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Abstract

The global installed capacity of wind power has shown a ficamt growth, from just 24 GW
in 2001 to 283 GW in 2012. This trend is expected to continuesfome years to come. Hence
a significant amount of wind power needs to be connected teldwric power system. Usually
larger wind farms are connected to transmission systemig wimaller wind farms are preferably
connected to distribution systems. Such preference afigescomparatively lower connection
costs associated with installing wind power in lower vo#tagetworks. But the introduction of
wind power into a distribution system poses a number of payuality and reliability concerns
such as voltage flicker and harmonics, overvoltage and #leoserloading, and increased fault
level. Moreover due to highly fluctuating nature of wind poyg®me distribution system operators
(DSOs) are also concerned about an increase on the freqoémay changes (FTC) due to the
introduction of wind power. Should there be an increase i€ Fih a power system which is
already vulnerable to wear and tear due to aging, the DSO imétythe integration of wind power
to its network to avoid increased maintenance costs or wwed tap changer failures. Thus, the
thesis discusses these integration issues of wind powerdamdify the limiting factors. Once
identified, the thesis proposes mitigation solutions scoamaximize the hosting capacity of a
distribution system. This facilitates the introductiorvahd power to the power system in a cost-
effective manner.

The investigation of the effect of wind power on the FTC sholat the change on the FTC
in a distribution system connected to relatively strongemal grid (withX /R > 5) is negligible
up to a significant level of wind power penetration. But in arilisition system connected to a
relatively weak external grid, a significant increase in &€ has been observed as wind power
penetration increases. Hence a further investigatiorrigeckout to limit the FTC by using reactive
power from local wind turbines. The results have shown thattethodology is very effective in
reducing the FTC.

Furthermore, the thesis identifies voltage rise and theowverloading as the two main limiting
factors of wind power integration into distribution systenThus, active management strategies
(AMSs)—such as wind energy curtailment, reactive powerpmamsation, and coordinated on load
tap changer (OLTC) voltage control- have been investigatethe thesis to increase the wind
power hosting capacity of distribution systems. To fa&iétthe investigation, an optimization
model incorporating these AMSs is developed. The outpti@htodel is the optimal wind power
hosting capacity of the distribution system which will maxze the profit gained by the DSO and
the wind farm owner (WFO). The result of the analysis showslilaising AMSs the wind power
hosting capacity of distribution system can be increasetb uwice the capacity that would have
been installed without AMSs.

Index Terms: distribution system, integration issues of wind powergérency of tap change,
active management strategies, cost benefit analysis.
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1

Introduction

The global installed wind power capacity has shown a sigamtigrowth from just 24 GW in 2001
to 283 GWin 20121]. This growth is expected to continue for some years to céhdhe growth

is mainly attributed to government policies to increase ghare of energy consumption from
renewable resources. By doing so governments are tryingctease the emission of greenhouse
gases to the atmosphere and the dependence on using coadorteid petroleum.

This substantial amount of wind power needs to be conneotdtetpower system for supplying
its electricity to potential consumers. But wind power ptahave various characteristics which
make their integration different from conventional pow&ars. On one hand, in contrast to con-
ventional power plants, the size of wind power plants vaftiesn KW range single wind turbine
to hundreds of MW wind farms. Hence wind power plants are ected to the grid at different
voltage levels. On the other hand, during the normal opmraif conventional power plants the
required power can be generated at any time, given that therpdemand is within the technical
constraints of the plant. Hence the power output is comatintdl and predictable. However, the
power output from wind power plants depends on the wind dardiof the area, and in addi-
tion, it fluctuates. Moreover, conventional sources usenmaynchronous generators to produce
electrical energy. However wind power plants use diffetgpés of generator systems such as in-
duction generators, double fed induction generators, raahaciion or synchronous generator with
full power converters. Each of these generator systemsgifiseent opportunities and challenges
to the grid.

While most large wind farms are connected to high voltagestrassion systems, medium sized
farms are preferably connected to lower voltage distrdyusiystems. This preference stems from
comparatively lower connection costs associated wittallisg wind farms/turbines in lower volt-
age systems3]. Thus, there is a need to effectively exploit the wind powesting capacity of
distribution systems. However medium voltage distributsystems have lower grid strength than
their high voltage counter parts. Hence they are more vabierto the power quality and relia-
bility issues introduced by wind power. Depending on thedaurbine technology, these issues
of wind power include voltage flicker, harmonics, overvgiaoverloading, increased short circuit
power level, and protection malfunctioning. Some distiitiu system operators (DSOs) are also
concerned about the effect of wind power on increasing tbguiency of tap changes (FTC) of a
substation transformer.
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Therefore in this thesis, these different integrationessof wind power are investigated. Special
attention is given to the effect of wind power on overvoltageerloading, and increasing the FTC
of substation transformers. The role of active managentesiegies (AMSs) in mitigating these

effects of wind power has been investigated and demondtratig case studies. This chapter
provides the background, aim, contribution and structdithe thesis. The chapter concludes by
providing the list of papers published during the progrdsb@thesis.

1.1 Overview of previous works

Presently, it is widely accepted that the most common Iigifiactors of wind power integration
to distribution system are the voltage rise problem andloading of the system componen8.|
Both of them are more likely to occur under low system loadiogdition and high wind power
generation. Hence DSOs use this worst system conditioredlo&e the possibility of connecting a
given capacity of wind power. This works fine under passioglgrated distribution systems. But it
severely limits the hosting capacity of distribution syssg which will intern hinder the penetration
of wind power to the power system. Thus, various AMSs haven lreposed to increase the
hosting capacity of distribution systems. These AMSs idelwind energy curtailment (WEC),
reactive power compensation (RPC), coordinated on load tapger (OLTC) voltage control (C-
OLTC) [3-9].

However, there is still a limit to the amount of wind powerttban be installed using AMSs. For
example, the hosting capacity of the distribution systemlzaincreased by curtailing part of the
wind power during system overload or overvoltage. But WEC ealsss in revenue for the wind
farm owner (WFQ) and cannot be used indefinitely. SimilarlyCRfan be used to increase the
hosting capacity of a distribution system by avoiding oediage which would otherwise happen
due to wind power. However, if used excessively, RPC may leath&icceptable power losses in
the system. Thus, there is a limit on the amount of wind powat ¢an be installed using AMSs.
In the literature reviewed, for example, in case of WEC, thidaise either by limiting the amount
of curtailed energy4,9,10] or by constraining the capacity of wind powe; $-7]. This approach,
however, does not ensure the optimal use of the AMSs as tlitedliranergy curtailed set at each
case is chosen arbitrarily and not based on the cost benafitsisn Therefore, the increase in
hosting capacity using these active management strategjases further investigation.

