrogen as a fuel and as
electric power through stationary fuel cells. A ddead electricity market was selected as a
mean of examining the proposed strategy [67]. Tisadyantages of the proposed scheme
are its exclusion of the consideration of load utaiety, its use of a dump load, and the fact
that the capital cost of the system is ignored.r@nestorage in the form of hydrogen
combined with renewable energy sources that halferelt voltage/current characteristics
was assessed in order to test the reliability ofystem that uses the proposed control
methodology. The simulation results indicated tbafe and reliable operation is possible
with enhanced energy management [66]. The proposefiguration was tested for a stand-
alone system without any indication of the consegas of applying it in a grid-connected

system.

The economic studies, however, led to differentcbsions. On one hand, the studies
show that buying electricity from the market at Ipwces during the off load periods and
converting it into hydrogen to either sell or cortveack to electricity has been proven to be
a source of considerable profit [67]. On the otha@nd, those who consider wind their only

energy source found hydrogen to be an infeasildtesy[65].
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2.6.3 Thermal Energy Storage

Thermal energy storage is the latest developmestdrage system technology. The basic
concept is either to store energy in thermal reses\or to use it in a different application.

The thermal reservoir may be maintained at a teatpes above or below that of the ambient
environment. The topology proposed in the litertigrto combine a wind energy conversion
system with thermal energy storage. During periaidew power demand, the unused wind
energy is converted to thermal energy that is tiesd to convert a hydrocarbon fuel to a
liquid or gas fuel [68]. The proposed strategy sbowery low efficiency; however, the

author’s opinion was that wind energy is free eperg

2.6.4 Combined Energy Storage

Several studies have proposed a combination ofotwnore storage devices; in most cases,
short-and long-term energy storage systems are ioechbShort-term storage is exploited in
order to mitigate rapid (high-frequency) power a#idns. However, a long-term storage
system is utilized for low-frequency power variagan order to convert a renewable energy
source into a dispatchable one, which could hel@peoe system reliability and increase the

participation of renewable energy sources in tleetaktity market.

The first combination proposed consisted of a flgalhand a battery storage device,
which were applied to an autonomous system [69¢. Jdal of the proposed configuration is
to investigate the deviations in frequency wherrgewable energy source supplies a stand-
alone system. The simulation results proved thatftquency deviation is very small and
that the system can perform adequately. If the gweg system were connected to a grid,
however, the control strategy might be completéffgent.

Another study combined compressed air and supezettap energy storage devices [70]
in order to ensure a smooth power transition betws@ver levels in a maximum power
tracking based on fixed speed wind energy conversystem. This solution seems to require

an uneconomical investment.
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2.6.5 Sizing of Storage Devices

Economic studies can determine the optimum siztarhige device that can be attached to a
renewable energy source [28, 29, 64, 65]. The maal of these studies was to enhance the
energy management of the renewable energy sourceler to develop better performance
and to allow suppliers to bid more flexibly in tlemergy and ancillary service markets.
Different criteria have been used to determinedp#gmum size of a storage device. These
criteria depend on the type of storage device, tijpe of system (autonomous or grid
connected), and the variables included in the apétion function, such as capital cost. The
global optimization function of all the studieseigher to minimize the total cost [28, 29] or

to maximize the system profit [64, 65].

In [28], the optimum size of a pumped hydro stordgeice combined with a renewable
energy source was determined from the identificatd the expected price of energy, the
costs of the storage unit (fixed and running costs)l the round-trip efficiency of the storage
technology. The objective function to be minimizeds the expected daily cost of operation
and amortization. The capacity of a battery stord@eéce is normally specified in terms of
power and energy capacity [46]. The energy capagscribes the amount of energy that can
be drawn from or stored in the battery. The pove¢ing determines the power that can be
supplied or stored by the battery under the ratechdrge/charge time interval. The capital
cost of a battery is also determined based onoigep and energy capacities [71]. The main
drawback of this methodology is that the authouasd that the capital cost of the wind

turbine and the power converters are constant [29].

The storage system that causes the most debateregipect to its economic effect is
hydrogen energy storage because many alternati@esbe taken into account in the
optimization function, such as whether to traderbgdn in the hydrogen market, whether to
import (buy) electricity from the market in off-geperiods in order to develop hydrogen for
later use, and whether to develop power from tldrdgen using a low-efficiency (maximum
of 45 %) fuel cell or to sell all the hydrogen puation directly. To investigate the

implementation of hydrogen storage systems in aepasystem, consideration should be
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given to the costs of the plant, including the ag@r system, as well as the additional margins
obtainable from the sale of the stored energy [€4mbining a hydrogen storage system
with a base power generator, e.g., a nuclear pgemeerator, has been recently discussed in
the literature [65]. The main purpose of the baswgy was to assure a high level of
reliability and continuity of supply; however, theason for selecting nuclear power
specifically was the emerging nuclear electrolyzechnology which has increased
efficiency. The results show that for the givenlist@ assumptions, hydrogen is not a viable
option for electricity storage for the current étexty market and pricing. The drawback of

this study is the omission of the fixed cost of pineposed system.

2.7 Summary

This chapter has presented brief background infoomabout the components of the wind
energy conversion systems (WECSs) and a detaileg@yswof the literature related to about
the control techniques applied to a number of tyyfe&/ECSs. As previously mentioned, the
following chapters will consider only Types A and W@nd energy conversion systems

because of the high market share of these two types

Attaching storage devices to wind energy conversgsiems has recently received a
considerable attention. These devices can be wvsestitice fluctuations in the output power
of WECSSs; to shift the overnight peak wind generatio match the load peaks; and to
provide reactive power support. However, the mdiallenge still involved in the use of
storage devices is the high cost associated widir timstallation. Thus, studying the
economic aspect of installing these devices isreagimportance. The investigation of this

factor is presented in the following chapters.
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Chapter 3
Impact of WECSs on Electrical Grids

3.1 General

A typical problem with wind energy conversion sysgeis the continual variations in the
power they produce that result from the directtreteship between the generated power from
wind and wind speed, which is random in nature. iftaén aim of this chapter is to explain
the process used to accurately evaluate the teathmind economic impact on the
performance of the grid that results from the iltesti@n of wind energy conversion systems.
This chapter also presents a detailed descripfitimecspecific power fluctuation problem, its
technical and economic impact on power systems, taedsolutions proposed in the

literature.

3.2 Technical and Economic Impact of WECSs

Wwind power fluctuates over time, mainly as a restithanges in meteorological conditions.
These power variations occur for all time scalespsds, minutes, hours, days, months, and
seasons. Understanding these variations and tleé ¢év¥heir predictability is a critical step
in any attempt to increase the penetration of vgaderation into and the optimal operation
of power systems. Electric power systems are imilgrevariable because of continual
variations in the load and supply but they are weligned to deal efficiently with these
changes. The system operator must manage botlciaieléi and unpredictable events in the
grid, including scheduled equipment maintenaneces tontingencies; sudden loss of a large

load/generation; load variations; and, of coursadwower fluctuations.

The short-term variability of wind power (in theder of minutes to hours) is important
because it affects the operational scheduling ef generation units, the balancing of
demand/load power, and the determination of theusutnof reserves needed. Many models
have been developed as a means of predicting srartvariations in wind power such as

time series models and geographical spreading model
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The long-term variability of wind power (months agdars) which is determined by
seasonal meteorological patterns and by inter-dnvargations in wind speed [31] affects
operational and long-term planning for power systelHowever, long-term variations can be

predicted more accurately than short-term varighili

The ability to obtain power from wind energy sowawer the long term is called wind
power capacity factor, which is defined as the ljeaverage wind power divided by the
rated power of the wind turbine/farm. A typical walof the wind power capacity factor is 35
%. This capacity factor greatly affects the ecorssnof the wind industry. For example,
some countries (e.g., Canada) provide substani@@nitives to wind generation so that
utilities are obliged to buy all generated powendtigh price. On the other hand, countries
such as the United Kingdom force wind generatoridoin the market in the same way as

conventional generators, and penalties are apfdiefdrecasting errors.

In general, the technical difficulties associatedhwthe integration of wind energy
conversion systems into electrical grids are largelie to but not limited to power
fluctuations, voltage fluctuations/flickers, theesgtion and scheduling of generators, system
security, and errors in the prediction of wind povgeneration. On the other hand, the
economic difficulties include the high cost of witutbine generators compared to the annual
developed energy, the cost of reserves, storageelewsts, and the costs associated with

prediction errors.

3.3 Wind Power Fluctuations

It is obvious that the main challenge with integrgtwind power in electrical grids is the
wind power fluctuations, which sometimes also caogeer wind integration difficulties.
Wind power fluctuations have other possible cawslksr than variations in wind speed, such
as a blade passing in front of the tower, an inmmaain the rotor turbine, and rotational
sampling, and these types of power fluctuations@ee severe when the power is delivered
by an asynchronous generator coupled directly ¢éoetflectric grid. The remainder of this

chapter therefore focuses mainly on this problem.
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Two terms are commonly associated with wind powarations: power fluctuations and
flickers. Power fluctuations are slow power vadas, in the range of 0.01 Hz; flickers,
however, have higher frequency variations, in Hreye of a few hertz. A flicker is defined as
“the impression of fluctuating brightness or coloccurring when the frequency of observed
variation lies between a few hertz and the fusreqdency of images, according to the IEEE

standard dictionary of electrical and electronren®’ [72].

The difference between flickers and fluctuations d@gplained in the following
descriptions: “Flicker and voltage changes are tdusapid changes in the load, generation
output or to the switching operations in the netwbotFluctuations of active and/or reactive
power of wind turbines are due to the effects afican wind fluctuation, tower shadow, yaw

error, misalignment, wind gusting and wind shedriclv cause flickers” [10].

3.3.1 Impact of Power Fluctuations on Power Systems

The fluctuating nature of wind speed and, hencedvgenerated power imposes a humber of
technical and economical restrictions on a powstesy. In weak networks as well as strong
networks that have large wind energy penetratival$ée continuous variations in wind power
cause the system voltage to fluctuate, the systeouéncy to deviate from the nominal
frequency, and the generation to be insufficientfded the loads. With respect to the
economic difficulties, the inability of wind farme supply the power scheduled in a contract
results in the imposition of specific penalties, iethincreases the gross cost of wind
generation.

3.3.1.1 Technical Impact

The following subsections explain the technical actpon the operation of the power system

of the fluctuations in power produced by wind elyesgurces.

3.3.1.1.1Voltage Fluctuations

Some problems, such as small voltage variationdlexkér might arise from individual wind

turbines or wind farm generation, when variatiomsvind speed produce mechanical power

fluctuations, which cause speed changes in theneinotor, leading in turn to variations in
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current and voltage in the generators. Voltagdiiccan become a factor that discourages
utilities from allowing wind turbines to be connedtto weak networks, and even prevents
integration with relatively strong networks in tbase of large amount of wind power being

connected [72].

It has been shown that flicker emission from vddeapeed turbines is relatively low [7,
10, 14, 73, 74], which means that studying flickarission from constant-speed turbines has
greater value. In variable speed wind energy ca@iwer systems, incoming power
fluctuations can be reduced by changing the turboter speed slightly, and the power
electronic converters in the wind turbine systemwide the possibility of reducing dynamic
voltage fluctuations. Rather than maintaining teactive power at zero, i.e., unity power
factor operation, the reactive power can also ha&rolled in order to minimize voltage

fluctuations caused by wind power fluctuation.

3.3.1.1.2Frequency Deviation

Only the probabilistically firm component of winadwer is traded in the hourly electricity
markets [18]. The system operator deducts the &sted firm component of wind power
from the forecasted demand. However, the powerimedjun order to cap the difference
between the demand and the wind power is schedyed/ hour from conventional power
plants in order to maintain a balance between tiveep supply and the forecasted demand.
Power plants handle deviations between actual amdcésted demand and actual and
forecasted wind generation by means of an autonguiecernor control (AGC), which

continuously adjust their real power referencesrder to regulate the system frequency.

Variations in wind speed cause the turbo altersatorpower plants to accelerate and
decelerate, and consequently, cause the systemefrey to deviate from the 50 Hz or 60 Hz
standard [16]. Since the under/over frequency eelpyotect the system against large
frequency swings and sustained frequency erroesfritquency deviation caused by wind
power fluctuations can falsely trip the frequencgtpction relays. Tripping of the protective
relays of a large wind farm in order to isolatérdm the network can apply more stress on
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the power system, consequently causing the sysparatr either to shed some loads or to

introduce expensive power generators to the network

3.3.1.1.3Power System Stability

There are two types of power system stability: gsramt and steady state, also called dynamic
stability. A fault on a high-voltage transmissioatwork or the loss of a major generating
unit is considered a major impact on the poweresgsand might lead to system instability.
During such a period, the study of the system dyosnis defined as a transient stability
study. Stability depends strongly on the magnitadé location of the disturbance and to a
lesser extent on the initial state or operatingddton of the system. However, the problem
of studying the stability of power systems that @anelergoing small load/generation changes
has been called a steady-state or dynamic stabpildplem. Since wind power is known to
fluctuate continually, studying system stabilitythvivind generation imbedded in the system

is always a dynamic stability problem.

A major issue related to the control and stabilify electric power systems is the
maintenance of the balance between generated amsuroed power. Because of the
fluctuating nature of wind speeds, the continuawgh of wind power generation in power
systems has caused the system operator to focus amothe fluctuations in the power
production of wind turbines, especially when thendviturbines are concentrated

geographically in large wind farms.

3.3.1.1.4Power System Security

Power system security analysis is the process tectieg whether the power system is in a
secure or an alert state. A secure state impliasttie load is satisfied and that no limit
violations will occur under present operating cdiogis or in the presence of unforeseen
contingencies. The alert state implies that pdaiclimits have been violated and/or that the
load demand cannot be met and that corrective rectioust be taken in order to bring the

power system back to a secure state.
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On small island power systems, wind power fluctradi may have even more severe
consequences for the operation and security adybtem [19]. An example of such a system
is the one on the island of Hawaii, which is nobhmected to other systems. The ability to
integrate wind power into the system on the islandlso limited by the generation mix,
which includes a relatively large number of nonedated generating units [75]. Wind power
fluctuations are also considered to be a secussua in networks with very weak
interconnections. The island of Ireland has a gexaimple of such a system, which has only

a very weak connection to the system in Scotland.

3.3.1.1.5Unit Commitment and Dispatch

The optimal selection of on-line units (unit commént) and optimal output levels of
committed units (dispatch procedures) for converaicgeneration is considered a serious
problem for the system operator and needs to beincadly to compensate for any

integration of large amounts of wind energy inte &hectrical networks [20].

Since unit commitment deals with the balance betwgenerated power and loads, wind
power fluctuations should be combined with loadiateans when a unit commitment
problem is considered. In other words, the totajulgted power from conventional
generators at any moment depends on the sum efitttepower and load variations. Wind
power fluctuations could counterbalance [76] or Biyppad variations [77].

3.3.1.2 Economic Impact

The following subsections explain the economic iotpan the operation of power systems

due to the fluctuations in power caused by wind-gynsources.

3.3.1.2.1Spinning Reserves

The power generated from wind energy conversiotesys is intermittent, which increases
the consideration of uncertainty with respect tstayn reserve. Reserve is defined as the
regulated power generators allocated to meet imbakbetween the predicted and actual
demand. The scale of the wind forecast times isomapt for determining reserve

requirements. For times from several seconds &wanfinutes, the overall output fluctuation
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in wind generation is small, given the consideratileersity of the output from individual
wind farms. Reserve requirements deal with the aicey in wind forecasts over periods of

minutes to hours.

If wind fluctuations were perfectly predictable ssym operating costs would be relatively
small for systems with considerable wind power,vigted that their conventional power
generation has enough flexibility to handle thenges. In reality, forecasting wind power
generation is strongly related to the forecastihgholtiple atmospheric variables, e.g., wind
speed and direction, air density, and spatial scafeatmospheric motion. These difficult
wind forecasting uncertainties are considered atitiadal balancing requirement which can
be fairly significant. Wind fluctuations generafiyllow a normal distribution but with longer
tails, which indicate a need for more reserve ideorto capture the majority of the
imbalances [15]. On the other hand, the resenacation affects the system’s ability to
accept wind generation. A high spinning reservecaliion requires the running of a large
number of partly loaded generators; therefore,tthial system energy is accompanied by
reserve provisions. This “must-run” reserve genenateaves less room for wind power

generation.