Moreover, in addition to the main limiting factors, othefeetts of wind power (such as flicker,
harmonics) need to be examined if and when they can be argniéictor for the wind power
integration in distribution systems. Special attentiogiigen to the effect of wind power on the
FTC of transformers as such an analysis is rarely foundenditire.

1.2 Objective of the thesis and the main contributions

The overall aim of this thesis is to maximize the wind powesting capacity of distribution sys-
tems in a cost-effective manner. To this end, differentgragon issues of wind power are exam-
ined as limiting factors for wind power integration. Funtm®re, different AMSs are investigated
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to increase the hosting capacity of distribution systentss & accompanied by the development
of a model based on cost benefit analysis to determine thenalptisage level of AMSs, specially
of WEC, and the maximum hosting capacity of distribution syste

To the best knowledge of the author the following points heedontributions of the thesis.

e The determination of the effect of wind power on the frequencyof tap changeswith re-

spect to varying grid condition accompanied by analyzirgube of RPC from wind turbines
for reducing the FTC (Chapt&).

e The proposed simple method of siting wind poweto maximize the hosting capacity of a

given distribution system (Chapt4y.

e The development of a new optimization model based on cost befiteanalysis for deter-

mining the optimal usage level of AMSs and optimal hostingagdty of a given distribution
system. (Chaptes).

1.3 Thesis structure

With the thesis introduction already given in this chapter iChapted, the rest of the thesis is
structured as follows:

Chapter 2 provides the basics of wind power integration in a distitutsystem which
includes the discussion of the nature of the wind power andffect on power quality and
reliability of the distribution system.

In Chapter 3the effect of wind power on the FTC of a substation transfarsigvestigated.
The chapter also analyses the use of RPC from the wind turlindscrease the FTC of
substation transformer.

Chapter 4 proposes a simple approach of sitting wind power in orderasimize the host-
ing capacity of distribution systems.

In Chapter 5 develops a mathematical model based on cost benefit antdygiimize the
hosting capacity of distribution systems.

Finally the conclusions of the thesis and future works aes@nted irChapter 6.

1.4 List of publications

The following papers are published during the course ofttigsis:

S. N. Salih, P. Chen, and O. Carlson, “Maximizing Wind Powsegration in Distribu-
tion System,” in 10th International Workshop on Large-8ciitegration of Wind Power
into Power Systems as well as on Transmission Networks ftshOfe Wind Power Plants,
Aarhus, Oct. 2011.

S. N. Salih, P. Chen, and O. Carlson, “The effect of wind powtegration on the frequency
of tap changes of a substation transformer,” Power Systi#tiE; Transactions on , vol.28,
no.4, pp.4320,4327, Nov. 2013.
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lll. S. N. Salih, P. Chen, O. Carlson, L. Bertling Tjernberg, t@pzing wind power hosting
capacity of a distribution system using costs benefit amgly&EE Transactions on Power
delivery, Aug. 2013, under second revise and resubmit phase
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Wind power and its impact on a distribution
system

The introduction of wind power to an electrical distributisystem poses different types of power
quality and reliability issues. Depending on the locatiod éechnology of the wind turbine and
the characteristics of the distribution system, thesegiaitgon issues of wind power include over-
loading of system components, over voltage, malfunctioprofection system, voltage flickers
and harmonics, etc. Thus this chapter is devoted to the shgmu of these integration issues of
wind power. However, the discussion of the characteridtihe wind power itself is vital to the
understanding of the power quality and reliability issues @arise due to the introduction of wind
power. Hence the chapter starts with the discussion of theackeristics of wind power in terms
of the nature of the source of energy, i.e. the wind, and tmeggor system that converts the
kinetic energy extracted from the wind into electrical gyeThen the different integration issues
of wind power are discussed in terms of how they are quant#ietiassessed, how their effects
differ depending on the turbine generator technology, etc.

2.1 Stochastic nature of wind power

The stochastic nature of wind power stems from mainly therststicity of the wind. However,
understanding the characteristic of the wind turbinesgs altal to understand the effect of wind
power on the grid. Hence, this section provides the disonssi the wind and the wind turbine.

2.1.1 The wind

Wind fluctuates both temporally and spatially. The temp@taituation ranges from a time scale
of less than one second to several days. In this respectpleades are identified: turbulent peak,
diurnal peak, and synoptic peakl]. The turbulent peak is caused mainly by wind gusts in the
sub-seconds to minute range. The diurnal peak is the residily wind speed variation caused by
such factors as land breeze and sea breeze, which happetastdogperature differences between
land and sea. On most of the globe this peak occurs in the &éelynoon L2]. The synoptic peak
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is the result of changing weather patterns, which typicedlsy daily to weekly but includes also
seasonal cycledl[l]. On this regard, particularly in Europe, the wind speediteto be higher in
winter than in summerl[3]. This is ideal because the electricity consumption has alsimilar
seasonal pattern in this region.

From a wind turbine’s point of view, the diurnal, synopticdiuations of the wind are used together
with the mean wind speed to predict the energy yield for a Jitee knowledge about turbulence
and gustiness is required, first of all, for the load cal¢atabf the wind turbine 14]. From the
power system’s point of view, the diurnal and the synoptiaksemainly affect the operational
aspect of the power system. The short term variation, andehigre turbulent peak, is the one that
is given greater attention in terms of power quality, thougteffect depends on the technology of
the wind turbine connected to the system.

The spatial variations range from some millimeters to savdlometers 14]. The knowledge of
these variations and the correlation between differeas & vital in the planning and operation of
the power system. In this regard, a study carried out usingy®ar wind data with a three-hour
resolution obtained from 142 synoptic stations in Swedewshthat the distance at which the
correlation between wind speeds from two location dropspfr@ximately 0.37 ranges from 38
to 530 km [L5]. Since the area covered by a typical radial distributiostem is not that large, the
study implies that wind power in distribution systems caweha high level of correlation. In fact,
we have observed a correlation that ranges from 0.82 to Gr@k@ an hourly time series wind
power data of one year. The data are obtained from 10 sitedistrébution system where there is
a maximum of distance of around 10 km among the sites. Henaalistribution system of such
size full correlation can be assumed between wind turbies $or planning studies.