3.3.1.2.2Unit Scheduling

Unit scheduling is somewhat similar to unit comnatrh but is related to an economic
perspective. Current short-term power markets agsigded for trading conventional
(dispatchable) generation. The time span from @fseket clearing until delivery can be up
to 36 h (Scandinavia) or up to 38 h (Spain); anyia®ns from the submitted production
plan are penalized. The penalty associated witlalamzes due to wind power is termed the
imbalance cost, and it increases the cost of rgnairwind energy conversion system. At
wind penetrations of up to 20 % of the peak denaral system, it has been also found that
the increase in system operating costs that reBolts wind variability and uncertainty has

amounted to about 10 % or less of the wholesalgeval the wind energy [78].
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3.3.1.2.3Liberalized Electricity Market

The structure of most deregulated electricity marke either day-ahead or hour-ahead. In
both structures, generators may have to buy or essdrgy to cover deviations due to
prediction errors. To increase the penetrationiofivenergy conversion systems (WECSS) in
the grid, the large prediction errors that occuthwnost prediction methods must first be
reduced.

An additional point of concern is that in the prese of imbalance costs ammhcertain
wind generation, a method is required for detemgnthe optimumlevel of contracted
energy that should be sold on the advance marketsnaximize the profits produced by
wind power that is traded in a deregulated elatyrimarket, several factors must be

considered, e.g., wind power forecasting, wind gaten modeling, and optimization

3.3.2 Proposed Solutions in the literature for the Fluctuation Problem

Many solutions have been proposed for solving thetdation problem. One is to keep a
minimum level of thermal plant generation in order maintain an adequate operating
reserve and to keep system-control capabilitiezbatit 30 % to 50 % of the capacity of the
utility [76]. Below this range, problems begin tasa; however, lower ranges could probably
be achieved if the design were modified. This sofuis completely specific to the system

configuration and parameters and does not takeacitount the required system reserve.

Another solution [79] is to reduce the bus voltdlyetuation in a variable-speed wind
energy conversion system if wind farm convertees @sed to enhance the reactive power
compensation, i.e., to generate reactive powenduaw system voltage and absorb reactive
power during high system voltage. However, thishodtreduces the amount of active power
generated and complicates converter control. $t dao been proven that a wind turbine
should be connected to a grid with a short-circaipacity of 50 times the rating of the
turbine in order to minimize the flicker emissiofitbe turbine [7], which in most cases is

impractical.
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Another solution to power fluctuation was propose{d], in which it was shown that the
generator rotating shafts in thermal and hydro pgants could be modified to make use of
inherent inertia and to act as energy storage dsvithis solution could provide significant
help with the filtering of power fluctuations prackd by the wind turbines; however, the

dynamic behaviour of the network might be affected.

As previously mentioned in Section 3.3.4.1.2, wpalver fluctuation could force the
frequency relays to trip, and it has been estimé#bed if the under/over frequency relay
allows a deviation of 1 % of 60 Hz, the peak povlectuation produced by a single wind
frequency could reach 5 % of the total power ratimg thermal plants [14, 16]. This
recommendation relates only to grid codes and is angeal solution for wind power

fluctuation.

The most common solution to power fluctuation isattach a type of storage system to
either each individual wind turbine or to the aggted wind turbines at a wind farm [15, 48,
56-59, 61, 63, 64]. Storage is the only device et the ability to stock generated excesses
during high-wind/low-demand periods and then subeatly discharge this energy as
needed. Since wind power fluctuations are expettdzecome more pronounced due to the
increase in the wind capacity connected to a ¢hie,value of storage systems has become
more obvious because of the amount of wind enengialled and the inelasticity of some
generation systems. From a technical point of viéng, solution is almost perfect. However,
from an economic perspective, adding a storagesyts wind power generation imposes an

extra cost, which reduces the gross revenue.

To reduce the output power fluctuations of windrfay [11, 12] have presented a control
strategy of leveling the output power from windnfs: Based on both the average output
power of the wind farm and its standard deviatempntrol strategy and pitch angle control
that uses a generalized predictive controller iopérating regions were implemented. In the
proposed strategy, the wind speed is first measamd the corresponding available average
wind farm output power and its standard deviatigntaen calculated. Next, according to the

system operator’s power command, the output poWweaoch wind turbine generator at the
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farm is determined, depending on the availabledfrfleaumber of wind turbine generators.
This solution would affect the amount of energydueed by the wind farm, which might be

an economic disincentive.

In [73], the design of an electrical filter suitabfor avoiding the flicker effect was
proposed. The main problem was the low frequenctheftorque oscillation of the wind
turbine, which may reach 1 Hz at low rotationalesfge This very low frequency could not
be filtered by either the turbine or electrical geator inertia, which causes an oscillation in
the generator current. Filtering the flicker isfidifilt because of its very low frequency, and
the technical implementation of this control stggteould be impractical.

3.4 Summary

This chapter has presented a literature survehetdchnical and economic impact on the
performance of the grid when wind energy converssgatems are installed. Particular
emphasis is on the power fluctuation problem assediwith wind power generation. The
main finding revealed by this survey is the lack aftechnically and economically

comprehensive solution for power fluctuation. Addsiag this issue is the main motivation
behind this research.
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Chapter 4

The Leveling Technique

4.1 General

The main objective of this chapter is to presenbteel control technique that can overcome
the main problem associated with the integratioa wfiind energy conversion system, which
is power fluctuation, and hence reduce the assatiakgative impact discussed in the
previous chapter. The general concept of the cbtgobnique is presented in the following
section, and the application of the stages involnetthe method is discussed in detail in the
sections that follow.

4.2 The Leveling Technique

The main goal of the developed leveling controlhteque is to mitigate the power
fluctuation that occurs due to the continual vaoiad in wind speed and hence in wind output
power. The proposed control methodology relies dndwspeed (power) leveling, i.e.,
selecting a fixed number of wind power levels fosgecific time period (day, season, or
year) at which the wind turbine will operate. Iettvind power is between any two levels, the
wind energy conversion system (WECS) controlleusidj the output power to ensure that

the effective wind power generated is held steddiyealower level selected.

The scheme for selecting power levels is as follodust, wind speed data are collected
from a candidate site for a specific period of tirttee more data collected, the better the
control efficiency. Second, the wind speed datairgrat into a suitable clustering technique
which will determine the number of speed levelaugtdrs) and their values (centroids).
Third, the values of the speed levels (power lgvate adjusted in order to maximize the
total energy captured based on the number of sigsets and the wind speed data. Finally,
the corresponding speeds (power levels) that maeirtiie total energy captured are applied
to the controller of Type A and Type C wind enecgyversion systems.
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For example, let the output of the clustering téghe and the optimization algorithm, for
the wind speed curve shown in Fig. 4.1, be thrdemmmn speeds of 6 m/s, 8 m/s, and 10.5
m/s. If the wind speed is lower than 6 m/s, thedwtarbine generator produces power
corresponding to the cut-in speed. If the wind dpeegreater than 6 m/s but lower than 8
m/s, the controller adjusts the WECS to producegrdhat corresponds to a wind speed of 6
m/s. The same procedure is applied to the otherdwels. Fig. 4.2 shows a sample power
output of WECS after the leveling technique hasseplied.
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Fig. 4.1: Wind speed before the leveling techniguapplied
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Fig. 4.2: Generated power after the leveling teghaiis applied

4.3 Wind Speed Data

Many mathematical representations of wind speecevpeoposed in the literature, two of
which have attracted the most attention due ta #heturacy and suitability for simulation
techniques: probabilistic and chronological repnéstton. The following subsections present

a brief description of these mathematical repredemts of wind speed data.

4.3.1 Probabilistic Wind Data

A typical expression often recommended for modetimg behaviour of wind speed is the
Weibull probability density function (pdf), whicls ia Gaussian density function with a
longer tail. This representation uses the Weibdfltp compare the actual wind speed profile

at different sites and the estimated wind speetil@id].

f(v) :%Gj _ ex;{—[g } Weibull pdf 4.1)
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wherek is called the shape index awds called the scale index. As the shape index
changes, the shape of the pdf changes accordiaglyshown in Fig. 4.3.a. However,
Fig.4.3.b shows the effect on the pdf of changhmydcale index C. When the shape inkex
equals 2, the pdf is known as a Rayleigh pdf, whigdimics most wind speed profiles.

Therefore Equation (4.1) can be written as

f(v) = (%)ex;{— (‘—éj } Rayleigh pdf (4.2)

wherec= 1128V, andV,, is the mean wind speed.
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4.3.2 Chronological Wind Data

Estimating the profile of the output power of thmmevenergy conversion systems using long

historical time series of wind speed and wind dicer data is known as chronological

simulation. The main advantage of chronological udations is their ability to include

temporal information in the analysis, i.e., timedtoe variations. However, the main

drawback of these simulations is that they shodd@rried out over extensive periods of

time in order to provide an accurate evaluatiothefperformance of the system by including
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all possible patterns that can be extracted fraen\MHECSs. Such a study requires collecting
historical time series wind speed and directioraddtthe location where the WECSs are to
be installed. The time resolution of the data a@téd should be suitable for taking into
account short-term, i.e., minute-to minute, vaoiasi in the wind speed and hence in the
generated wind power.

In summary, since the main goal of this thesiislétermine a method of reducing the
power fluctuations generated from WECSs and becthsse power fluctuations involve
time-to-time wind speed variations, a chronologicgiresentation of the wind speed data
was the method considered for this research, andifitussion in the remainder of the thesis

is based on this consideration.

4.4 Wind Speed Clustering

wind speed is stochastic in nature and is closelgted to a number of atmospheric
variables, such as wind direction, air density, tmdpatial/temporal scales of atmospheric
motion. For this research, a clustering techniqas shosen as the method of determining
the most likely wind speed that can occur in a giset of wind data. These most likely wind
speeds represents the centroids of the clustedatafand in the developed algorithm these

centroids were utilized to minimize fluctuationstive output power.

Cluster analysis is the organization of a collectd patterns, or data points, into clusters
based on similarity. Patterns within any given tdusre more similar to each other than they
are to a pattern belonging to a different clustersimple distance measure such as the
Euclidean distance can often be used to reflecdibgmilarity between two patterns [80].
The clustering output can be hard (the data igtjgemeéd into groups) or fuzzy (each pattern

has a variable degree of membership in each ajutput clusters).

4.4.1 Clustering Techniques

Clustering techniques can be divided into two magiegories: supervised and unsupervised.
In supervised clustering, the number of clustersvali as the data to be clustered are

provided as an input to the clustering algorithrhjol assigns each unit of the data entered
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to the cluster that has the best fit. On the ob@rd, unsupervised clustering techniques do
not require the number of clusters as input. Thealrer of clusters is determined by the
clustering algorithm which makes the clusteringoathm, a longer complicated and requires

more run time. The varied approaches to clustedeig@ can be described as shown in Fig.

4.4,
Clustering

Supervised
Clustering
Partltlon al
Affinity ~
Propagation X-Means

Complete Graph Gaussian
Single Link Link K-means Theoretic I\:\i/lxéggla Fuzzy

Fig. 4.4: Clustering techniques

Unsupervised
Clustering

4.4.1.1 Supervised Clustering Techniques

Supervised clustering techniques, which requiradidition to the number of clusters (i.e., the
number of levels) the data entry (i.e., the windespdata), can be classified as hierarchical,

partitional, k-means, graph-theoretic, Gaussiantumemodel, or fuzzy.

4.4.1.1.1Hierarchical Techniques

Most hierarchical clustering algorithms are eitlsgrgle-link [81] or complete-link [82].

These two algorithms differ in the way they chasaee the similarities between a pair of
clusters. In the single-link method, the distaneeMeen two clusters is the minimum of the
distances between all pairs of patterns drawn fitwertwo clusters (one pattern from the first
cluster, the other from the second). In the conegliek algorithm, the distance between two
clusters is the maximum of all pair distances betwpatterns in the two clusters. In both

cases, two clusters are merged to form a largetasilbbased on minimum distance criteria.
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The clusters obtained by the complete-link algonitfwe more compact than those obtained
by the single-link algorithm.

4.4.1.1.2Partitional Techniques

Partitional methods have advantages in applicatiomslving large data sets. The main
problem accompanying the use of a partitional algor is the need to verify the number of
desired output clusters. Reference [83] provideslamce with respect to this key design
decision. Partitional techniques usually produaestelrs by optimizing a criterion function,
such as distance function, defined either locaigsed on a subset of the patterns, or
globally, defined over all of the patterns. In giee, the algorithm is typically run multiple
random times with different starting states, anel tlest configuration obtained from all of

the runs is used as the output clustering.

4.4.1.1.3K-Means Clustering Technique

The K-means is the simplest and most commonly w@dgdrithm and employs a squared
error criterion [84]. It starts with a random iaitpartition and keeps reassigning the patterns
to clusters based on the similarity between theéepatand the cluster centres until the
squared error stops decreasing significantly ateumber of iterations. The objective it tries

to achieve is to minimize the total variance:

V=Y Y -uf 0.3

i=1 x;0§

where k is the number of clusterS;=12,...,.k ; and g is the centroid (mean point) of all the

points.

A major problem with this algorithm is that it iersitive to the selection of the initial
partition and may converge to a local minimum a thnction value of the criterion if the

initial partition is not chosen accurately.
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4.4.1.1.4Graph-Theoretic Clustering Technique

The best-known graph-theoretic clustering algorittembased on the construction of a
minimal spanning tree (MST) of the data [85], felkd by the deletion of the MST edges
with the largest lengths in order to generate ehgst

4.4.1.1.5Gaussian Mixture Model Clustering Technique

The basic assumption in the Gaussian mixture mtaitnique is that the patterns to be
clustered are drawn from one of several distrimgjoand the goal is to identify the

parameters of each distribution (means and varjarMest of the work in this area has

assumed that the individual components of the maxtlensity are Gaussian, and if so, the
parameters of the individual Gaussians are to timated.

The procedure for this clustering technique isa®ws: after the number of clusters is
determined, the initial Gaussian means and vargafareeach cluster are initialized using the
K-means algorithm and the distance to the neatastet, respectively. The probability of
each pattern (data point) belonging to each clustethen calculated. Based on the
probability calculated in the previous step, eaompis assigned to the appropriate cluster.
All the data points within each cluster are theadu® construct new Gaussian probability
density functions with new means and variancethdfe are major changes in the means and
variances, the whole process is repeated; othertyisemeans are considered the optimum
centres of the clusters.

4.4.1.1.6Fuzzy Clustering Technique

Traditional clustering approaches generate pamstian a partition, each pattern belongs to
one and only one cluster. Hence, the clusters har@ clustering are disjointed. Fuzzy
clustering extends this concept to associate eaterp with every cluster using a
membership function [86].
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4.4.1.2 Unsupervised Clustering Techniques

As previously mentioned, unsupervised clusterirdpnégues do not require the number of
clusters to be entered as input. These kinds dfteling algorithms are therefore able to
determine the number of clusters (i.e., power Bvak well as the centre of these clusters

(i.e., the initial values of the power levels).

The affinity propagation technique and the x-mettnique are the most popular two

types of unsupervised clustering technique andliaissed in the next subsections.

4.4.1.2.1Affinity Propagation Technique

Affinity propagation is a new technique that takesinput measures of similarity between
pairs of data entries and simultaneously considiéidata entries as potential exemplars (i.e.,
number of clusters). Real-value messages are egelldmetween data entries until a high-
quality set of exemplars and corresponding clugieadually emerges. Rather than requiring
that the number of clusters be entered into therdkgn, affinity propagation takes as input a
real number x(k, k) for each data entry k so tletientries with larger values of x(k, k) are
more likely to be chosen as exemplars. These vaueseferred to as “preferences.” The
number of identified exemplars (humber of clustéss3ubjected to the values of the input

preferences, but it also emerges from the messaggny procedure.