2.1.1.1 Probability distribution of wind speed

For wind power planning projects, the knowledge of the lagrgntwind speed distribution of the

area being studied is given the utmost importance to assesxpected yield and the profitabil-

ity of the project. Such data for a given area are usuallyesgmted in a concise mathematical
description, i.e. the Weibull distribution functio@.@). Data representation using Weibull distri-
bution uses two parameters only: the shape factor and thagé€actor. Thus, the representation
of wind data using the Weibull distribution is quite handyldacilitates data sharing.

-5 on(- ()

The scaling factor A is a measure for the characteristic vgipeed of the considered time se-
ries [14] and is given by

v
A e %) (2.2)
wherev is the long term, such as annual, mean speed of the ared, &nithe gamma function.
The shape factor k describes the curve shape. It is in theerbatyveen 1 and 4. If there are
small fluctuations around the mean wind speed, the value shlgh whereas large fluctuations
give a smaller shape factor k (see F2gl). In general, the reference energy yield given by wind
turbine manufacturers in the data sheets is calculateditwasa Weibull distribution with k=2, i.e.
a Rayleigh distribution functionH.
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Figure 2.1: The Weibull distribution representation of wind with average speed of 6.5md/a garying
shape factor

On the other hand, for analyzing mechanical loads on the wirtliine and, in turn, for assessing
the effect of wind power on the grid, knowledge of the shoriatéons occuring in a given area
is necessary. To this end, the short term variation is reptesd through the average value of the
wind speed in the considered time (mostly 10 min) and theutarize intensity 14]. Turbulence
intensity is the ratio of the standard deviation of the wipdexd to the average wind speed. Roughly
considered, the turbulent fluctuations have a Gaussianbdigon around the mean wind speed
with its standard deviation. The turbulence intensityesin a wide range, from 0.05 to 0.4D4.

2.1.1.2 Wind energy yield determination

In wind power planning studies it is vital to know the energwitable from a wind turbine. To
this end, the power output of a wind turbine at a given timeetiels on the power curve of the
wind turbine and the wind speed. Fig.2 shows the power curve of a typical fixed speed and
variable speed wind turbine. Below the cut in speed, sincaevihd is too low for useful energy
production, the wind turbine is shut down. Then, once opggathe power output increases
following a broadly cubic relationship with wind speed (@tigh modified by the variations in
power coefficienCp) until rated wind speed is reached. Above the rated winddpee rotor

is arranged to limit the mechanical power extracted fromwvtirted [16]. Above the cut-out wind
speed, the turbine is shut down to avoid mechanical damagjeeomind turbine.

Based on the power cun®yT of the wind turbine and the probability distribution the wispeed
at a given sitef (v), the total energy yield of the wind turbinErt, can be calculated using

Erwt = T/ f(v)Ryr(V)dv (2.3)
0

where T is the time period of interest, e.g. a year. The engrgy is usually expressed in terms
of the the capacity factof) of the wind turbine at that particular site, which is calted using

CF Erwr

= 8760 @4)
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whereP4 is the rated power of the wind turbine and 8760 is the numbéroofs per year. In
practice this capacity factor lies in the range about 0.2D40 [11]. It is sometimes convenient to
represent the capacity factor as the utilization ttgaein hours per year, calculated as

tuil = 8760CT (2.5)

2.1.2 The wind turbine

A wind turbine is composed of various components: the twlnlades, the tower, the generator
system, etc. However, our aim in this thesis is to investigiaé impact of wind power on power

guality and reliability of an electrical distribution sesh. Thus, it is of interest to study the char-
acteristic of the power output from the wind turbine whichg®verned by the characteristic of

the generator system. In this respect, today’s commerdral warbines can be classified into four

major groups depending on their ability to control the riotal speed, hence the power output, of
the wind turbine 11].

2.1.2.1 Type A: Fixed speed wind turbines

Wind turbines equipped with squirrel-cage induction gatms (SCIGs) are generally known as
fixed speed wind turbines since these wind turbines worknadstl constant speed, with slip order
of 2% at rated powerl[l]. A typical fixed wind speed turbine have the configuratiovegiin
Fig. 2.3 Since there is a large inrush current during starting tdection generator, which can be
as high as 6 to 8 times the current at rated operatidh fhese wind turbines are equipped with
soft-starters to limit the inrush current and bring the tiain slowly to the operational speei].
These wind turbines also consume a substantial amount civeg@ower during idling as well as
operation, as long as they are connected to the grid; thehigk power output is, the higher is the
reactive power consumption as shown in FAgl. Consequently, these wind turbines are equipped
with capacitor banks to provide a reactive support. Howaweise capacitor banks only shift the
reactive power consumption curve downward.
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Fixed speed wind turbines constitute most of the early geiwar utility scale wind turbines. In
the year 2000, these wind turbines still represented 39 % etdtal installed wind turbines in
the world [L7]. The main reason for the use of SCIGs is the damping they geciar the drive
train. The damping is provided by the difference in speedben the rotor and the stator magneto
motive force (MMF), i.e. the slip speed. Additional beneiiitslude the simplicity and robustness
of their construction and the lack of requirement for syocizing [18]. However, regardless
of the power control principle (active or stall), the winddluation are converted to mechanical
fluctuations and consequently into electrical power flutuia The electrical power fluctuation
can yield voltage fluctuation and flicker emission in weakignvhile the mechanical fluctuation
increases the stress on the drive train.

2.1.2.2 Type B: Limited variable speed wind turbines

One of the disadvantages of fixed wind speed turbines is taglwind gusts and high wind
speeds, the drive train is exposed to high mechanical sgelsa larger slip is allowed temporarily,
the drive train will be relieved. Moreover during high wingeeds, a smoother increase in power
output is possible. This is done by varying the resistandbefotor circuit. Such control of rotor
circuit resistance is possible in wound rotor induction eyators (WRIG) as they allow access
to the rotor winding via slip rings and brushes. By connecttegtronically controlled variable
resistance to the terminals of the rotor winding it is pogsib vary rotor circuit resistance. Using
this approach a brief increase in rotational speed up to 28%dbleen achieved4]. At normal
wind speeds, the additional variable resistor is shortedasumaximum efficiency. During strong
wind the variable resistors are manipulated to get the requorque. Hence during wind gusts the
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2. WIND POWER AND ITS IMPACT ON A DISTRIBUTION SYSTEM

additional wind power is dissipated in the resistors, wimelds additional cooling consideration.
Whenever necessary, pitching can be combined with varyiegdtor circuit resistance to get an
optimum performance. To this end, varying the rotor circesiistance is convenient whenever fast
response is required while pitching can be used to redugaativer extracted from the wind rather
than dissipating it in the resistors. Apart from this impedvypower controllability described, the
characteristic of Type B wind turbine can be consideredlamio Type A wind turbines.