4.4.1.2.2X-Means Clustering Technique

K-means is a very popular technique for generasteling. However, it suffers from three
major drawbacks: it scales poorly computationallynight stick in a local minimum; and
because it is a supervised clustering techniguentimber of clusters must be entered into
the algorithm. Recently, a more accurate and efiictechnique has been developed. It is
based on the k-means but has the ability to seéguhe number of clusters. X-means is a
new algorithm that efficiently searches the spatelaster locations and the number of
clusters in order to optimize the Bayesian infoioratcriterion (BIC) or the Akaike

information criterion (AIC) measure.
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The x-means algorithm works in the following wawitiblly, the lower and upper
boundaries of the number of clusters are provideéhput to the algorithm. The x-means
process begins with the application of a k-meagerdahm to the data points with number of
clusters is equal to the lower boundary. It thesréases the number of clusters by splitting
each cluster into halves. The quality of each isalhen evaluated against the original cluster
by computing the BIC of the split relative to thaftthe original cluster. If the BIC score
increases after splitting, the cluster is replabgdts halves; otherwise, the split is ignored.
The splitting process continues until either th@arpooundary is reached or no more splits
are available. A flowchart of an x-means algorittsnshown in Fig. 4.5. Experiments show
that this technique reveals the true number oftetasn the fundamental distribution and that

it is much faster than repeatedly using an accelérdemeans for different values of K.

In summary, the main disadvantage of supervisestaaung algorithms is that the number
of clusters is known initially; i.e., the number dtisters is an input value required by the
clustering algorithm. However, unsupervised clustgralgorithms can cluster the data into
initially unknown clusters. Unsupervised clustergigorithms were determined to be more
suitable for this research and were used in thesldped control technique. The x-means
clustering algorithm is a good unsupervised clustertechnique that is efficient and
produces reliable results for highly scattered symé data sets[87, 88]. The x-means
clustering algorithm was therefore used in thiggtin order to determine the number of

wind speeds (power levels) and the values of thaseé speeds (centroids).

The main author of the x-means clustering technjgreeided an online executable file
that includes the code of the algorithm free ofrghaor users. This code requires as input
the data points along with the upper and lower daudes of the number of clusters, and it

has been used in this thesis in order to deterthmeptimum number of clusters.
4.5 Values of Power Levels

For this research historical wind speed data wsesl and the number of wind speed levels

was determined using the x-means clustering teclenifhe number of wind speed levels

49



K: number of clusters

Kib: lower boundary

Kub: upper boundary
C and N: sets of clusters

Initially, Co is set to a random partitioning

Co: Partitioning of points at start of each iteration.

Initialize:
K=KIb; Kmax
=Kub
C={}; N=0

A

V¥
K>Kub

No

v

C=Apply k-means(X,K,Co)

Initialize
i=1
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N €Ci

Split Ci into Ci1
and Ci2
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Apply k-means on
Ci, Ci1, Ci2

N

Calculate:
BIC(Ci)
BIC(Ci1 and Ci2)

BIC(Ci)>BIC(Ci1 and Ci2)

Yes

Noﬁ

Co

N

N<€ Ci1 and Ci2

Fig. 4.5: The x-means algorithm
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obtained from the x-means clustering algorithm #redwind speed data were applied to the
optimization model on an hourly basis in order &tedmine the values of the power output
levels that corresponded to that set of wind spukzed records. The objective function of the
optimization model is to maximize the energy cagduirom the available wind speed data
by selecting the appropriate speed values; the rdata collected, the better the model
efficiency. The formulation of the objective furanti for selecting the appropriate values of

power levels can be written as follows:

N K

max » > aj(i)(a+bvj +ch2)Prateol At (4.4)
i=1 j=1

sit.

a()+ta,(i)+..+a_()+a(i)=1 (4.5)

V= m(a, (i) + a,() + ...+ a, ()< a,()V (i)
V, =m(a,(i) + a,(i) +..+a, ()< a,i)V (i)
[

<V,
<V,

. . . . : (4.6)
Vi ~m(ay (i) + .+ a, () +a, () <a,,()V()<V,
Vi —m(a,() +a,()+..+a,,()<a, ()V()
V, <V, <l <V, <V, 4.7)
Vl :cht—in (4-8)
Vk :Vrated (4-9)

where N is the number of available wind speed data poiKts the number of power levels

obtained by the x-meanS/,(i) represents wind speed data points,a.,,...,a, are binary
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variables, mis a number greater than the cut-out spe&d,is the sampling time, and

V,V,,...V, are the optimum values of the speed levels, the.,output of the optimization

model.

The non-linear objective function and the binaryialsles a,,a,,...,a, make this model a

mixed integer non-linear programming (MINLP) modEQuation (4.4) activates only one

part of the objective function per wind speed dad#nt; i.e., if the data point lies betwe¥n

andV,, then a,will be equal to one in order to activate the fipsirt only (a+ bv, + cvf),
and the rest of the objective function will be dgtm zero; hence, the energy will be
calculated assuminy (i)=V,, and so on. Equations (4.5) to (4.7) describectmestraints

used for determining which level the data pointobgk to. Finally, (4.8) and (4.9) set the

minimum and maximum levels for the cut-in speed i@ted speed, respectively.

4.6 Summary

This chapter has introduced the idea of the nowstrol technique for reducing wind power
fluctuations and hence decreasing the negative dmpf large wind energy conversion
systems on the performance of the electric netwOne of the advantages of the new control
technique is its ability to use a long historigale series of data in an efficient and intelligent
way in order to maintain temporal information iretwind speed data. The main concept of
the developed method is to 1) collect wind speéd ftam the candidate site; 2) to apply the
Xx-means clustering technique to this wind speed datorder to determine the number of
clusters (power levels) and the initial values ltgste power levels; 3) to use the estimated
number of levels, the wind speed data, the cutpgeed, and the rated speed in the
optimization algorithm in order to determine theaetxvalues for the power levels that

maximize the energy captured from the wind genemati

The following chapters describe the applicatiorthaf new leveling technique to Types A
and C wind energy conversion systems. The existimgrollers of both types were modified

to accommodate the new leveling technique.
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Chapter 5
Applying the Leveling Technique in Type AWECS

5.1 General

This chapter explains how the new leveling techeigias applied to Type A wind energy
conversion system through the modification of thaimcontroller, which is a pitch angle
controller. A classical pitch angle controller lzdly adjusts the pitch angle to its minimum
position when the wind speed lies in the intervaiween the cut-in speed and the rated
speed. When the wind speed exceeds the rated sheethntroller varies the pitch angle to
generate an effective power equivalent to the ramaer. Since, most of the yearly wind
speed belongs to the interval between the cute@ed@and the rated speed, at which point the
pitch angle controller is inactive, and becausedwiower is proportional to the cube of the
wind speed, wind power generation is considered ohe¢he major sources of power
fluctuation.

Based on the control technique explained in Chagptehe classical pitch angle control
was extended to cover the interval between theéncsppeed and the rated speed. This interval
was divided into small segments, each having uppdriower boundaries (the power levels).
Within the segment boundaries, the pitch anglerotiat was used to control the pitch angle
in order to develop a constant level of output pothiat corresponds to that segment.

The concept of extending the active region of thehpangle control is not new. In [11,
12], the pitch angle control was extended to aéiraping regions. Based on both the average
output power of the wind farm and its standard aten, the master controller of the wind
farm varies the set points of the pitch angles adheindividual wind turbine in order to
develop an aggregated power level that matchegdeer level required by the system
operator, i.e., the system operator determinesdhee of the level at a certain instant and it
can vary every dispatch interval. However, in tegeling technique developed in this
research, the values of the levels are constamivall the year. The levels are based on the

on-site wind speed data, they have optimum nunaet they have optimum values.
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5.2 Modification of the Pitch Angle Controller

As previously mentioned, the new algorithm was &gopto Type A wind energy conversion
system which has blade pitch angle controller asntlain controller. As shown in Section
2.4.1, the pitch angle controller is effective onllgen the wind speed reaches or exceeds the
rated value. However, in the developed control medtogy, the pitch angle controller was
modified so that it is active for all wind speedgio major modifications were applied to the
controller in order to facilitate the applicatior the leveling methodology to a Type A
WECS. These modifications were made in the twodpdiables circled in Fig. 5.1.

@eZD

Pref
Pact \) 90T
—F e +Tbs s+ Bevo
PO > L >
1+TaS

Pitch angle selector
Fig. 5.1: Modified pitch angle control system

The first lookup table that provides the referepogver (Rer) is now fed only by the
number of levels selected and their correspondaiges. If the wind speed lies between any
of the wind levels selected, the lookup table awatibcally selects the lower level, as
previously mentioned. The reference power signaietore always corresponds to one of the

power levels selected.

On the other hand, the second lookup table, redpentor developing the control

guantity signal, was modified to include all theadable wind speeds, which covers the
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whole range between the cut-in speed and the d¢utpmed. Fig. 5.2 and Fig. 5.3 show the

entries to the lookup table in both cases, i.€greeand after the application of the leveling

methodology.
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Fig. 5.2: Control quantity before the applicatidrtiee leveling technique
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ontrol quantity after the applicationtioé leveling technique
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Fig. 5.4 shows the wind turbine power curve after application of the modifications to
the reference power signal, i.e., after the apptioaof the leveling technique. The region
from the cut-in speed to the rated speed is nowdeldvinto sub-regions of constant power
output. Fig. 5.4 also shows that the pitch angletrob law has been extended to cover the
region from the cut-in speed to the cut-out speed.
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B =90 S =min~ 90 B =90
() (b) (c)
< > > <
500
400
g 300
o}
£ 200 /
o
100
/ '
0 Cutin® 10 15 20 25
u -|rl| Rated Cut-out
spee speed speed

Wind Speed (m/s)
Fig. 5.4. Modifications to the reference power sigof the pitch angle controller

5.3 Simulation Results

Wind speed data for entire year were selected deroto include the seasonal effect. The
wind speed data were collected from two sites foeirt consecutive years so that
chronological simulations could be performed inesrtb verify the wind power leveling

technigque. Wind speed data were collected from Aiter 2005 and 2006, and data for year
2007 was collected from Site B. Two consecutiveryeeere selected for Site A in order to
compare the number of levels and the values in gaeh as a means of investigating the

feasibility of using the levels of the current y&arthe next year. Wind speed for the whole
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year data were recorded and tabulated on an hbashg in order to increase the accuracy of

the choice of levels. Figs. 5.5, 5.6, and 5.7 shimevwind speed data collected from Site A
for 2005 and 2006, and from Site B for 2007, respely.
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Fig. 5.7: Wind speed data for 2007 (Site B)

The technical specifications of the 2.0 MW windbine are listed in Table 5.1 and were
used in the simulation.

TABLE 5.1: SPECIFICATION OF 2.0 MW WIND TURBINE

Diameter 80 m
Area swept 5027 m
Rotor Nominal revolution 16.7 rpm
Operational interval 9-19 rpm
Number of blades 3
Tower Hub height 60-100 m
Cut-in speed 4 m/s
Operational
Rated speed 15 m/s
Data
Cut-out speed 25 m/s
Type Asynchronous
Generator Nominal output 2000 KW
Operational data 50/60 Hz, 690 v
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Table 5.1 shows that the cut-in speed, rated spaeticut-out speed are 4 m/s, 15 m/s,
and 25 m/s, respectively. Hence, the first stepreethe wind speed data were applied to the
clustering technique was to exclude all data less 4 m/s and greater than 15 m/s. The
following subsections present the simulation resuf the clustering and optimization
techniques for the Site A data of 2005 and 2006.

5.3.1 Simulation Results for Years 2005 and 2006 (S ite A)

The wind speed data for 2005 and 2006 were apphi¢de x-means clustering technique in
order to determine the number of power (speed)ldevidne lower bound of the number of

clusters was set to one cluster, while the uppeait lwas set to 15 clusters. The output
number of clusters of the x-means for the wind dptsga provided for the two years was six
clusters for each year. Table 5.2 shows the meaadti cluster, i.e., the magnitude of each
level, and the energy that would be captured ite¢healues were applied directly to the

controller of the WECS as a percentage of the raadich no power leveling is used.

TABLE 5.2: CENTRES OF THE OPTIMAL NUMBER OF CLUSTER

2005 2006
CLUSTER

Centre Centre
1 4.907 m/s 4.787 m/s
2 6.612 m/s 6.802 m/s
3 8.361 m/s 8.178 m/s
4 10.168 m/s 9.863 m/s
5 12.24 m/s 11.897 m/s
6 14.607 m/s 14.721 m/s

ENERGY CAPTURED 80.8 % 81.34 %

The energy output by the clustering technique s only the mean value for each
cluster. The means of the clusters are the ceafréds clusters, but they are not necessarily

the wind speed values that can capture the maxiranergy from the wind speed. To
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determine the wind speeds that can capture themrmsxienergy, the optimization technique
discussed below was used. Since the x-means éhgtnows that there are six levels, the
objective function and the constraints of the optation model (Equations (4.4) to (4.9))

were modified to reflect the six levels, as follows

max ZN: [a,(i) (a+ bV, + CV12)+ a,(i) (a+ bV, + CV22)

i=1

a,()a+bV, + cv2)+a,(i) (a+bv, + cv2)

(5.3)
a,(i)(a+bV, + cv2)+ a, (i) (a+bV, + cv2)1P,., At

s.t.

a,(i)+ra,(i)+a,()+a,(i)+as(i)+as()=1 (5.4)
V, = ma, (i) +a, (i) + a, () + a, (i) + a5 () < a, ()V (i) <V,

V, = m(ay () + a;(i) + a, () + a5 i) + a, (i) < a, () (i) <V,

V, —m(a, (i) +a,(i) +a,() + a. (i) + a,()) <a,()V(i) V.

V, - m(a, (i) + a, () + a,(i) + ag(i) + a,()) <a,()V() sV, (5.5)
V, —m(a, (i) +a,(i) +a,(i) +a,() + a,()) <a,()V() sV,

Vs ~ma () + a, (i) + @, (i) + a, () + a5 () < a, () V (i)

V, <V, <V, <V, <V, <V, (5.6)
V,=4ml/s (5.7)
V=15 m/s (5.8)
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Constantsa, b,andc in (5.3) can be calculated using Equations (22)2t4), the cut-in
speed, and the rated speed. The values of theatgstre as follows:

a=0.12422
—0.06358 (5.9)
0.008131

When (5.9) is substituted in (5.3) and the optimara model is run the values for the
power (speed) levels that maximize the output paaerbe found. The platform used to run
the optimization model is GAMS, and the solver sidd is Baron which is able to solve
mixed integer non-linear problems. Table 5.3 shéwes values for the optimum levels as
well as the percentage of energy captured afteleeling technique was applied to the
wind speed data for 2005 and 2006. The percenthgaerygy captured was calculated by
dividing the total annual energy capture afterapplication of the leveling technique by the
total energy capture without the application of lgweling technique.

TABLE 5.3: OPTIMAL LEVEL VALUES AND ASSOCIATED PERENTAGE OF ENERGY CAPTURED
FOR 2005 AND 2006

LEVEL VAL UE (2005) VAL UE (2006)
1 4 m/s 4 m/s
2 6.6 m/s 6.4 m/s
3 8.51 m/s 8.2m/s
4 9.9 m/s 10.5 m/s
5 12.3 m/s 12.2 m/s
6 15 m/s 15 m/s

ENERGY
CAPTURED 91.3% 90.6 %

It is interesting to note that the output of thengan clustering technique, i.e., the number of

power levels, for 2006 is very close to that foD20This result proves that the wind speed
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probability density functions generated from thendvspeed data for the same site for two
consecutive years are almost identical [89]. Howetlee level values differ slightly from
those for 2005.

5.3.2 Simulation Results for Year 2007 (Site B)

The same procedure was applied to the wind speadf@a2007 that were collected from a
different site. The optimum number of clusters otifpy the x-means for 2007 was five. The
number of levels and the wind speed data were egpin the previously described
optimization model. Equations (5.3) to (5.5) wedguated to accommodate five levels. Table
5.4 shows 1) the optimum number of clusters; 2) ¢batroid of each cluster, i.e. the
magnitude of each level; 3) the energy capturetiate values are applied directly to the
controller of the WECS; 4) the optimum level valueswell as the percentage of energy
captured after the leveling technique was appbetthé wind speed data for 2007.

TABLE 5.4: OPTIMAL LEVEL VALUES AND ASSOCIATED PERENTAGE OF ENERGY CAPTURED

FOR 2007

L EVEL X-MEANS OPTIMIZED

CENTRES LEVELS

1 5.33 m/s 4 m/s
2 6.82 m/s 7.156 m/s
3 11.14 m/s 10.04 m/s
4 12.79 m/s 12.44 m/s

5 15.93 m/s 15m/s

ENERGY CAPTURED 79.89 % 87.64 %

It is interesting to note that since the numbelewtls (clusters) for Site B is less than for
Site A, the percentage energy capture is also lessever, the power fluctuation at Site B is
less than at Site A.
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The results in Tables 5.2, 5.3, and 5.4 show arggrneduction of about 10 % due to the
application of the power leveling technique to g&yA WECS. Operating wind farms at
fixed levels for the entire year has several achgad. First, the error in the prediction of the
output power will certainly be reduced because vapded predictions will be made within
the speed band. Second, with the power levelingnigae, energy scheduling will allow the
system operator to easily schedule the output paivére wind farm. The system operator
will know the specific number of power levels gaated from the wind farm which can then
be used for scheduling the wind farm into the systee., the wind farm can be semi-
dispatchable. Finally, the power fluctuation andhde the voltage fluctuation, which is
considered the main challenge in increasing theetpation level of wind power, will
definitely be reduced. All of these advantagesbaleeved to outweigh the cost of the loss of
energy generation. Fig. 5.8, Fig. 5.9, and Fig0sHAow the wind power before and after the
application of the leveling technique for the fidsty of 2005, 2006, and 2007, respectively.

121 ===-- AfterLeveling |---r- i
— Before Leveling

L

Wind Power (MW

0.2F-—---==1==== ==~

Time (Hours)

Fig. 5.8: Wind power before/after the applicatidribe leveling technique for the first day of 2005
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Fig. 5.9: Wind power before/after the applicatidribe leveling technique for the first day of 2006
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Fig. 5.10: Wind power before/after the applicatadrthe leveling technique for the first day of 2007
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It is important to note here that the number of polevels that must be scheduled every
day may be less than the number of clusters pestlizy the solution, which makes the wind
energy output more constant and more suitable darep system scheduling. The maximum
number of levels in any given day is, of course, tlumber of clusters. The percentage of
energy captured per day using the optimized poeesl$ was calculated, and the average
energy for the 365 days was found to be similahéoresults listed in Tables 5.3 and 5.4 for
the data from Sites A and B.

It is evident from Fig. 5.8, Fig. 5.9, and Fig. ®that the continual variations in the output
wind power have been greatly eliminated and thataihtput power is constant over a long
period of time. The developed leveling techniquéuces the wind power fluctuation and
hence the voltage fluctuations. In order to prdwe oltage fluctuation reduction due to the
application of the leveling technique, a 100 MW avilarm is tested in a large mesh 24-bus
transmission system (will be explicitly explained@hapter 7) pre and post the utilization of
the leveling technique. The wind power profile simow Fig. 5.10 is used in the simulations
and the voltage profile at the closest bus to thelwurbine generator is recorded. Fig. 5.11
and Fig. 5.12 show the voltage profile at the dbdris to the point of connection of the
wind generator before and after the applicatiothefleveling technique. It can be noted that
there is continuous voltage variations before thgieation of the leveling technique which
require continuous operational action to keep tb#age within the permissible range.
However, after the application of the leveling teicue very less frequent actions are
required over time. For example, if a voltage ratud is used to control the voltage, it will
adjust the taps less frequent after the applicatiotne leveling technique compared to the
case where the leveling technique is not utilized.
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Fig. 5.12: Wind voltage fluctuations after the apggtion of the leveling technique



5.4 Storage Device

This section explains the addition of a storagaadeto the terminal of the SCIG of Type A
WECS.

5.4.1 System Description and Modeling

As explained in Chapter 2, the developed controhrié&gue was applied to Type A wind
energy conversion system that consisted of a winbirte, a gearbox, and a squirrel cage
induction generator (SCIG) whose terminals werenected directly to the grid. The new
component introduced in this section is the stordgeéce whose terminal was connected
across the SCIG’s terminals. Fig. 5.13 shows the agstem configuration with the old

system drawn in gray.

Storage
Device

Fig. 5.13: Proposed system configuration

As discussed in Chapter 2, the characteristics haf énergy storage device vary
significantly as a function of the principal techogy. For example, magnetic energy storage
and the flywheel, which are both short-term enestprage solutions, are characterized by
high efficiency (in the order of 90 %), a very higife cycle of charge and discharge
operations, and fast access to the stored enemyever, their cost per unit of energy is
relatively high [90]. On the other hand, batteryrage systems (BSS) facilitate the storage of
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energy at a low cost per unit of energy, especthiéd/new BSS technologies. They are also
able to store a large quantity of energy and cdinatehis energy in the form of transferred
power at either slow or extremely high rates withbeing damaged. They are also rugged
and reliable and provide a source of constant power these reasons, a battery storage
system is a well-proven storage technique for vandrgy conversion systems [56-58]. For
these reasons, a BSS was chosen as an approppetef storage device for this study.

The components of a BSS are a storage elemengipatink), a converter, a controller,
and a transformer. Fig. 5.14 shows a schematicahagf a BSS. The following subsections

describe the modeling of each component of the BSS.

Va VSC
Ioc I8 Battery
Bank
Ic Vc + .
| (Y Y CcC — _
T Vbc _
Transformer T

Fig. 5.14: Battery storage system (BSS)

5.4.1.1 Voltage Source Converter Model
In the developed model, it was assumed that theester switches are ideal, and that the

converter is fed from a balanced sinusoidal thiegsp supply. The mathematical model of

the voltage source converter in the dq refereraradris given as follows [91]:

dicq
dt

L = _Ricd + O)Licq + VGd - VDCSd (510)
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dicq

L T = —Ricq + wLli g + VGq — VDcSq (5.11)
dVDC 3 . .
0 = = (icaSa + ieqSq) ~ I (5.12)

WhereS; andS; are the constants of d-axis and g-axis dependgtaige sources.

5.4.1.2 Battery Model

The battery model selected is a double-layer cémamodel, which can be represented by

the classical equivalent circuit shown in Fig. 5[92].

™ VBOC

Fig. 5.15: Battery equivalent circuit

In the equivalent circuit showNgoc is the open circuit voltage of the batte¥, is the
overvoltage of the batterygris the connecting resistanagg is the internal resistanchk, is
the DC current flowing into the batteryg is the overvoltage resistanagy is the self-
discharge resistanc€g is the overvoltage capacitance, &y is the equivalent capacitance

of the battery.

When KVL and KCL are applied to the equivalent gitcthe following equations can be

derived:
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Vor =V, -V
I = pc — Voc — Vs (5.13)
Tgr + TBs

dVsoc | Vaoc
dt Tgp

IB = CBP (5.14)

dVy Vg
IB = CBE-F"‘_ (5.15)
B

The power transmitted from the grid to the batnrage and vice versa is given by

p= VGVC)(SIH® (516)
Ve
Q= Y(VG — V¢ cos 0) (5.17)

where X is the leakage reactance of the transfornvgr,is the terminal voltage of the
converter, andl/; is the grid voltage.
The real and reactive power can be thus contralesligh the adjustment of the phase

angle between the grid voltage and the magnitudieeotonverter output voltage.
5.4.1.3 Controller Design

The developed controller provides an active andaative power signal in order to elicit the

required system response. The controller convieetset active and reactive signals into PWM
switching signals that modulate the modulating inded the phase angle. The goal of good
controller design is to achieve an independentvacéind reactive power control. The d-

component of the current vector in a steady statbd active current component (d-current),
while the g-component of the current vector becothmesreactive current component (g-

current) [90].
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To achieve this objective, a decoupled PI controMas developed, which produces the
desired switching signals from independent active geactive power signals. A schematic

diagram of the developed controller is shown in Bid 6.

Pret Va

aé} <o+ Tors Ho iy | K“Tid/sié)i

o172
m=(\/§d +Véq)/Vdc
& = arctan(WgMVcd) P

— Vg
Kiq + Tiq /S
_|_

Qrer Vq
Fig. 5.16: BSS controller
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_|_

Ved

—PO— Kg+ Tq/S

In this simulation, the reactive power referenagnal was set to zero so that reactive
power is neither absorbed nor transmitted to tiek dihe active power reference signal was
set to the difference between the generated oyipwer and the desired power level. The
active power reference signal could be positiveegative, depending on the desired power
level. If the desired power level is lower than gemerated power, the active power signal is
set to the positive absolute value of the diffeeeetween the desired level and the
generated power (charging mode), and vice versan il desired level is greater than the

generated power (discharging mode).
5.4.2 Methodology

As previously mentioned, a storage device, i.ee, liattery storage system (BSS), was
utilized in order to maintain the power levels konger periods and thus increase the benefits
of the power leveling technique. In this study, B®S was therefore not used as a backup

energy source when there is no wind power nor wased to generate constant power along

71



the WECS. This scenario led to the use of a smBES, i.e., one with a fraction of the rated

output power of the wind generator.

The modification to the pitch angle controller exipkd in Section 5.2 was not appropriate
for this case because the pitch angle controlleapplied to the WECS only when the
available wind power is greater than the rated paf¢he wind turbine.

There are two modes of operation for a WECS wheBS& has been added to its
terminals. In Mode |, the power generated from YMECS is divided into two parts: the
power level transferred to the grid, and the défere between the generated power and the
power level, which is transferred to the BSS. lis thode, the active power reference signal
is set to the difference between the generated pamgthe transmitted power level (positive
value).

In Mode I, all of the power generated from the WEG transferred to the grid and the
difference between the generated power and thepwaxer level is supplied by the BSS. In
this mode, the active power reference frame issteflto the negative of the difference
between the generated power and the next powdr Ege5.17 shows the schematic for the
two modes of operation: Mode | is drawn in solites and Mode Il is drawn in dotted lines.
The reactive power reference signal is alwaysaseeto in order to ensure that zero reactive

power is transferred to/from the grid.

The following three criteria were used to obtaie tiptimum size of the storage device.
First, the size of the storage device was setfioiiy and the simulations were performed on
a yearly basis. Second, the storage device is atlder accumulate energy in the batteries as
long as the power level of the previous time saniplequal to or higher than that of the
current time sample. Once the generated power ta@kases, the BSS is discharged so that
the power level is maintained at its previous (biglvalue. In this case, the power levels are
thus maintained for a longer period. Third, the mmm size of the storage device (upper
boundary) that is required in order to store ail #mergy lost due to leveling was set at the

maximum energy level that the storage device athin the entire year. Fig. 5.18 illustrates
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these three criteria. The solid lines show thellegdgechnique before the storage device was

installed, and the effect of adding the storageadeis shown by the dotted lines.

—Difference J

4 Total A

Generated
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Levels

Charging
BSS

Power' === =M
BSS Grid
Discharging- - - Difference - - ¥

Fig. 5.17: Modes of operation
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Fig. 5.18: Criteria for selecting the optimum sife¢he storage device

Time
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The size of the storage device was also evaluaiedive to available BSS technologies

and their corresponding costs so that the bengditthe ownerts can be maximized, as

discussed below.
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The objective function for maximizing the ownereanefits is given by

8760
Max z (Co X E; () — C;(x) — () Vx=0102..E. (5.18)
i=1

whereE;(x) is the hourly energy captured for a given stoisigex in KWhr, Ce is the energy
price in $/KWhr,Cy(x) is the fixed costs of the storage for a given size $, C,(x) is the
variable costs of the storage for a given giie $, andEmax is the maximum size of the BSS

that is required in order to store the power lass @ leveling.

5.4.3 Energy Storage Costs

Energy capital (initial) storage costs are dividetd two main categories: energy cost and
power cost. The energy cost, expressed in $/KVghhe cost of the equipment used to store
the energy, e.g., batteries, and it can be chaagddischarged a number of times. The rated
KWhr of a storage device is the total amount ofrgpehat can be stored in the device. On
the other hand, the power cost, expressed in $/lsWthe cost of the auxiliary equipment
attached to the storage unit, e.g., the powerreleict converter in a battery storage system.
The rated KW of the storage device representsiuat of power that can be stored in the
storage unit.

In addition to the capital storage costs, two ottasts are time-dependent: the operation
and maintenance cost, and the replacement cost 3Jéution presents a method for

calculating the annual cost of a storage devi@eh#d to a wind energy conversion system.

Based on the previous discussion, the total antnsgtl of a storage device includes three
costs: the annual capital cost (ACC), the operaéind maintenance cost (OMC), and the
replacement cost (RC). The ACC is the summatiahrefe costs [93, 94]:

* The total cost of the power electronics compon@iEC):

PEC = PECU x P (5.19)
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» The total cost of the storage units (SUC):

SUC = SUCU x =2 (5.20)

Nnsp

» The total cost of the balance of plant (BPC):

BPC = BPCU x =2 (5.21)

Nsp

wherePsp, Esp, andysp are the rated power of the storage device, thez rabhergy, and the
efficiency, respectively, whil®PECU, SUCU and BPCU are the unit cost of the power
electronics in $/KW, the unit cost of the storaget in $/KWhr, and the unit cost of the
balance of the plant in $/KWhr, respectively.

The total capital cost (TCC) is thus expressed by

TCC = PEC + SUC + BPC (5.22)
and the annualized total capital cost (ATCC) isgiby

ATCC = TCC x CRF (5.23)
whereCRF[94] is the capital recovery factor, which is eagged by

_ p(1+ip)?
CRF = (1+iy)7—1

(5.24)

wherei, and z are the interest rate and the planning horizaspeetively.

When batteries are used in a storage device, theyld be replaced one or more times

during the life of the storage device. This costnaualized as follows:

A=FXCRFX[(1+i) "+ @1 +i)2 + -] (5.25)
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where F andr are the future value of the replacement cost KW8ir, and the battery

replacement period, respectively.

Each type of battery has a limited number of chmgfgiischarging cycles. The
replacement period in years is calculated as fdl{88]:

(o

r =X (5.26)

nxD

whereC is the number of charge/discharge cycles in fieeoli a battery storage, abdis the

annual operating days of the storage device.

The annual replacement cost (ARC) of a batterlgasetfore

ARC = A x =22 (5.27)
nsp
The annual operation and maintenance cost can we fthrough multiplication of the
fixed operation and maintenance cost in $/KW (OM)tbe rated power of the storage
device:

Finally, the total annual cost of the storage deyitAC) is given by [93, 94]:

TAC = ATCC + OMC + ARC (5.29)

The most promising commercial and near-commercg& Bechnologies were considered
for use in our study: lead-acid (LA), valve-regelhtiead-acid (VRLA), sodium sulfur
(Na/S), zinc bromine (Zn/Br), and vanadium redoRBj) [94]. These storage technologies
are all commercially available. In 2007, the maotifeers of each type provided price quotes
and performance information for bulk storage agions [95, 96]. The 2007 prices are
listed in Table 5.5.