2.1.2.3 Type C: Double fed induction generators

Though Type B wind turbines have improved some of the drakdattheir Type A counterparts,
they have their own shortcomings. One of this is the facttti@speed variability achieved is at the
expense of increased power loss in the rotor circuit. Bestdeschieved variability in speed is not
sufficient enough to ensure maximum energy extraction uvaging wind speed condition. The
next generation of wind turbines with improved performaaceType C, i.e. double fed induction
generator (DFIG), wind turbines.

Fig. 2.5 presents the schematic diagram of this type of wind turbire rotor windings, that are
accessible through slip rings, are connected back to thktigrough a back to back AC/DC/AC
power converter. This converter circuit, through injegten controllable voltage at the rotor fre-
qguency, realizes a variable speed operation of the windri@rfi9]. Moreover, the energy that

Wound rotor
induction
Transformer generator -

[

\
Mai . DC \\_,/
ain grid M
crowbar

J@ lﬁ J@ AC%S%

Power converter

N——1

Figure 2.5: Schematic diagram of DFIG wind turbine&(]

used to be dissipated in the external resistors in Type B wirldnes is now fed back to the grid
through machine-side converter. The power converters Isanke used for smooth connection
of the wind turbines to the grid as well as to provide the regflireactive power compensation.
During faults, the crowbar switches the rotor circuit to ateenal resistor to protect the machine-
side converter from excessive curre®t]. Similarly, the DC-link crowbar activates to protect the
DC-link capacitor from overvoltagep, 22].

The extent of speed variability achieved and the amount nflysiower absorbed or delivered by
the rotor depend on the size of the power converter used. @ansy also the economic aspect
of the converter, it is usually sized to be around 30% of thedg@ower of the wind turbine.
And the usual speed range of operation of these wind turlsnestween-40% to+30% of the
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2.1 Stochastic nature of wind power

synchronous speed]].

The reactive power capability of a DFIG wind depends on thstcurrent limit, the rotor current
limit, and the rotor voltage. In general, the rotor curramiits the reactive power production
capacity of the machine while the stator current limits teacpower absorption capacity. The
rotor voltage becomes a limiting factor only at high sli@8][ The grid side converter can provide
additional reactive power support when it is not fully used &ctive power transfer. A typical
reactive power curve a DFIG wind turbine is shown in 26 (adapted from23, 24]). This is
assuming that the wind turbine is always connected to tiee dgiowever, at zero power output,
the wind turbine is switched off. Hence reactive power suppould only be available from the
grid side converter. The magnitude of this reactive supwdtthen depend on the ratings of the
converter 24].

Reactive power capability (pu)
o

0 0.5 1
Active power generated (pu)

Figure 2.6: A reactive power capability diagram of a typical DFIG wind turbine

2.1.2.4 Type D: Full power converter wind turbines

In this wind turbine type the converter is rated to handleftilecapacity of the wind turbine. That
is, it completely decouples the wind turbine generator ftbengrid, giving the opportunity to vary
the frequency of the generator as required. This also makessible to employ different types
of generators such as induction, wound rotor synchronaus,parmanent magnet synchronous
generatorsd5]. The schematic diagram of a full power converter wind tneas shown in Fig2.7.

Induction /synchronous
Transformer generator _

=)=l Eals

Main grid Power converter

Figure 2.7: Schematic diagram of full power converters

11


2/figure/DFIG_RPC.eps
2/figure/FPCW.eps

2. WIND POWER AND ITS IMPACT ON A DISTRIBUTION SYSTEM

These wind turbines can provide a wider range of speed vhtyahan the DFIG wind turbines.
The converter is used for smooth connection of the wind hetas well as for providing the
required reactive power suppoft1].

The reactive power capability of these wind turbines depeadthe current rating as well as the
voltage of the grid side converter. These ratings are chimsereet grid code requirements in terms
of providing specific level of reactive power support at vagyconditions of system voltage and
frequency R6]. For example, Fig2.8 shows the reactive power capability curve of a full power
converter wind turbine with design power factorsgjpdf 1 and 0.95 at grid voltages gyof 1.0
and 1.05 pu. Similar to the case of DFIG wind turbines, theymavide larger reactive support
at absorption compared to production. However, if the caevevoltage is selected such that the
converter voltage limitation is avoided, then Type D windbines can provide similar level of
reactive support at both absorption and productigj. [

Limited due to DC-link
4 voltage of the convertepf =0.95, \6 =1.0 pu

0.5 = = R

Reactive power capability (pu)

0.5 1
Active power generation (pu)

Figure 2.8: Reactive power capability a typical full power converter wind turbine

2.2 Impact of wind power on a distribution system

This sections provides the discussion of the different icbpa@f wind power on a distribution
system.

2.2.1 Overvoltage

2.2.1.1 \Voltage regulation in a distribution system

In an electrical distribution system there are one or maedfiormers through which electricity is
supplied to the consumers in the network. The purpose oéttrassformers is to step down the
voltage from transmission or sub-transmission systemes@& lransformers are also equipped with
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on-load tap changers (OLTC) that regulate the voltage atdberslary side of the transformer so
as to keep the voltage in the distribution system withingfaample 4-10% of the nominal voltage.
These range is not continuous, it is divided into steps efekample, 1.67% so that each change
represents a specific voltage increment. Moreover, tapgdrarhave adjustable deadbands and
time delays. The deadband is the voltage range around theeneke value within which the tap
changer does not take action. The time delay is the durationglwhich the voltage should be
outside this deadband before the tap changer takes action.

The tap changers can accomplish the voltage regulationornwtays R7]. One way is through
maintaining the voltage at the secondary side of the tramsp at a given deadband around a
constant voltage set point. In the second alternative, ditage set-point is augmented with line
drop compensation, i.e. the voltage set-point changeshdiémgon the voltage drop on the user-
adjusted internal impedance. This internal impedanceaseamto give the required voltage boost
from low to high loading condition.

Though many regulators have a bidirectional capabilitygit@ the required boost depending on
the direction of the power flow, the change in power factoheflbad complicates the application
of the method. Many regulators are, thus, set up withoutdire@ compensation. It is obviously
easier and less prone to mistakes, but at the expense df lesine significant capability2[].