76



TABLE 5.5: BSS PARAMETERS FOR TRANSMISSION AND DIRIBUTION APPLICATIONS

Unit cost for power electronics 175 175 1000 175 0
($/KW)
Unit cost for storage unit ($/KWhr) 305 360 500 225 740
Unit cost for balance of plant 50 50 0 0 30
($/KWhr)
Fixed O& M cost ($/K W) 15 5 20 20 20
Future amount of replacement cost 305 360 500 225 222
($/KWhr)
Number of char gley/fdischar gecycles 3200 1000 2500 10000 10000
in life

5.4.4 Simulation Results after the Addition of the Storage Device

Wwind speed data were collected from two sites @orsecutive years, so that chronological
simulations could be performed as a means of vagfthe wind power leveling technique
after the installation of the BSS. The technicadfications of the 2.0 MW wind turbine
were also selected for the simulations. The valisgésd in Tables 5.3 and 5.4 were used to
develop the active power reference signal for tlodtage source converter (VSC), as
explained earlier. Figs. 5.19, 5.20, and 5.21 shiosvwind speed, with and without the
installation of the BSS, for the first day of 20@906 and 2007, respectively.
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Fig. 5.19: Wind power without and with the insttiba of the storage device (BSS) for the first da2005
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Fig. 5.21: Wind power without and with the instéiba of the storage device (BSS) for the first d&p007

As can be seen in Figs. 5.19, 5.20, and 5.21 thepkevels are maintained at a constant
level for longer periods after the installationtio¢ storage device. Because of this advantage,
the leveling technique provides three benefitsafpower system. First, the error involved in
predicting output power will certainly be reduceecause the backup energy in the storage
device keeps the power level from dropping instaebasly, which gives the system operator
more time to find an alternative source of powercd@d, the power fluctuation and hence
the voltage fluctuation will definitely be reducedhird, installing a storage device will
recover most of the energy lost through levelingjchl is very important from the owner’s

point of view.

As a first step, in the selection of the optimumesif storage device, Table 5.6 shows the
maximum size of storage device that is requiredstoring all of the energy lost due to
leveling. These values were used to specify theuppundary for the optimization problem,
i.e.,Emaxin Equation (5.18).
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TABLE 5.6: MAXIMUM SIZES OF THE BSS FOR 2005, 2006ND 2007

Y ear Maximum BSS Size (MWhr)
200t 1.46 MWhi
200¢€ 1.34 MWhi
2007 1.58 MWhi

The final step is to determine the optimum sizéhefstorage device. Since the sizes of the
storage devices are available in the market inreliscvalues, a step of 200 KWhr was
assumed for this study. Equations (5.19) to (5v&&e applied to the parameters for the BSS
technologies listed in Table 5.5 in order to detaethe total annual cost of each type of
storage device. This analysis was repeated fodifferent sizes of storage devices from 200
KWhr up to 1600 KWhr. To calculate the net incoroe the owner, the total annual cost of
the storage device was subtracted from the totahgs, which is defined as the total energy
captured for a given storage size, multiplied kg piice of energy. Table 5.7 shows the net
income for the range of storage device sizes fon &5S technology.

TABLE 5.7: NET INCOME ASSOCIATED WITH THE BSS TECHDLOGIES

Income (k$) for Each Technology
Size of the Storage

Devices LA VRLA Na/S Zn/Br VRB
200 KWhr -7.13 -21.46 -0.99 -1.95 -8.26
400 KWhr -15.98 -50.63 -3.65 -2.61 -15.24
600 KWhr -20.76 -75.74 -2.27 0.791 -18.15
800 KWhr -24.38 -96.95 0.792 5.37 -19.89

1 MWhr -27.5 -123 3.32 10.43 -21.14
1.2 MWhr -33.23 -149 12.89 -25
1.4 MWhr -40.28 -176.5 2.87 -30.17
1.6 MWhr -51.11 -207.7 -1.8 11.38 -39.14
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As can be seen in Table 5.7, not all BSS technetogre suitable for this application. The
Na/S and Zn/Br are the only possible candidaten@dgies, because they produce positive
net incomes for specific sizes. Within those twadidate technologies, a 1.2 MWhr Na/S
BSS and a 1.4 MWhr Zn/Br BSS are the optimum sa&s$ are highlighted in Table 5.7.
However, the globally optimal BSS is a 1.4 MWhr B&ig a Zn/Br battery bank.

5.5 Conclusions

Applying the new leveling technique to a Type A WE&Controller provides several
advantages. It ensures that power fluctuationsramenized because the generator produces
constant amounts of power at the same speed Ifrelsnger periods. It will also enhance
the accuracy of predictions since it predicts ahly range of the speed and not the exact
value of the speed. Finally, since the output pogesrerated can be predicted accurately, the
system operator can reduce the assigned reseneghea operation of the generation pool
for the power system becomes more manageable xgonge, for a 10 MW wind farm and
without the leveling technique, the assigned ressershould match the wind farm rating.
However, the application of the leveling technigweél limit the assigned reserves to
maximum difference between two adjacent levels Wicmrresponds to an error in predicting
the wind power level. Therefore, the leveling tage facilitates the reduction of assigned
reserves by a large amount. On the other handjhi@ limitation of the new control
methodology is the amount of energy lost due todierease in the effective speed, which

results in a reduction in output power.
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Chapter 6
Applying the Leveling Technique on Type C WECS

6.1 General

The leveling technique explained in Chapter 4 wasassfully applied to Type A WECS as
presented in Chapter 5. This chapter describesappdication of the developed control
technique to Type C WECS with a storage device ectaa to the DC bus of a back-to-back
converter. The controller of the back-to-back catereconnected in the rotor circuit of a
doubly-fed induction generator (DFIG) was modified order to accommodate the new

leveling technique.

6.2 System Description and Modeling

The underlying configuration of the WECS s illeded in Figure 6.1. The developed WECS
is comprised of a wind turbine coupled with a DFHSgearbox, an energy storage system
connected to the DC bus of the back-to-back coaxkedand an interface transformer. The
basic purpose of the storage device is to faalithe application of the leveling technique.
This configuration allows the maximum power tragkoontrol to be maintained. Unlike the
leveling technique for the Type A WECS, which waplained in Chapter 5, the energy loss
due to power leveling does not occur with Type C@BEWhen Type C WECS is operating
at a specific power level and the generator sugdiggles to a lower power level due to a
decrease in wind speed, the storage device begimgect energy into the grid in order to
retain the preceding power level, which has theatfiof maintaining a constant output
power. The power management mechanism in the nafigooation is explained in details in

the following sections.
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Fig. 6.1: Configuration of the developed wind eryergnversion system

6.2.1 Wind Turbine Modeling

The model of the wind turbine explained in Chagt@ras considered in this simulation.

6.2.2 DFIG Modeling

A doubly-fed induction generator (DFIG), as shownHig. 6.1, consists of a wound rotor
induction generator with the rotor connected to ¢ghe via a back-to-back converter. The
power electronic converter is designed to handle¥235 % of the total power of the
machine. The back-to-back converter consists of ¢taaverters, a machine-side converter
and a grid-side converter with their DC link conteelcto the DC link capacitor (€} and a
battery storage device. An inductor is connecteskies with the battery storage in order to
smooth the current. The battery storage was moa@sedvoltage source (E) in series with an
internal resistance R The main objective of the machine-side convegeio control the
torque or the speed of the DFIG as well as the pdaetor at the stator terminals. The grid-
side converter, however, is used to keep the DK Vimitage constant and to control the

output power.
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6.2.3 DFIG Controller

To control both the mechanical parameters (torquespeed) and the electrical parameters
(active and reactive power delivered to the griljh@ machine, two back-to-back voltage
source converters are connected in the rotor tirGlie machine-side converter, which is
connected directly to the rotor terminals, is resole for controlling the DFIG parameters:
DFIG speed, torque, and currents. On the other ,htdrel grid-side converter, which is
connected to the grid terminals, is responsiblecantrolling the active and the reactive

power delivered from the rotor to the grid.

6.2.3.1 Machine Side Converter

One control subsystem of the DFIG is the torquerotler, whose purpose is to regulate the
DFIG output torque to maximize its output poweg,,ito provide maximum power tracking.

The governing equations of the torque controlleras follows [97]:

T. =k w? (6.1)

ref opt r

whereT,s is the DFIG torque command aiag is the rotor speedk,p: is described as [97]

05p Ar°C ..
kopt = '0 /‘3 : (62)
opt

wherep is the air densityA is the turbine swept areg,is the turbine radiusC, maxis the
maximum of the power coefficient, angl is the turbine tip-speed ratio correspondingto
max [89].

The DFIG is controlled in the stator reference feam which the electrical torque is

expressed as [98]

oo 15V,

T Wrao)t, >
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wheregos is the stator leakage factdfs, is the peak value of the grid phase voltagés the

guadrature component of the rotor current, @3nslthe grid nominal frequency.
To maximize the DFIG output poweys ref(t) is therefore determined to be

@+o,)f,

irq ref (t) = 1 5V
. sp

Trer (1) (6.4)

where Ty is determined using (6.4). Due to the large twehimertia, T,s Varies relatively

slowly and hence:
T, =Ty =kpu @/ (6.5)
Multiplying both sides by, enables the DFIG output power to be expressed as
P, =k

3
opt a)r (6.6)

The control law (6.5) results in a constant tipesperatio [98], andw, becomes

proportional to the wind speed V so that Equat@i) can be written as

A 3
Pe = ( °F J koptv : (57

r

The direct component of the rotor currégtcan control the stator reactive pow@y as
follows [98]:

1.5V 2 1.5V, i, (6.8)

T T Wro.t,  @ro.)

whereLmis the generator magnetizing inductance.
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6.2.3.2 Grid-Side Converter

The main purpose of a grid-side converter is tdrobthe DC-link voltage and hence control
the real and reactive power components. The reaepc controlled to regulate the DFIG

output power, to manage the state of the battesygeh and to maintain the DC link voltage.

The real and reactive powdPs andQ, are proportional and can be controlledifyand

isqas follows [98]:

P

, =15V i, (6.9)

Q, = -15V, i, (6.10)

whereP, e andQ, rer are determined by the power management contitbiéeris explained in

section 6.3.

6.2.4 Storage Device

The storage device is connected at the DC bus leetthe two converters in the rotor circuit.

This arrangement helps reduce the total system egsbnly a single-stage converter (a
DC/AC or a DC/DC converter) is required in ordercintrol the storage device versus a
complete AC/DC/AC converter in the case of conmegcta storage device to the AC

terminals of the wind turbine generator. The sterdgvice is able to store extra power for
later use to help smooth the DGIF output power @ndnsure steadier power levels. The
modeling of the storage device, the selection efapproperiate type, and the determination

of the optimum size are explained in section 6.4.

6.3 Power Management Control Methodology

This section clarifies the power management contreéd to generate the reference
command®, e andQ, et €Xplained in Section 6.2. In this control methody, Qo (e IS Set
to O at all times, i.e., the DFIG operates at atyupiower factor. HoweverP, e IS

determined through the power management contrdller.power management controller has
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three basic types of input: 1) the mechanical powput to the generator; 2) the storage
energy level; and 3) the generator power outpuinfrihe previous sample (i-1). The
controller utilizes all types of input to gener#te reference comman} ¢ which is send to
the grid-side converter. Five scenarios are useexpdain the power management control.
Which scenario is selected depends on the winddspeeé the status of the storage device as

follows:

First Scenario:When the wind speed is too low (3m/s to 5 m/s) digfactor is positive
(sub-synchronous mode), and some amount of powgy ¢gculates in the rotor circuit. In
this scenario, the storage device should be dissziad.

Second ScenaridVhen the wind speed exceeds 5 m/s, the DFIG ssiper-synchronous
mode, the slip factor is negative; and power isgfarred through both circuits, i.e., rotor and
stator, to the grid ((1- syfs transferred through the stator ang tsifough the rotor). The
second scenario is applied if and only if the gleras not fully charged. In this case,
depending on the wind speed, the power managemahtotler determines the appropriate
power reference signal that corresponds to oneeopower levels. This power level (value)
is transferred to the grid through the stator cirddowever, the difference between the stator
power and the power level is transferred through ginid-side converter to the storage
device. The total amount of the rotor power is s¢farred to the storage device through the
machine-side converter. The power reference comrofatite grid-side converter is therefore
set to the negative of the difference between theep level and the stator power (i.e., the
power flow direction is from the AC side to the D@s). Fig. 6.2 shows a schematic diagram
of the second scenario.

Third Scenario:If the operating power level drops (power dip) ttorage supplies a
portion of its stored energy through the grid-scd@verter in addition to the rotor power in
order to develop the total DFIG power of the pregly working level. The entire stator
power is transmitted to the grid. The power refeeecommand of the grid-side converter is
therefore set to the difference between the poeszlland the stator power (i.e., the power
flow direction is from the DC bus to the AC sid&his scenario was designed to compensate
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for speed dips that occur for short periods of tilHewever, if the speed increases again to
the previous level, the second scenario is retaifgd 6.3 shows a schematic diagram of the

second scenatrio.

Pstator—

AC I | DC
oc | 91? g 1/ ac
o
Machhe-Sidel & Grid-Side
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Fig. 6.2: The second scenario
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Machine-Side ‘| Grid-Side
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Fig. 6.3: The third scenario

Fourth Scenarioif the storage device is fully charged, the DFIGpat power is boosted
to the upper level by means of the stator, therr@nd the storage. The power reference

command of the grid-side converter is therefordséte difference between the upper (next)
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power level and the stator power. The third andtfoscenarios are illustrated by the same
schematic diagram.

Fifth Scenario:If the storage device is fully charged and the Dii@put power reaches
its rated conditions (final power level), the pitahgle control is activated in order to limit
the active power to the rated DFIG power.

The modified block diagram of DFIG controller aftére application of the power
management control methodology is given in Fig. Blde three major modifications in the
developed DFIG controller are the storage devibe, gower management controller and
storage device reference signal. The power managecoatroller selects one of the five
scenarios according to the available wind poweg, drrent power level, and the storage
device status and it generates the storage desfeeence signal accordingly. The storage

device and its controller are explained in the rsedtion.

6.4 Storage Device

As with Type A WECS, a battery storage system (B&83% also chosen for Type C
WECS for the reasons previously explained in subme&.4.1. In addition, the existing DC
bus between the two converters in the rotor cinadtices the cost of the BSS by eliminating
the need of a DC to AC converter [56-58].

6.4.1 System Description and Modeling

As illustrated in Fig. 6.1, the storage device wasnected to a DC bus. The components of a BSS
are a converter, a converter controller, and aagmrelement (battery bank). Fig. 6.5 shows a

schematic diagram of the BSS. The following subisastillustrate the modeling of the BSS.

Vc

Ib Battery

Battery Bank
Converter

— Vb

Fig. 6.5: Battery storage system (BSS)
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6.4.1.1 Battery Converter

The battery converter is used to support the DGlinltage (Mc). The rotor-side and
stator-side converters draw currentsauhd b, respectively. Neglecting the converter losses,
the battery converter and the DC-link dynamics gogerned by the following equations
[43]:

dl
vy = Lbd—: +(1—dp) v (6.11)

dvc
IC:IDC_II_IZ:(1_db)1b_11_12:CW (612)
As shown in Fig. 6.6, the battery converter was ehed as a voltage-controlled current

source, where Jis the smoothing inductor.

| lo Lo
¢ Y M

_|_

DD DO, O

(1-ch)l,

Fig. 6.6: Battery converter model

6.4.1.2 Battery Model
The battery model described in Chapter 5 was &aed tor Type C WECS.

6.4.1.3 Controller Design

Neglecting the battery converter losses, the pdvaance of the integrated wind power

generation and energy converter system is goveéimelde following equations [43]:

dv,
Py=P =Py =Vl =VcC—= (6.13)
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wherePy, P;, andPy are the battery power, the rotor-side convertavggpand the grid-side

converter power, respectively.

The active power transmitted into/from the battstgrage is controlled using a PI

controller, as given by

ko
dp = (kbp + %) Iy — 1p) (6.14)

whered, is the PWM control signal, ang, andky; are the PI current controller gains.

Fig. 6.7 shows the structure of the controllerh&f battery converter.

I Battery
Battery Bank
Vere Converter
3 Voliage | ™ Current -
Convollr| ™ Controller b Py '
ly

Fig. 6.7: Battery converter controller

In this simulation, the reactive power referenognal was set to zero so that reactive
power would be neither absorbed nor transmittethéogrid. The active power reference
signal was set to a value based on the scenarpairead in section 6.3. The active power
reference signal can be positive or negative, ddipgron the desired power direction. In the

second scenario, the active power signal is p@asiitharging mode); however, in the third,
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fourth, and fifth scenarios, the active power sigaaegative (discharging mode). The active

power signal is set to zero in first and fifth saeos.