2.2.1.2 Wind turbines contribution to overvoltage

Whichever is used, the above voltage regulation approacées lbeen utilized and was found
effective in passively operated distribution systems fangnyears. But due to the introduction
of wind power, or any distributed generation for that mattetage regulation has become a
challenge. Wind power introduces a reverse power to tharedtgrid. With the voltage at the

transformer being held almost constant, this results ingadri voltage at the point of common
connection (PCC) compared to that at the substation. Depgdithe amount of reverse power
flow, the voltage at the PCC could be above the allowed voltagd In the distribution system.

Consider a simple network with wind power shown in 2. The cable between the reference

. _pW_pD
Magl | P=P . P >« PCC
Il —
o PPN
ZeTete Legend
D
o @ Wind power plant v g b
'y PQ load

Figure 2.9: A simple distribution system with wind power

node 1 and the PCC can be represented bythedel of a transmission line (see RAdL0. Given
a constant voltag¥; at node 1, the voltagé at node 2 in p.u. is given by
Vo=V —1xZ (2.6)
where _
~ —P+iQn

| = — 2.7)
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P
| Z =R+iX _On 4 Q=_QD|PCC
| — |

Tz T

Figure 2.10: A r=model of power line between two buses

and e
Qn:Q+E]V2]2 (2.8)
Hence b
Vo= Vi + :/I*an(RJriX) (2.9)
2

Unless there is a high reactive power consumption comparedtive power generation and the
cable have considerable resistance, the angle betWesrdV, is usually small and the magnitude
of Vi is usually close to 1 pu. Hence it follows that:

V| — V4| ~ PR+ QnX (2.10)

Since the length of the cable between any two buses in disisib networks can be considered
electrically short, the capacitance part can also be negle¢ience for most practical cases of a
short line

A|V|~ PR+ QX (2.11)

whereA|V| = |Vo| — [V1|. From @.11), one can see that the higher the valudPpthe larger the
increase in voltage level at bus 2 (PCC) will be. Thus, dependmthe power output from the
wind farm and the network impedance between the wind farmtla@dubstation, this can cause
an overvoltage in the network.

Fig. 2.11ashows the voltage at the PCC for different cable types (givemable2.1) and for
varying level of wind power. The error introduced in caldirlg the voltage by using2(11]) is
shown in Fig.2.11h The calculation is done assuming the distance between@i@ &hd the
substation is 5km.

It can be clearly seen from Fi@.11athat the voltage level increases parallel to the increase in
the wind power injection. Moreover, the amount of wind powlt can be installed without
violating the £5%, also known as the wind power hosting capacity of the netwdecreases
with the increase in per km resistance of the cable. Thisigeet from @.11), since the power
output from the wind turbine is mainly composed of active powhe voltage rise is approximately
proportional to the resistance of the cable. Moreover,rgthat the capacity of the wind power is
within the hosting capacity of the network, FBj11bshows that the error introduced by using the
approximate formula is less than 1%.

Though+5% voltage limit has been used in F@113 the Swedish AMP standard specifies the
limit at the PCC with the first customer to be withit2.5% while 5% requirement is fulfilled at
the terminal of the wind power installatio@g]. Thus, with the AMP standard voltage limits in
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Figure 2.11: \oltage rise effect of wind power
Table 2.1: Cable types and their characteristic
Resistance Reactance Shunt reactance Current
Type XIR
P Conductor 1 oam) | x (@km) | be/2 (Sikm) rating (A)
AXCEL(EK)
0.125 0.085 6.28E-05 |0.679 360
Underground3X240/25
cable AXCEL(EK)
- 0.295
3X95/16 0.320 0.094 4.40E-05 215
FEAL 99 0.336 0.354 1.88E-06 |1.053] 435
Overhead
line FEAL 62 0.535 0.369 1.88E-06 |0.689] 305
Cu 16 1.100 0.385 1.88E-06 |0.350 -

place, the hosting capacity of the network in A@will be lower than those implied by Fig.11a
On the other hand, according to the European Norm EN 5016@gditage in LV and MV networks
be with in 10 for 95% of the time in a week as measured by 10 minute aveshjee rms
voltage R9]. One argument against the use of such large voltage vamiati PCC is that should
there be any increase in voltage downstream of the PCC, it sailt re an overvoltage. However
a better understanding of the system condition may allowitage rise higher than those specified
by the AMP manual.

2.2.2 Overloading

The components of a distribution system, such as cablegansformers, can continuously carry
only up to a given current level. This limit is based on thaermal rating. The introduction of
wind power can have both positive and negative effect ondhdihg level of distribution system
components. If the capacity of the wind power is relatively tcompared to the load in the system,
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2. WIND POWER AND ITS IMPACT ON A DISTRIBUTION SYSTEM

it can reduce the power flow through network thereby relig\ime thermal stress on the system
components. It may also decrease the system loss. On thehathe, if the installed wind power
in the distribution system is relatively high there will besabstantial reverse power flow. This
reverse power flow can also be higher than the forward powertfiat used to flow through the
system before the introduction of wind power. This of cowleincrease both the thermal stress
in the network components and the system loss. Under spmsask, this reverse power flow can
even exceed the thermal rating of the network componerssitigg in an overloading situation.

For example, Table2.2 provides the maximum current flows though the cables for #se con-
sidered in Fig2.11 It can be seen that for the case of AXCEL(EK) 3X240/25 calble thermal
limit is violated. Hence, even though the voltage limit alfothe installation of almost 11 MW
wind power capacity, the thermal limit imposes a consideraéduction on the allowed level of
wind power capacity.

Table 2.2: The maximum current flows though the conductors for the case condiuhelféy. 2.11

Conductor Current | Maximum wind power capacity Maximum current flow
rating (A)| based on voltage limit (MW) | through the cable (A)

AXCEL(EK) 3X240/25 360 10.6 556

AXCEL(EK) 3X95/16 215 4.0 210

FE-AL 99 435 4.0 210

FE-AL 62 305 2.4 126

Cu 16 - 1.0 52

2.2.3 \oltage Flickers

\oltage flickers are the rapid fluctuation of voltage whichyntause a perceptible light flicker
depending on the magnitude and frequency of the fluctuaticarge voltage flickers can also
cause malfunctioning of sensitive equipment. Hence a meamnt system was developed by
IEC [30] to quantify and put a limit on the allowed level of these disances. Based on this
standard two quantities are identified for flicker measurgmntée short term flicker severity factor
Pst and the long term flicker severity fact®;. The former is based on measurements over 10
minute period while the latter is based on 2 hour measurej@tit Using this flicker emission
guantification, flicker emission limits are imposed on eadtdllation to ensure that the cumulative
effect of the emissions at various voltages will not be dlsnhg to the customers located on the
low voltage side. The Swedish AMP manual specifies theseédiastEpstj = 0.35 andEpy;j = 0.25

for short term and long term emission levels, respectivélye IEC standard provides a strategy
of allocating these emission limits accounting for the catyaof the installation compared to the
total system capacity (provided in Appendiy.

Wind turbines introduce two types of flicker: flicker emigsiduring continuous operation and
flicker emission during switching operation. The flicker ssmn during continuous operation is
caused by wind turbulence, the wind gradient and tower shadi@ct, and the mechanical prop-
erties of the wind turbinelll, 32]. The voltage flicker that occur due to switching operatioa a
induced by a change in power production due to start up artdisinn of the wind turbines. More-
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over switching between generators or generator windingsesaswitching voltage flickef ]].

In general, the flicker emission from variable speed windites can be considered fairly low dur-
ing both continuous and switching operation, whereas thkeftiemission from fixed speed wind
turbines depends on the control mechanism: stall or pitdh [The flicker emission from stall
controlled wind turbines is average during continuous apen. However, due to limited control-
lability of the torque input of the turbine, the flicker emasis high during switching operation.
With better controllable turbine torque input, the flickenission from pitch controlled wind tur-
bines during switching operation can be considered averdgwever, due to limited bandwidth
of the the pitching system, their flicker emission duringtawmous operation is higi8p].

Moreover, flicker emission from wind turbines depend on ti@scircuit capacity of the network
relative to the capacity of the wind turbines, measured lytstircuit ratio (SCR), the angle of
the Thevenin impedance of the grid seen from the point of eotion of the wind turbine, and
the average wind speed. Hence wind turbine manufactur@ysdifferent coefficients which
can be used to assess the level of flicker emission from théngiunder continuous as well as
switching operation. Using these flicker emission coeffitseand the grid characteristic at the
point of connection, the flicker emission from a given wintbfoe installation can be determined.

2.2.3.1 Flicker emission during continuous operation

Flicker emission from a wind turbine under continuous openais characterized by a flicker
coefficientc(yy, va) which is specified for different average wind speegland impedance angles
Yx. Based on the average wind speed at a particular site and pezlance angle of the grid, the
flicker emission from the wind turbine is calculated using

Py— Py = c<wk,va)% (2.12)

where S, is the rated apparent power of the wind turbine &ds the short circuit level of the
distribution system at the point of connection.

In case a number of wind turbines are connected at the poocdramon connection, according to
IEC standard34], their resultant flicker emissioP{s andR;s) can be calculated using

Nat Sii)?
Pstz = Bz = Zl <Ci (lllk,Va)§7> (2.13)

2.2.3.2 Flicker emission during switching operation

For a given wind turbine, two factors are stated to charemtehe wind turbine during switching
operation: voltage change factr(yx) and flicker step factoks () [34]. Similar to the flicker
coefficients, these factors are functions of the grid impedangle/y.

A voltage change occurs at the PCC due to switching operafianvind turbine installation. The
magnitude of this voltage change in percent is giver8dk [

AV = ku(zpk)% .100 (2.14)
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The AMP guideline requires that this voltage change be bdifnof the nominal voltage?.

The flicker emission during switching operation can be dated using:

Pst = 18 x NO51 kf(wk)% (2.15)
A= 8 x NOh ki (1) & (2.16)

whereNiom andNioqy are the maximal number of switching operations that may iodating 10
minute and two hour period, respectively.

In case a number of wind turbines are connected to the PCC, thleflioker emission due to
switching operation can be estimated usi@4|{

Ny 3o\ 0.31

Pz = 1—; X <_ZN10m,i X (kf (‘Pk)%) ) (2.17)
o N 5\ 32 0.31

Ptz = s X (Zl Nioani % (kf((ﬂk)§) > (2.18)

2.2.4 Harmonics

Harmonics are produced by nonlinear loads such as powetraiér devices, rectifiers and in-
verters. They can cause overheating and equipment fafaurky operation of protection devices,
nuisance tripping of sensitive devices and interferendb sommunication circuitslfl]. Hence
standards specify the harmonic emission limits which wib@re normal operation of the power
system. Tabl@.3 presents the harmonic voltage emission limits at low andinmedoltage net-
works specified by the IEC standar85[ 36]. The Swedish AMP standard also specifies similar
limits [28]. From these general emission limits, localized emissionit$ are imposed on each
disturbing installation based on its capacity comparedhéotdtal system capacity. The details of
the allocation of localized emission limits are provided\ppendixB.

Depending on the technology of the generator system, wirmrnes emit different levels of har-
monic currents to the grid. In general fixed wind speed twbiho not cause significant harmonic
or interharmonié disturbances. Hence the specification of harmonics andhatenonics are not
required by IEC 614000-2110]. However, for variable speed wind turbines equipped witver
electronic converters, the emission of current harmonipst¢ 50 times the supply frequency),
interharmonics (up to 2kHz) and higher frequehepmponents have to be specified in percent
of the rated current for the operation of the wind turbinehat power bins 10, 20,.., 100934].

IHarmonics are components with frequencies that are maltpthe supply frequency
2 Interharmonic disturbances have frequencies that arédddeetween harmonics of the supply frequency
3having frequencies between 2kHz and 9kHz
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Table 2.3: Compatibility levels for individual harmonic voltages in low and medium voltage oksv

(percent of fundamental componer@p[36]

Odd harmonics non-multiples of @dd harmonics multiples of|3 Even harmonics
Harmonic | Harmonic Harmonic | Harmonic Harmonic | Harmonic
order h voltage % order h voltage % order h voltage %
5 6 3 5 2 2
7 5 9 15 4 1
11 35 15 0.4 6 0.5
13 3 21 0.3 8 0.5
17<h<49]227--027 |21<h<45 0.2 10<h<50/0.25-12+0.25
The compatibility level for total harmonic distortion (THD) is 8%

Harmonics with magnitudes below 0.1% of the nominal curreay not be reported according to
the IEC 61400-21 standard.