6.4.2 Methodology

The following two criteria were used to obtain th@imum size of storage device. First, the
size of the storage device was set to a very laafige and the simulations were conducted
on a yearly basis; the storage device is thus alibte accumulate energy in the batteries as
long as the power level of the previous time sangexual to or higher than the current time
sample, i.e., the fifth scenario is disabled. Otheegenerated power level decreases, the BSS
is discharged to maintain the power level at itevimus (higher) value. In this case,
maintaining the power levels for a longer periodhigs ensured. Second, the maximum size
of the storage device (upper boundary) that isireduo store all the energy for the entire
year was set to be equal to the maximum energy teaethe storage device reaches by the
end of the year.

The size of the storage device was also evaluagdative to the available BSS
technologies and their corresponding costs satliegbenefit to the owner can be maximized.
The evaluation was performed on a discrete bagisflect the available sizes of the BSS in
the market.

The objective function for maximizing the owneranefits is given by

Max ¥73°(C, X E; (x)) — Cr(x) — Cy(x) Vx=0102..ELq (6.15)

The same procedure introduced in Chapter 5 wastoseiculate the cost associated with
the storage device.

6.5 Simulation Results

The first step was to calculate the optimum siz¢hef storage to be used in the simulation
results of the DFIG. As mentioned, the maximum Sfdhe battery storage system was

determined by adjusting its size to a very largenber, running the simulation for a
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complete year, and then taking the final valuehasmaximum value for the BSS. Table 6.1
shows the maximum size of the battery storage sysiéis value was then used to specify

the upper boundary for the optimization problem., Enaxin Equation (6.15).

TABLE 6.1: MAXIMUM SIZES OF THE BSS FOR 2005, 20068ND 2007

Y ear Maximum BSS Size (MWhr)
2005 0.83 MWhr

2006 0.901 MWhr

2007 0.953Whr

The next step was to investigate the optimum sizbeobattery storage system, which led
to a determination of whether the maximum stordge §.e., to capture the total available
wind energy) is also the most economical storage. dihe answer was obtained through the
evaluation of the cost of a range of incrementiaiger storage device, which was compared
to the amount of energy captured by each storage Biis worth mentioning that a smaller
battery storage system can capture a smaller anudwertergy. Since BSSs are available in
the market in discrete values, a step of 100 kwWas assumed for this study. Equations
(5.19) to (5.29) were applied to the parameteth®BSS technologies listed in Table 6.1 in
order to determine the total annual cost of thelavie battery storage systems. This analysis
was repeated for the range of BSS sizes, from rko the maximum storage size for all
years/sites: 1000 kWhr. To calculate the net incdarethe owner, Equation (6.15) was
applied, i.e., the total annual cost of the batttorage system was subtracted from the total
savings, which is defined as the total energy captdor a given storage size multiplied by
the price of energy. The total energy captured egsulated by adjusting the storage size in
the simulations to the values of 100 kWhr to 100¢hk. Table 6.2 shows the net income for
the various storage device sizes for each BSS téatn
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TABLE 6.2: NET INCOME ASSOCIATED WITH THE BSS TECHDLOGIES

LA VRLA Na/S Zn/Br VRB
100 kwhr -4.68 -9.94 -5.99 -1.95 5.77
200 kWhr -7.13 -21.46 -3.65 -2.61 -8.26
300 kWhr -11.28 -33.33 -2.27 0.791 -12.44
400 kWhr -15.98 -50.63 0.792 3.37 -15.24
500 kW hr -18.35 -66.57 3.12 8.43 -16.27
600 kKWhr -20.76 -75.74 10.89 -18.15
700 KWhr -22.45 -84.25 2.87 -19.23
800 kWhr -24.38 -96.95 1.8 9.38 -19.89
900 kWhr -26.01 -111.96 -1.36 4.84 -20.97
1000 kW hr -27.5 -123 -3.32 2.15 -21.14

As can be seen in Table 6.2, not all BSS technetogre suitable for this application. As
with Type A WECS, the Na/S and Zn/Br are the onbsgble candidate technologies
because they produce positive net incomes. Withse two candidate technologies, a 600
kWhr Na/S BSS and a 700 kWhr Zn/Br BSS are the nmusinomical sizes and are
highlighted in Table 6.2. However, the globally iopl BSS is a 700 kWhr BSS with a
Zn/Br battery bank.

Throughout the following simulation, the 700 kWhattery storage system was attached
to the DC link of the back-to-back converter in tlmeor circuit of the DFIG in order to

investigate the effect on the power levels of thditoon of the storage device.

As discussed in Chapter 5, wind speed data thatcaléected over entire years collected

from two different sites (Site A and B) was selddte order to include the seasonal effect.

The technical specifications of the 2.0 MW windbine are listed in Table 6.3, and these

values were used in the simulation.
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TABLE 6.3: SPECIFICATION OF A 2.0 MW DFIG-BASED WIN TURBINE

DIAMETER 80 M
Area swept 5027 m
ROTOR Nominal revolution 16.7 rpm
Operational interval 9-19 rpm
Number of blades 3
Tower Hub height 60-100 m
Cut-in speed 4 m/s
Operational
Rated speed 15 m/s
Data
Cut-out speed 25 m/s
Type DFIG
Generator Nominal output 2000 KW
Operational data 50/60 Hz, 690 v

Fig. 6.8, Fig. 6.10, and Fig. 6.11 show the winadveowith and without the addition of
the battery storage system for the first day of®2@D06 and 2007, respectively, and Fig. 6.9
shows the behaviour of the DFIG during the firsgf da2005.
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Fig. 6.8: Wind power levels without and with theBfor the first day of 2005
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Fig. 6.10: Wind power levels without and with the®for the first day of 2006
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In Figs. 6.8, 6.10, and 6.11 it can be noted thatdontinual variation in the output wind
power has been greatly suppressed and that thatquaper is constant over a long period of
time when the leveling technique is applied. Furtiere, when the WECS is operating at a
specific power level and the generator suddenlglesyto a lower power level, the storage
device injects energy into the grid in order to mi@in the preceding power level, resulting in
more constant output power. In addition, unlike &y wind energy conversion system,

Type C WECS exhibits no energy loss when the lagdiechnique is applied.

It can also be seen from Figs 6.8, 6.10, and &af riot all power levels appear during

every individual day; however, the daily levels aresubset of the levels selected for the

entire year.
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Fig. 6.11: Wind power levels without and with the®for the first day of 2007

6.6 Conclusion

Applying the leveling technique to a Type C WECSitcoller has several advantages. This
technique ensures that power fluctuations are nireich because the generator produces

constant amounts of power (i.e., same speed lef@ldpnger periods. It also enhances the
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accuracy of wind speed (power) predictions singeatlicts only the range of speed and not
the exact speed value. In addition, no energyss doie to power leveling, as occurs with
Type A WECS. Finally, since the output power getestacan be predicted accurately, the
system operator can reduce the assigned resemggha operation of the power system
generation pool becomes more manageable. On ther o@ind, the limitations of the

proposed control methodology are the added costsalthe addition of the storage device

and the modifications to the DFIG controller to@oenodate the storage device.
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Chapter 7
Optimum Sizing and Siting of Wind-Based DG ina Lar ge

Mesh Interconnected System

7.1 General

This chapter presents a new approach to the optietatmination of the appropriate size and
location of wind-based distributed generation (WBDG a large mesh interconnected

system. As mentioned in Chapters 5 and 6, applifiegleveling technique converts the
undispatchable wind generation to a reliable didpatile source. In this chapter, wind-based
distributed generation is treated as a power sowittedifferent fixed power levels, i.e., the

leveling technique is used in WBDG. The chapteduides the description of a simple

optimization technique in which the planner plays important role in determining the

optimal siting and sizing of the WBDG. Based onidehcies in the system, the planner
chooses appropriate weight factors for the paramateluded in the optimization technique.

Previous studies reported in the literature focusedletermining the optimum size and/or
site of the DG (dispatchable or non-dispatchali&)y minimization of the system losses as
the main target. However, in the developed algorjttbwo additional new parameters are
introduced: 1) voltage variations due to wind povileictuation and 2) the percentage
contribution of the WBDG to the short circuit curtewhich is introduced to represent the
protective device requirements associated withseection of the size and location of the
WBDG. The new technique has been tested on th& [E- bus mesh interconnected test
system. The results obtained clearly show thatoghtenal size and location can be easily

determined using the developed approach.

7.2 Outline of the Approach and Objectives Outlines

The main objective of the work described in thismier was to minimize the negative
impact of installing wind-based DGs on the systeenfgymance, while maintaining the
benefits of installing these DGs. This objectivesvaghieved by preserving the following DG

specifications:
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* Optimal location of the WBDG

* Optimal size of the WBDG for a given location

For the purpose of this research, the impact of BD@W can be categorized as either
positive, because of the minimization of systenséss or negative, because of the voltage
variations and the percentage contribution of tH&D@ to the short-circuit current. The goal
of the developed method is to maximize the positimpact and to minimize the negative
ones. This approach is new because previous metiepdsted in the literature addressed
only the positive impact of connecting wind enerthey determined optimal DG locations

and ratings only by minimizing system losses.

7.3 Problem Formulation

As mentioned, the developed optimization technigugimple, flexible, and efficient. In
the new algorithm each aspect of the impact oMHEDG is evaluated at all the generated
power levels and then is multiplied by a weightilagtor assigned to that aspect of the
impact. The weighting factor is chosen by the ptaro reflect the relative importance of
each parameter in the decisions about the sitih siring of the WBDG. The planner
chooses the best weights depending on the defie®ime the system. The location of the
WBDG and its corresponding size in the electriggtesm can be optimally determined using

the following objective function:

max f (Ploss’ I SC’VIeveI) (71)
where
m Fi
f (Ploss’ I SC’\/IeveI) = ZW F max (72)
i=1 i

whereF; is the aspect of the impact of the WBDG, &Mds the weighting factor selected by

max

the planner to indicate the relative importancehaft aspect of the impadt, F™" is the

maximum value of the aspect of the impact of theD&ZH, for all cases studied [99]. Three
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aspect of the impact are expressetrad=,, andFy. Fp, relates the percentage change in the

power losses to the installation of the WBDG &gds given by

without DG __ pwith DG
F. = Ploss Ploss (7 3)
P Pwithout DG :
loss

where p*"ouw DG js the summation of the system power loss befoeciistallation of the

loss

WBDG, and P¥"°¢ is the summation of the system power loss afteriribtallation of the

WBDG.

The second aspect of the impdgt,is the percentage increase in the short cireuiteat
at each bus due to the installation of the WBB@Js given by

I without DG __ [ with DG
sC sc

F, = (7.4)

| without DG
sc

where | ¥"ut56 i the short circuit current before the instatiatof the WBDG, and ¢

is the short circuit current after the installatiohthe WBDG. The value of Hs always
negative because the connection of any size WBD&hwatlocation contributes to the short

circuit current.

The third aspect of the WBDG impact introduced his tstudy,Fy, is the percentage

change in the voltage level at each bus.

scheduled

rv without DG _\ 7 with DG
FV = (75)

without DG
Vscheduled

where v “hout b6 js the scheduled voltage level at each bus bdfweinstallation of the

scheduled

WBDG, andV *""¢ is the voltage level at each bus after the iratiah of the WBDG. The
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sign of Fy is not important because any variation in voltageonsidered a negative impact
of the installation of a WBDG.

To determine the relative importance of each ofaheve aspects of the WBDG impact,
each aspect is multiplied by a weighting factdf, The weighting factor may be either
negative or positive depending on the nature ofpiéicular aspect of the impact. The sum
of the absolute values of the weights assigned! taspects of the impacts should add up to
one, as shown in the following:

‘WFP‘+‘WF|‘+‘WFV‘:1 (7.6)

The objective function expressed as Equation (8.%ubject to two main constraints: the
bus voltage levels and the coordination limitshef protective devices. These constraints can
be expressed as follows:

Vin <V

m

with DG < V (77)

level max

whereV,;, andV,, are the minimum and maximum permissible voltagets at each bus,

repectively.
and

| 1" PG < Shortcircuit levelof thecurrently (7.8)

installed protectivedevices

When the objective function, Equation (7.1), isjeabto the constraints of Equations (7.7)
and (7.8), the solution yields the optimum DG simd location as explained in the algorithm
presented in the following subsection.
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7.4 The Algorithm

Fig. 7.1 shows the flowchart of the developed atbor, and Table 7.1 shows the procedure

for the optimization technique used in this aldont Before the algorithm is run, the planner

must input all of the data related to the systencluding generation, transmission,

transformers, and loads and must provide apprepwaights for the aspects of DG impact.

The power flow analysis and short circuit analyais then used in the analysis, which

proceeds according to the following steps in tlg@@thm:

(1)

(2)

3)

(4)

(5)

Calculate the total system lossag (" °), the short circuit current| {"*°¢) at all
the available buses, and the voltage lewgf"(.>¢) at all the available buses as they

exists prior to any DG placement (i.e., without DG)

Consider the sizes of the WBDGs available in theketaand determine the rated
power of the ones that lie within the project bud@galculate the power levels that
correspond to the ratings of the suitable WBDGs.

At the first available bus and using the first ¢éafsle WBDG rating, recalculate the

following after the inclusion of the DG:

(@) The short circuit current using the full rating tffe WBDG (worst case
scenario)
(b) For each power level, the total system loss24"C¢ ) and the voltage level (

with DG
VIevel

Multiply the results from (3.b) by the density facthat corresponds to each power
level, which is explained in Section 7.5.4.

Calculate kp, F11;, and 1y according to Equations (7.3), (7.4), and (7.5)e Tésults
are tabulated as shown in Table 7.1, where théxgiiK) indicates the available bus i,

the available rating j, and the level k, respedyive
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TABLE 7.1: THE OPTIMIZATION TECHNIQUE

BUS No RATING LEVEL aFi (P) BFi (1) YFi (V) 2
Level 1 aF7111(P) BFia(l) | vF11a(V) aF111(P)+B3F11a(1)+yF111(V)
. Level 2 aF;1/P) BFuaAl) | YFiAV) aF11P)HBF1(1)+yFr1V)
Rating 1
Level k aF;1(P) BFul) | YFiudV) aF; 1 (P)HBF1u1)+yFraV)
Level 1 aF121(P) | BFia«l) | vFi2a(V) aF121(P)BFi21(1)+7F122(V)
. Level 2 aF12oP) BFi2Al) | YFi2AV) aF 121 P)HBFi2o)+7F12oV)
BUS1 Rating 2
Level k aF1o(P) BFi2l) | YFi2dV) aF 12 P)PBFiad)+7F112d V)
Level 1 [ oFyu(P) [ BFu() [ vFua(V) aF1j1(P) (D) +yFy(V)
| tevel2 | aFp(P) | BFy() | vFyu(V) aFj2(P)HFaja(l)+yFa (V)
Rating j
Levelk | oFw(P) | BFu() | vFiu(V) aF1j(P)HBF (1) +yFy(V)
Bus?2
Level 1 aFi11(P) BFas() | vFina(V) aFi11(P)H3Fi11(1)+yFi1a(V)
_ Level 2 aFi2(P) BFiaz2(l) | vFiaAV) aFi12(P)H3Fia2(1) +yFix(V)
Rating 1
Level k aFiy(P) BFRu() | vFi(V) aFiz(P)H3Fizk(1) +yFiu(V)
Level 1 aFi1(P) BFi2i(l) | vFi2a(V) aFi21(P)H3Fi21(1)+YFi2u(V)
_ . Level 2 aFizo(P) BFi2(l) | vFiz2V) aFio2(P)H3Fi2z(1) +yFizo( V)
BUSI Rating 2
Level k aFi(P) BFiak() | vFik(V) aFioi(P)BFia(1)+yFia(V)
Level 1 aFi (P) BF. (1) YFi(V) aFj1 (P)HBF (1) +vFi (V)
o Level 2 aFip(P) BF(1) YFi(V) aFij2 (P)+BFi2(1)+vFiz (V)
Rating |
Level k aFii (P) BF (1) YFi(V) aFi (P)BFj (D+vFi (V)
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(6)

(7)

(8)

Switch to the next available WBDG rating and perfathe same calculations as in
steps 3, 4, and 5. The results of this load bugabelated for all available WBDG
sizes, i.e., bp Fisp ... Fine Fi2i Fisi ... Fingg and kay, Fisy ... Finy. Nis the number
of available WBDG ratings.