In case a number of wind turbines are connected to the same REIE? brder harmonic current
distortionlys at the PCC can be calculated usi3@|

(2.19)

where

lhi the hth order harmonic distortion of th& wind turbine
n,  the tap ratio of the transformer connected toitAevind turbine
B aconstant value to be selected from TaBléd.

harmonic ordenl
h<5 1.0
5<h<10 1.4
h> 10 2.0

Table 2.4: Values of3 according to IEC 61000-3-6
Moreover, the total harmonic distortion (THD) can be caitedt! using 34

50

> 13

THD = x 100

(2.20)

n

The harmonic emission limits presented in TaBl@ are specified in terms of voltage harmonics
while current harmonic emissions are specified for windiheb. Thus, according to the Swedish
AMP guideline, the voltage harmonic limits found in Tal@e can be converted to current har-
monic emission limits using

UhU2

- ZhSnax

in (2.21)
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whereuy, is the voltage harmonic limity, is the corresponding current harmonic lintit,is the
nominal voltage of the systerf§,ax is the maximum apparent power of the wind turbine, @pd
is the network harmonic impedance in Ohm and is given by

Zp = h(Xc+X) (2.22)

whereX, is the short circuit reactance of the transforfeé is the reactance of the line for the
fundamental frequency, ards the order of the harmonics.

The analysis of the actual harmonic impedance of a systenbeanore complex than what is
presented by the AMP standar8640]. Hence the harmonic impedance calculation presented
here can only be used as a rough approximation of the actuabiméc impedance.

2.2.5 Effect of Wind Power on the Protection System

A given distribution system is designed to handle a certaigllof short circuit current. This short
circuit current is often thought to come from the upstreamwoek. But due to the installation of
wind powers, or DGs in general, there is an extra contriloutibshort circuit current from these
sources (see Fig.12. In distribution networks where short circuit level iseddy around the
design limit of the switchgear, the additional short citauirrent, in the worst case, can affect
the fault current handling capacity of the switchgear. Thsy lead to malfunctioning or even
destruction of the switchgear. Here we identify two compagef the short circuit current and the
corresponding ratings of the switchgear to assess thet @fednd power on the fault handling
capability of the switchgea#L, 42):

main w
1

grid I S Z
1
B | |
Y

Figure 2.12: Typical equivalent circuit of a faulted radial distribution network

1. The initial symmetrical short circuit curretﬁ Is the r.m.s value of the symmetrical a.c.
component of the short circuit current at the instant thetsticcuit occurs (see Fig2.13.
This current value should be below the rated short-timestéthd current (also known as the
rated short-circuit breaking current in circuit breakestjhe switchgear to insure that the
switchgear is able to withstand the heat generated due &hthré circuit current.

2. The peak short circuit currehy is the maximum possible instantaneous value of the short
circuit current. The rated peak withstand current (whidhéssame as the rated short circuit
making current in circuit breakers) of the switchgear stidag above this value. This will

1 hetwork transformer not wind turbine transformer
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insure that the switchgear has the capability to withstéwedelectromechanical forces due
to the the peak short circuit current. Usually the rated peitkstand current is 2.5 times the
rated short time withstand current in 50 Hz system whileZ &times in 60 Hz systend]].

"

21,

2

DC component,

Bottom envelope

A initial value of the d.c. component Iy,

Figure 2.13: Short circuit current from far-from-generator faui]

In addition to increasing fault current, the introductidnnond power may also contribute to the
reduction in fault current with overall impact of jeoparidig the protection coordination of the
system. But such situation does not limit the integration widapower as it only needs a change
in the settings of the affected relays.

Furthermore, the fault current contribution from wind tunds is not uniform; it varies depending
on the technology of the wind turbine generator system. ;Tthesfollowing subsections provide
the discussion of the fault current contribution from diéfiet wind turbine types. Since, for most
cases, the three phase to ground fault is the most sevetetfaidiscussions are limited to the
fault current contribution of each wind turbine type undes fault condition.

2.2.5.1 Type A - Squirrel Cage induction generators

SCIGs are able to contribute significant fault current. Inwest case, the short circuit current
contribution can be as high as 8 pi8], but generally higher than 3 pd4]. More detailed analysis
of the short circuit current contribution can be done usiimguation but it is not convenient. A
simplified analysis of a short circuit current can be donegighe IEC approach.

The IEC standard 60909 does not include the discussion af shiouit calculation from asyn-
chronous generator, however it does include the discugsiom asynchronous motors. Hence
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Reference45] proposes treating asynchronous generators like motamsglshort circuit current
calculation. Accordingly, the asynchronous generatondbearepresented &g = Rg +iXg where
_ 1 UG
ILr/Irc S
andILR/IrG is the ratio of the locked rotor current to the rated currdrthe generatorJ,g and
S¢ are the rated voltage and apparent power of the generatoeonver
Zs

1+ (Re/Xs)?

Typical values oRy /Xy = Rg/Xg are given in #2] depending on the voltage level and the power
rating of the motors.

Zs (2.23)

Xg =

(2.24)

Moreover, based on this treatment of asynchronous gemgidte asynchronous generators, the
peak short circuit current valug, according to42], is given by

ip=KV2l (2.25)

wherek is given in C.9).

2.2.5.2 Type B - Wound-rotor induction generator with variable external resistance

As highlighted in Sectio2.1.2 these are, in practice, SCIG with variable rotor resistanEence
when the external circuit is shorted (i.e. when operatingwehe rated slip), the short circuit
current is similar to that of SCIG. However operation abowertted slip requires an increase in
the rotor resistance. Thus the short circuit contributiodar this situation will be lower4g).
However, in general, treatment of these generators like S@IiG result in a more conservative
fault current contribution.

2.2.5.3 Type C-Double fed induction generators

The circuit set up of a DFIG system is shown in F2g5. During a fault the crowbar is switched
in and the rotor side converter is blocked. This crowbarstasice can be as high as 20 times the
value of the generator rotor resistance. Hence, with réspdault current contribution, DFIGs
can roughly be treated as SCIGs with higher rotor resistadis,d7,48]. Simulation results have
shown the short circuit current to vary between 3 pu to 104@4[6-48] depending on the machine
parameters, which is similar to the case of SCIGs. Using tidagity with SCIGs in response to
faults, an approximate equation for the peak current issddrin [47] which is given as

N 1.8cmaxJph

e v
X'“+ R,
whereR, is the crowbar resistance anglax is added here to account for the worst case of phase

voltage (see tabl€.1). The voltageJyy is the per phase value of the nominal voltajeis given
by

(2.26)

XoXim

X =X+
X5+ Xm

+ Xext (2.27)
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2.3 Summary

whereX; is the leakage reactance of the sta)(érjs the leakage reactance of the rotor referred to
the stator, aniey: is the reactance of the external network between the wirmrterand the fault
point.