Switch to the next available bus and repeat stegs 8, and 6 until all the available
buses M are considered. The results for each budlifierent WBDG sizes are
tabulated and normalized. Normalizing the resuttsiés dividing each type of result
by the value of the maximum corresponding resudt, ihi1p, Fizp ... Fune’; Fiil,
Fio ... Funi’s and ko', Fiav' ... Funy'

Multiply each entry type by its corresponding weigh factor ¢, B, andy), and then

add the resultant values of every row (N

The maximum of the summed weighted normalized va(liew F. ) gives the

F™

optimum size (row) and the optimum site (colummn)tfee WBDG. It is possible that one of

the power levels is also the optimum size of theD&B in this case, the optimum size is the
full rating of the WBDG that corresponds to thatyeo level.
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‘ Power Flow Program ‘

Simulink Program

Enter Generator Data
Enter Transformer Data
Enter Lines Data
Enter The Appropriate Weights
Enter the Distribution Factors

Tloss = inf
Optimum Size = 0
Optimum Location = 0

Input Peak Load
Condition

No
Presence of

WEDG

v

Calculate:

Buses Voltage Levels
Total Power Losses
Buses Short Circuit Levels

Tabulate The
Data

—

Yes

Import The Data
From Table1
Normalize The Data
Use Load Flow and Short
Circuit Analysis to Calculate:

1.Total system power loss
2.Short circuit current (rated)
3.Voltage level at each bus
v —

No us no = total no
of busess

1. WEDG rating = rating 1
2, Calculate the
corresponding power
levels

1.% Decrease in Total Power Losses
2.% Increase in Short Circuit Level

Calculate:
Ay =W; x Table1 (1:X)
A, =W, x Table1 (2:X)

3.% Change in Voltage Level Az = Wj; x Table1 (3:X)

WEDG rating = Next
available rating

Multiply 1) and 2) by the

distribution factors AT=A1+ A+ Az

Store The Data in
Table1

A

DG ratings = Optimum Location = Bus no

Fig. 7.1. The algorithm

final rating Optimum Size = WEDG rating

Bus no = Bus no + 1 End of Table

Output:
Optimum Location
Optimum size

END
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7.5 System Description

The IEEE 24-bus meshed system [100] was usedtttheesleveloped method.

7.5.1 Load Model

The system was assumed to be heavily loaded. Tineahpeak load for the test system was
set at 2850 MW. The load factor for this systerfisA %. A peak loading condition with a
load diversity factor of one was considered indhalysis.

7.5.2 Generating System

Table 7.2 gives the number of each generatinginsialled on the IEEE 24-bus test system,

its corresponding bus number and the rating of gacierating unit.

TABLE 7.2: NUMBER AND RATINGS OF GENERATORS

Unit 1 Unit 2 Unit 3 Unit 4 Unit 5 Unit 6

Bus MW MW MW MW MW MW

1 20 20 76 76 - -

2 20 20 76 76 - -

7 100 100 100 - - -
13 197 197 197 - - -
15 12 12 12 12 12 155
16 155 - - - - -
18 400 - - - - -
21 400 - - - - -
22 50 50 50 50 50 50
23 155 155 350 - - -

7.5.3 Network System

The network consists of 24 bus locations connelgye88 lines and transformers, as shown in
Fig. 7.2. The transmission lines were set at tWiedint voltage levels.
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Bus17

Bus 23

L BUS 18 _r’Gerusﬂ _— Bus22

Bus16

Bus15

230 KV

Bus3 * Bus9 A Bus 10

Bus4

138 KV

Busl

é +| Bus2

Fig. 7.2: The IEEE 24-bus test system
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Impedance and rating data for lines and transfasro@n be found in [100]. All the data
are in per unit on a base of 100 MVA. The data gi@esumes the transmission line to be

modeled as &l equivalent circuit.

7.5.4 Wind-Based Distributed Generation (WBDG)

Wind-based distributed generation is a wind geoeratith the new leveling technique
applied to its controller, i.e., it could be eitigrpe A or Type C WECS. The optimization
algorithm described in Section 7.4 calculates fstesn parameters, (e.g., short circuit level,
system power losses, and voltage variations) tbatspond to each power level of every
available WBDG rating. It is possible that the $ol of the optimization problem could
result in an optimum size corresponding to a pdexel that lasts for only a relatively short
time during the year. To solve this problem, a dgnfactor was introduced into the
optimization algorithm. This density factor actkelithe weighting factor selected by the
planner, i.e., a density factor is assigned fomhdawel such that the sum of the factors is
unity. The wind-based distributed generation dgrfsittor is very similar to the load density

factor used in examining power system security [H0M is calculated as follows:

__ Duration of power level
DFlevel - (7-9)

Total duration

Fig. 7.3 shows a graphical representation of te&iution factor, indicating the values of

the distribution factor for each level.
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Level 2
DF=0.32

Level 3

0 ~ DF=0.24
[ Level 5
5 DF=0.16
— \L Level 4
DF:o.13'|
Level 6
DF=0.0p
Level 1
DF=0.06

Dur ation

Fig. 7.3: The WBDG distribution factor

In the optimization algorithm to reflect the ducatifactor (distribution factor) of each
level, the distribution factors are multiplied byetnormalized value of the voltage variation

and by the system power loss corresponding to leaeh

7.6 Simulation Results

The wind speed data for 2005 were used in the sitonl. Table 7.3 shows the optimal
number of power levels, the optimal values of thedaspeed levels, the per unit developed
power for each power level, and the associatedildlision factor for each power level
calculated over a period of one year (2005). Indbeeloped optimization algorithm, three
WBDG sizes were considered: 50 MW, 100 MW, and BIW. The algorithm was tested on

the IEEE 24-bus mesh interconnected test systemda@ta obtained were tabulated and then
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normalized by dividing each element in a specibtumn by the maximum positive value in
that column. The maximum value of each parameteagh column is thus one.

After the data are normalized, the planner shoeldcs the appropriate weighting factors
based on his own experience. To represent a negatipact on system performance, the
weighting factor of the absolute value of the wvgd#tafluctuations should be negative;
however, the percentage increase in the shortitieel has an inherent negative sign (

| Mheut DG < | WNDG ) gnd hence requires a positive weighting factdre Tinal consideration

was that the weighting factor of the percentageasse in losses should be positive (positive
impact). Three equal weighting factors were setbébe the first case study representing the
assumption that the planner has no specific prolitesolve. These weighting factors were
set at 0.33 for the system power losses, 0.33hmiiricrease in the short circuit level, and -
0.33 for the voltage variations. Table 7.4 shoveswieighted normalized results obtained for
equal weighting factors.

TABLE 7.3: OPTIMAL SPEED AND POWER LEVEL VALUES ANIASSOSIATED DISTRIBUTION
FACTORS FOR 2005

L EVEL SPEED LEVEL POWER LEVEL DISTRIBUTION

VALUES VALUES FACTORS
1 4 mls 0.2 p.u. 0.041
2 6.6 m/s 0.33 p.u. 0.229
3 8.51 m/s 0.43 p.u. 0.336
4 9.9 m/s 0.5p.u. 0.192
5 12.3m/s 0.62 p.u. 0.117
6 15m/s 1p.u. 0.085
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TABLE 7.4: WEIGHTED NORMALIZED RESULTS WITH EQUAL VEIGHTING FACTORS (0.3, 0.3,
AND -0.3 RESPECTIVELY)

BUSNo | RATING LEVEL oFp BFi YFiv z

Level 1 0.0457 -0.16258 -0.3039 -0.42078
Level 2 0.0601 -0.16258 -0.3075 -0.40998
g Level 3 0.0658 -0.16258 -0.3111 -0.40788
o Level 4 0.0829 -0.16258 -0.3145 -0.39418
0 Level 5 0.0868 -0.16258 -0.329 -0.40478
Level 6 0.0995 -0.16258 -0.33 -0.39308
Level 1 0.0992 -0.16556 -0.3304 -0.39676
= Level 2 0.0883 -0.16556 -0.3369 -0.41416
g = Level 3 0.0757 -0.16556 -0.3374 -0.42726
a 8 Level 4 0.069 -0.16556 -0.3378 -0.43436
-~ Level 5 0.0688 -0.16556 -0.3389 -0.43566
Level 6 0.0634 -0.16556 -0.34 -0.44216
Level 1 -0.0536 -0.17457 -0.3426 -0.57077
= Level 2 -0.0898 -0.17457 -0.345 -0.60937
s Level 3 -0.2228 -0.17457 -0.3478 -0.74517
8 Level 4 -0.3455 -0.17457 -0.3528 -0.87287
™ Level 5 -0.3546 -0.17457 -0.3582 -0.88737
Level 6 -0.4975 -0.17457 -0.36 -1.03207

Level 1 -0.3606 -0.2401 -0.3573 -0.958

Level 2 -0.2933 -0.2401 -0.3548 -0.8882

g Level 3 -0.1027 -0.2401 -0.3423 -0.6851

o Level 4 -0.0102 -0.2401 -0.3357 -0.586

w0 Level 5 0.0722 -0.2401 -0.3089 -0.4768
Level 6 0.13385 -0.2401 -0.263 -0.36925

Level 1 -0.3643 -0.2444 -0.2635 -0.8722

= Level 2 -0.3375 -0.2444 -0.2637 -0.8456

;r) s Level 3 -0.3197 -0.2444 -0.2638 -0.8279
a 8 Level 4 0.0374 -0.2444 -0.2638 -0.4708
— Level 5 0.0526 -0.2444 -0.2639 -0.4557

Level 6 0.1158 -0.2444 -0.264 -0.3926
Level 1 0.0946 -0.28611 -0.264 -0.45551
= Level 2 -0.3688 -0.28611 -0.2642 -0.91911
S Level 3 -0.3723 -0.28611 -0.2642 -0.92261
8 Level 4 -0.4234 -0.28611 -0.2644 -0.97391
™ Level 5 -0.6227 -0.28611 -0.2649 -1.17371
Level 6 -0.6521 -0.28611 -0.265 -1.20321
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Level 1 -0.6322 -0.07721 -0.1599 -0.86931
Level 2 -0.377 -0.07721 -0.1267 -0.58091
g Level 3 -0.2894 -0.07721 -0.0982 -0.46481
o Level 4 -0.1627 -0.07721 -0.0777 -0.31761
o Level 5 0.1093 -0.07721 -0.042 -0.00991
Level 6 0.11837 -0.07721 -0.0212 0.01996

Level 1 0.1143 -0.07812 -0.0219 0.01428

Level 2 0.1122 -0.07812 -0.0221 0.01198

8 % Level 3 0.1077 -0.07812 -0.0221 0.00748
a 8 Level 4 0.1057 -0.07812 -0.0237 0.00388
I Level 5 0.1019 -0.07812 -0.0247 -0.00092
Level 6 0.0986 -0.07812 -0.0255 -0.00502
Level 1 -0.0446 -0.08514 -0.0258 -0.15554
Level 2 -0.0748 -0.08514 -0.026 -0.18594
% Level 3 -0.2965 -0.08514 -0.0264 -0.40804
8 Level 4 -0.4625 -0.08514 -0.0269 -0.57454
™ Level 5 -0.5145 -0.08514 -0.027 -0.62664

Level 6 -0.582 -0.08514 -0.0270¢ -0.6942

Level 1 -0.5373 -0.2998 -0.0249 -0.862

Level 2 -0.3172 -0.2998 -0.0201 -0.6371

é Level 3 -0.1608 -0.2998 -0.0199 -0.4805

o Level 4 0.0157 -0.2998 -0.018 -0.3021

L0 Level 5 0.3283 -0.2998 -0.0167 0.0118

Level 6 0.33 -0.2998 -0.0144 0.0158

Level 1 0.3303 -0.3003 -0.0145 0.0155

Level 2 0.3304 -0.3003 -0.0147 0.0154

g % Level 3 0.3305 -0.3003 -0.0147 0.0155
a 8 Level 4 0.3307 -0.3003 -0.0149 0.0155
I Level 5 0.3309 -0.3003 -0.0149 0.0157

Level 6 0.33 -0.3003 -0.0151 0.0146

Level 1 0.3241 -0.2574 -0.0151 0.0516

Level 2 0.2602 -0.2574 -0.0152 -0.0124

% Level 3 0.2595 -0.2574 -0.0153 -0.0132

8 Level 4 0.241 -0.2574 -0.0154 -0.0318

™ Level 5 0.2306 -0.2574 -0.0154 -0.0422
Level 6 0.1977 -0.2574 -0.01551 -0.07521
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Level 1 0.1842 -0.33 -0.0794 -0.2252
Level 2 0.1723 -0.33 -0.0857 -0.2434
g Level 3 0.1244 -0.33 -0.1316 -0.3372
o Level 4 0.1063 -0.33 -0.1412 -0.3649
o Level 5 0.0903 -0.33 -0.2076 -0.4473
Level 6 0.08366 -0.33 -0.23211 -0.47845
Level 1 0.126 -0.33 -0.2313 -0.4353
Level 2 0.2258 -0.33 -0.2311 -0.3353
8 % Level 3 0.2385 -0.33 -0.2309 -0.3224
a 8 Level 4 0.2772 -0.33 -0.2307 -0.2835
I Level 5 0.2874 -0.33 -0.2306 -0.2732
Level 6 0.293 -0.33 -0.23039 -0.26739
Level 1 0.2465 -0.33 -0.2312 -0.3147
Level 2 0.2346 -0.33 -0.2317 -0.3271
% Level 3 0.2229 -0.33 -0.2319 -0.339
8 Level 4 0.2006 -0.33 -0.2322 -0.3616
™ Level 5 -0.0895 -0.33 -0.2324 -0.6519
Level 6 -0.1339 -0.33 -0.23331 -0.69721
Level 1 -0.1244 -0.18991 -0.2348 -0.54911
Level 2 -0.113 -0.18991 -0.2357 -0.53861
é Level 3 0.012 -0.18991 -0.2363 -0.41421
o Level 4 0.0904 -0.18991 -0.2371 -0.33661
L0 Level 5 0.1089 -0.18991 -0.2375 -0.31851
Level 6 0.1104 -0.18991 -0.24 -0.31951
Level 1 0.1176 -0.20254 -0.2401 -0.32504
Level 2 0.1193 -0.20254 -0.2403 -0.32354
% % Level 3 0.1257 -0.20254 -0.241 -0.31784
a 8 Level 4 0.1267 -0.20254 -0.2412 -0.31704
I Level 5 0.1286 -0.20254 -0.2418 -0.31574
Level 6 0.1294 -0.20254 -0.24222 -0.31536
Level 1 0.1306 -0.25344 -0.2423 -0.36514
Level 2 0.1446 -0.25344 -0.2423 -0.35114
% Level 3 0.151 -0.25344 -0.2424 -0.34484
8 Level 4 0.1543 -0.25344 -0.2425 -0.34164
™ Level 5 0.1546 -0.25344 -0.2432 -0.34204
Level 6 0.1582 -0.25344 -0.24322 -0.33846
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Level 1 0.1586 -0.02746 -0.2346 -0.10346
Level 2 0.1587 -0.02746 -0.231 -0.09976
g Level 3 0.1597 -0.02746 -0.1914 -0.05916
o Level 4 0.1605 -0.02746 -0.1799 -0.04686
L0 Level 5 0.1608 -0.02746 -0.0683 0.06504
Level 6 0.1619 -0.02746|  -0.01147 0.12297
Level 1 0.1623 -0.0337 -0.0119 0.1167
Level 2 0.1657 -0.0337 -0.012 0.12
= % Level 3 0.1729 -0.0337 -0.0126 0.1266
(3 = Level 4 0.1778 -0.0337 -0.013 0.1311
m — Level 5 0.1788 -0.0337 -0.0134 0.1317
Level 6 0.1881 -0.0337 -0.0139 0.1405
Level 1 0.2319 -0.04785 -0.0139 0.17015
Level 2 0.2337 -0.04785]  -0.01397 0.17188
% Level 3 0.2445 -0.04785 -0.014 0.18265
S Level 4 0.2902 -0.04785 -0.0141 0.22825
™ Level 5 0.3084 -0.04785 -0.0142 0.24635
Level 6 0.33 -0.04785|  -0.014149 0.2679¢
Level 1 0.3192 -0.13479 -0.0298 0.15461
Level 2 0.2137 -0.13479 -0.0317 0.04721
§ Level 3 0.1977 -0.13479 -0.0641 -0.00119
o Level 4 0.1504 -0.13479 -0.069 -0.05339
L0 Level 5 0.1378 -0.13479 -0.0887 -0.08569
Level 6 0.0983 -0.13479]  -0.09112 -0.12761
Level 1 0.0984 -0.15486 -0.0918 -0.14826
Level 2 0.0998 -0.15486 -0.0945 -0.14956
= % Level 3 0.1038 -0.15486 -0.0949 -0.14596
(3 S Level 4 0.1084 -0.15486 -0.0953 -0.14176
m — Level 5 0.1165 -0.15486 -0.0967 -0.13506
Level 6 0.1206 -0.15486 -0.0989 -0.13316
Level 1 0.1248 -0.16896 -0.0995 -0.14366
Level 2 0.1385 -0.16896 -0.1007 -0.13116
% Level 3 0.151 -0.16896 -0.1064 -0.12436
= Level 4 0.1546 -0.16896 -0.1091 -0.12346
™ Level 5 0.1651 -0.16896 -0.1093 -0.11316
Level 6 0.1772 -0.16896| -0.11154 -0.1033
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Level 1 0.1647 -0.1273 -0.1088 -0.0714

Level 2 0.1598 -0.1273 -0.0899 -0.0574

é Level 3 0.1508 -0.1273 -0.0822 -0.0587

o Level 4 0.1487 -0.1273 -0.075 -0.0536

0 Level 5 0.1123 -0.1273 -0.0557 -0.0707

Level 6 0.09996 -0.1273 -0.05118 -0.07852
Level 1 0.1001 -0.144 -0.0521 -0.096

Level 2 0.1007 -0.144 -0.0529 -0.0962

S % Level 3 0.1065 -0.144 -0.0534 -0.0909
(g 8 Level 4 0.1213 -0.144 -0.0547 -0.0774
@ — Level 5 0.1226 -0.144 -0.0562 -0.0776
Level 6 0.1237 -0.144 -0.0574 -0.0777

Level 1 0.1719 -0.15213 -0.0588 -0.03903

Level 2 0.1729 -0.15213 -0.0622 -0.04143

% Level 3 0.1897 -0.15213 -0.0641 -0.02653

8 Level 4 0.2023 -0.15213 -0.0646 -0.01443

™ Level 5 0.2076 -0.15213 -0.0651 -0.00963

Level 6 0.2162 -0.15213 -0.06897 -0.0049

Level 1 0.1796 -0.15746 -0.0695 -0.04736

Level 2 0.1551 -0.15746 -0.0703 -0.07266

g Level 3 0.1445 -0.15746 -0.0948 -0.10776

o Level 4 0.1435 -0.15746 -0.1154 -0.12936

o Level 5 0.0796 -0.15746 -0.1337 -0.21156

Level 6 0.0665 -0.15746 -0.15286 -0.24382

Level 1 0.0663 -0.2088 -0.1531 -0.2956

Level 2 0.0621 -0.2088 -0.1538 -0.3005
S % Level 3 0.062 -0.2088 -0.1542 -0.301
(g 8 Level 4 0.059 -0.2088 -0.1544 -0.3042
@ I Level 5 0.0577 -0.2088 -0.1549 -0.306
Level 6 0.0574 -0.2088 -0.1551 -0.3065

Level 1 -0.0146 -0.2145 -0.1552 -0.3843

Level 2 -0.0307 -0.2145 -0.1555 -0.4007

é Level 3 -0.1104 -0.2145 -0.1559 -0.4808

8 Level 4 -0.1112 -0.2145 -0.156 -0.4817

™ Level 5 -0.1292 -0.2145 -0.15601 -0.49971

Level 6 -0.1529 -0.2145 -0.15604 -0.52349
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Level 1 0.1748 | -0.01937]  -0.1466 :0.34077
Level 2 0.1832 | -0.01937]  -0.1036 20.30617
= Level 3 0.184 | -001937  -0.0595 10.26287
S Level 4 0.184 | -001937| -0.0453 10.24867
o Level 5 0.1928 | -0.01937]  -0.0388 :0.25007
Level 6 0.1941 | -0.01937]  -0.01237 10.22584
Level 1 0.2052 | 0.0259| -0.0124 10.2435
Level 2 02213 | 0.0259| -0.0126 10.2598
- = Level 3 0225 | 00250| -0.0128 0.2637
8 S Level 4 0.2688 | 0.0259|  -0.0131 10.3078
- = Level 5 02823 | 0.0259| -0014 0.3222
Level 6 0.2078 | -0.0259| -0.0145: 10.33823
Level 1 06013 | -0.04224]  -0.0143 0.74784
Level 2 0.998 | -004224] -0.0142 -1.05444
= Level 3 13427 | -0.04224]  -0.0141 -1.39904
S Level 4 1456 | -004224]  -0.014 151224
® Level 5 15263 | -0.04224]  -0.0138 158234
Level 6 15375 | -0.04224]  -0.01353 159327
Level 1 14893 | -0.07689|  -0.0149 -1.58109
Level 2 12606 | -0.07689]  -0.0171 -1.35459
= Level 3 12339 | -0.07689]  -0.0335 1.34429
S Level 4 05371 | -0.07689]  -0.0554 0.66939
o Level 5 0.4077 | -0.07689]  -0.064 10.54859
Level 6 0.00878 | -0.07689  -0.0694] 10.15508
Level 1 0011 | -0.0847| -0.0694 0.1651
Level 2 00124 | 0.0847|  -0.0695 10.1666
S = Level 3 00173 | 0.0847|  -0.07 0172
2 S Level 4 0022 | -00847| -0.0701 0.1768
- F‘ Level 5 00237 | -0.0847| -0.0703 0.1787
Level 6 0.0327 | 0.0847|  -0.0804 0.1978
Level 1 02393 | -0.09075  -0.081 10.41105
Level 2 0272 | 009075  -0.0813 0.44405
= Level 3 10.2879 | -0.09075  -0.0817 0.46035
S Level 4 10.2034 | -0.09075  -0.0817 0.46585
® Level 5 0.207 | 009075  -0.0818 10.46955
Level 6 0.3947 | -0.09075 -0.08184 10.56729

118




Level 1 -0.3579 -0.06321 -0.0814| -0.50251
Level 2 -0.3232 -0.06321 -0.0726 -0.45901
g Level 3 -0.3022 -0.06321 -0.0703 -0.43571
o Level 4 -0.1877 -0.06321 -0.0666 -0.31751
L0 Level 5 -0.0415 -0.06321 -0.057 -0.16171
Level 6 0.01686 -0.06321 -0.0545 -0.10085
Level 1 0.0156 -0.0755 -0.0561 -0.116
Level 2 0.0152 -0.0755 -0.0586 -0.1189
& % Level 3 0.015 -0.0755 -0.0601 -0.1206
(3 = Level 4 0.0147 -0.0755 -0.0634 -0.1242
m — Level 5 0.0145 -0.0755 -0.0672 -0.1282
Level 6 0.0142 -0.0755 -0.0675 -0.1288
Level 1 0.0095 -0.07656 -0.0672 -0.13426
Level 2 -0.0007 -0.07656 -0.0664| -0.14366
% Level 3 -0.018 -0.07656 -0.0652 -0.15976
S Level 4 -0.033 -0.07656 -0.0643 -0.17386
™ Level 5 -0.0613 -0.07656 -0.0619 -0.19976
Level 6 -0.0671 -0.07656]  -0.06303 -0.20669
Level 1 -0.0325 -0.1116 -0.0678 -0.2119
Level 2 -0.0265 -0.1116 -0.0704 -0.2085
§ Level 3 -0.0256 -0.1116 -0.0781 -0.2153
o Level 4 0.0043 -0.1116 -0.0815 -0.1888
L0 Level 5 0.0261 01116| -0.0864 01719
Level 6 0.04557 -0.1116 -0.08642 -0.15245
Level 1 0.0426 -0.1458 -0.0911 -0.1943
Level 2 0.0331 -0.1458 -0.1046 -0.2173
N % Level 3 0.0242 -0.1458 -0.1048 -0.2264
(3 S Level 4 0.0162 -0.1458 -0.1053 -0.2349
m — Level 5 0.0195 -0.1458 -0.1064 -0.2327
Level 6 0.0038 -0.1458 -0.1085 -0.2505
Level 1 -0.1809 -0.1881 -0.1224 -0.4914
Level 2 -0.2939 -0.1881 -0.1388 -0.6208
% Level 3 -0.2951 -0.1881 -0.1743 -0.6575
S Level 4 -0.3239 -0.1881 -0.1754 -0.6874
™ Level 5 -0.4942 -0.1881 -0.1794 -0.8617
Level 6 -0.5874 -0.1881 -0.198 -0.9735
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The developed procedure results in an abundandatafregarding the bus number and
the WBDG size. The candidate buses for WBDG iretialh are only the load buses and the
connecting buses; i.e., no generator buses wedmad.

During the analysis, it was noted that the maximuoitage variations (fluctuations)
appear on the bus at which the WBDG is installedias also noted that, based on the above
results, changing the size and location of the WBIEXS a significant impact on the total
system losses. In this example the losses vary &avorst case of a 24.2 % increase in total
losses, when no WBDG is connected to the systerthetdest case of a 0.5 % decrease in
total losses, when a WBDG'’s full rating of 300 M#/installed. The results also show that
both the voltage profile and the short circuit lexe only slightly changed due to changes in

the WBDG size, compared to the considerable chatigé®ccur in the total system losses.

As can be seen in Table 7.4, the summation ohallteighted impact is at a maximum at
bus (10) with the full 300 MW rating of the WBDGstalled (the highlighted cell); i.e., the
optimum location for the installation of a DG issb{10), and of the three sizes available, the
optimum full size of the WBDG is 300 MW.

For the second test, it was assumed that the pldasea serious problem with voltage
fluctuation in the system, while the other two imgsa i.e., the total losses and the short
circuit level, are of less importance. The weightiactors selected therefore will differ from
the ones in the previous scenario and were giverfdlhowing values: 0.2 for the system
power losses, 0.2 for the short circuit level, a@d5 for the voltage fluctuations. The
application of these weighting factors in the aiton results in changes to both the optimum
size and location of the DG. The new optimum sizes iound to be 50 MW, with the

optimum location being bus (3).

These results can be refined if the number of WBIX8s available is increased and/or if

other impact is added to the optimization problem.
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7.7 Conclusion

This chapter has presented a simple, efficient,fExible method of optimally determining
the size and location of a wind-based DG to beallest in a large mesh interconnected
system. The developed optimization technique ha&n roven to be highly practical for
application in large systems, which could otherwdsecomputationally intensive. The new
technique has been applied to a 24-bus distribigy@tem. For the test system selected, it
was found that the optimum size and location of WigDG can be readily calculated using
the developed procedure. The new technique incatpsrthe planner knowledge of the
system through his selection of appropriate weightfactors. It has been shown that
changing the weighting factors also changes thexgeh of the optimum size and location of
the WBDG.

Total system losses, voltage drops and system shauit levels were used in the
formulation of the cost function for the optimizati of the size and location of the wind-
based distributed generation. This work can eab#y extended to include additional

parameters in the optimization problem.
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Chapter 8

Contributions and Future Work

8.1 Contributions of the Research

The main contributions of the research presentedisnthesis can be summarized as follows:

1.

This thesis has presented a comprehensive ovenfidve current state of the art with
respect to the technology associated with of wimergy conversion systems and also
underlines research techniques in other areasedetat this field. The positive and
negative impact of integrating large-scale windrgpeconversion systems into the
electrical grid has been highlighted and analyredetails. This focus was motivated
by the current trend towards the integration oereable sources of energy and by the
global boom in wind power technologies.

The leveling technique introduced in this reseasch novel control technique that
overcomes the drawbacks of existing power fluctumatnitigation techniques, helps
to elevate the performance of WECSs from a systeimt jof view, and facilitates an
increase in the penetration level of WECSs. Thistrod technique utilizes available
on-site wind speed data in a fast and efficient mearto, on one hand, reduce the
wind power fluctuation and allow the system opardto make better operational
decisions and, on the other hand, minimize enenggds throughout the year. The
following are some advantages of the proposedileyebntrol technique:

a. The developed control technique converts the nepadchable wind power
generation to a disbatchable one.

b. The developed control technique relies on actuadittnwind speed data, i.e.,
chronological data. Therefore, the controller oateothat consists of the
number of levels and the value of these levels dffieient, reliable, and
intelligent.

c. The developed control technique integrates teclasdrom different fields of

engineering, e.g., data mining, optimization, and/@r systems.
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d. The developed control technique ensures that pofkestuations are
minimized because the generator produces constantrgs of power for
longer periods of time. As a result, the penetratevel of the WECSs could
be increased.

e. The developed control technique lowers the negatiygact on the power
system.

f. The new technique enhances the accuracy of predsctoecause it predicts
only the speed range and not the exact value afpibed.

g. Since the output power generated can be prediatedrately, the system
operator can reduce the assigned reserves, andptration of the power
system generation pool becomes more manageahlethieesystem operator
can make better operational decisions.

h. Modifications to the existing turbine and/or gerneracontroller enable this
control technique to be applied to all four typdésmnd energy conversion
systems.

I. The developed control technique is applicable &aheady installed WECSs
because the required modifications are minimal.

. The developed control technique was successfulijiepto the two types of WECSs

that represent the largest share of the curreritetidare., Type A and Type C.

. This thesis has presented explicit analyses ohtbdifications required for the two

types of WECSSs, thus offering investors alternatiascompanied by a detailed

economic study.

. The developed leveling technique reduces the wio@ep fluctuation and hence

facilitates the increase of wind penetration level.

. This research was expanded to cover not only theratipnal planning that is

enhanced by the leveling control technique andpsication to the different types of

WECSSs, but also long-term planning that helps tterdeine the most appropriate

location and the optimum size for the WECS. Theglmrm planning approach

presented is superior to existing methods that ealyimited system parameters and
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offers the advantages of simplicity, efficiencydaconsideration of a wide range of
system parameters. The following are some advasitagehe proposed long-term
planning criteria:

a. The developed planning criteria introduce two nearameters to the
optimization problem, i.e., the voltage fluctuasodue to the wind power
fluctuations and the contribution of the wind gexter to the short-circuit
level.

b. The developed planning criteria establish the lageltechnique in the
optimization problem.

c. The developed planning criteria replace the blawkell optimization
techniques by a simple, flexible, and efficientigique.

d. The developed planning criteria incorporate thenmpdgis experience to

optimally determine the site and size of the WBDG.

8.2 Scope of Future Work

This study has established a new direction foraieserelated to wind energy conversion
systems with respect to reducing or eliminatinggbwer fluctuations, which are considered
the main challenge in the integration of WECSs gl&xtric networks. Based on the research
presented in this thesis, the following is a sunynwdrstudies that could be conducted in the

future:

1. Apply the power leveling technique to Type D WECS rhodifying the converter
controller.

2. Combine the leveling technique and the size of sherage device in a global
optimization problem.

3. Investigate the wind power fluctuations over thepmsed battery storage device.

4. Apply the leveling technique to photo-voltaic (P8)stems. This investigation could
be performed by modelling a variety of PV systemotogies, collecting irradiance

and temperature data from the candidate site,ingténe data collected into a two-
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way unsupervised clustering technique in orderd@mnine the number and values
of the power levels, and modifying the controllértlee PV system to accommodate

the leveling technique.
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