Nevertheless, the treatment of DFIGs as SCIGs with higher resistance suffers error due to
the simplifying assumptions used when deriving the shaodud current for SCIGs (which are

no longer valid in DFIGs)49]. Though some adjustments are made to account for these erro
sources, the peak three phase short circuit current cééclulasing 2.26 can have an error up

to 15% compared to simulation resul&7]. This is good enough for some rough calculations;
however, it is not sufficient to study fault response of théd®k demanding situations. Hence an
alternative analytical expression is derived 48451] which has a drawback of being too long to
easily grasp.

2.2.5.4 Type D- full power converter wind turbine generatos

The IEC standard4?] treats static converters, which have similar operatiahalracteristic to the
Type D wind turbines, like asynchronous motors/generatittsl r/l;,c = 3 andRg/Xg = 0.1. In
doing so, the IEC standard assumes that these machinesatato a fault up to 3 times of their
rated current. However, the available information on thgjeet indicates that the current output
from Type D wind turbines is limited by the overcurrent cajpgbof the converter system. The
converter is usually designed to have an overload capabfiia little above, around 10%§], of
the rating of the wind turbine. Moreover, based on simutatesults from 46|, no DC component
is seen. Hence the peak value of the initial fault currentardy have a maximum value of

ip = V2K (2.28)

wherek is the percent of the rating of the converter relative to @ted current, of the wind
turbine.

A calculation exercise on fault current calculation invotydifferent technologies of wind turbines
is provided in AppendixC.2

2.3 Summary

This chapter discusses the stochastic nature of wind pomgthe impact of wind power inte-
gration in medium voltage distribution systems. Wind poWwas a stochastic nature with uncon-
trollable power output and a high level of correlation begwavind parks at distribution system
level. The long term wind speed distribution at a particltaation can be roughly represented
using a simple and concise mathematical expression, eaVaibull distribution. For wind power
planning studies this data can be used along with the powege @f a wind turbine to assess the
expected energy yield of a given wind power installation.

The introduction of wind power in a given distribution syst@oses a number of known power
quality and reliability concerns. Overvoltage and ovediog can occur more or less independent
of the generator technology. However, other impacts of vpoger—such as flicker and harmonic
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2. WIND POWER AND ITS IMPACT ON A DISTRIBUTION SYSTEM

emission, increased fault level-depend on the technolbtyeagenerator system of the wind tur-
bine. Flicker emission, for example, is higher in fixed speed turbines while voltage harmonics
are introduced mainly due to variable speed wind turbinée. fult current contribution is highest
with Type A wind turbines while significant fault currentsalso injected by Type B and C wind
turbines. Type D wind turbines, on the other hand, have adwellof fault current contribution as
determined by the overcurrent capability of the converystesn.

Flicker emission is directly related to the stochastic ratuf wind power and harmonics is indi-
rectly related to it since power electronic converters a®duo avoid the negative impact of the
stochastic nature. The other integration issues can anséodany type of DG and are not specific
to DGs with intermittent output.
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3

Effect of wind power on frequency of tap
changes

This chapter is devoted to the investigation of the issueinflygower related to the increase in the
frequency of tap changes (FTC). The chapter starts by prayidibackground to the issue. This
is followed by a formulation of a mathematical model that b@nused in assessing the effect of
wind power on the FTC. In the end, the results of a case studydbas measured load, wind, and
network data is provided.

3.1 Introduction

Substation transformers are the most critical componehes distribution system. Since they
are capital intensive, only a small number of transformenspl/ power to a large number of
customers in a distribution system. Hence high availatilithese components is given the utmost
importance by any DSO.

The failure of a transformer, besides jeopardizing theabdity of the distribution system, will
expose the DSO to a huge amount of cost. The causes of tramesftailure are numerou82-57).
However the majority of transformer failures can be tracadkto a faulty tap changeb$-589].
Hence, in terms of the reliability of the transformer, tajaegers can be considered as the critical
part of the transformer. This is evident from the extensiwegdture that is devoted for condition
monitoring and maintenance of tap chang&%-63).

The main reasons for the failure of tap changers are theagrasdithe diverters contact due to

switching arcs, the wear and tear of the mechanical compsrseich as the energy accumulator
springs, carbon formation in the diverter oil caused byraycand breakdown of the insulating

materials due to accumulation of sludge. Among these, thethiree are directly related to the

number of tap operations that occur in tap changers. Edpettia wear in the diverter contacts

depends not only on the number of tap changes but also oratfifdrmer loading during the tap

change 63].

With the increased introduction of wind power in distrilautisystems, some DSOs are concerned
about its possible effect on the wear and tear of the tap @ranghis concern mainly arises from
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3. EFFECT OF WIND POWER ON FREQUENCY OF TAP CHANGES

a fluctuating nature of wind power as well as the possibleci@®ee in the power flow through the
transformer. The fluctuating power output from the wind inels can introduce high power flow
fluctuation through the transformer. This may ultimatelgdgo an increase in frequency of tap
changes (FTC). If this is the case, considering the poweesy$ already vulnerable to wear
and tear due to aging, the DSO may limit the integration ofdapower to its network to avoid
potential increase in maintenance costs or unexpectechtger failures. Hence, such concerns
may hinder the integration of renewable energy sources mhe governments are working to
increase the share of these energy sources.

However the investigation of the effect of wind power intggyn on the FTC is given only a mi-
nor attention. To the author’s knowledge, published wohe even mention the issue of FTC in
relation to wind power integration are limited t64-67]. In this chapter, a detailed analysis of
the effect of wind power integration on the FTC is carried. oMtoreover, most variable speed
wind turbines have the capability to provide a considerabi@unt of controllable reactive power
support. Thus, a further investigation is carried out to thse readily available reactive power
from the wind turbines to decrease the FTC. Such investigasioaluable because, as mentioned
above, tap changers are exposed to wear depending on thenafdperation they have under-
gone. Moreover reactive power can provide a better voltagelation at secondary side of the
transformer since, unlike tap changer, it almost have nma telay in operation.

3.2 Problem Formulation

This section has two subsections. The first subsection flatesithe mathematical model that
can be used to determine the number of tap changes in a gisgibdiion. The next subsection
develops the model further to incorporate reactive powetEnsation (RPC) as a means to reduce
the FTC.

3.2.1 Model set up for analyzing the effect of wind power on frequency of
tap changes

To analyze the effect of wind power on the FTC, one has to déterthe FTC with and without
wind power. Thus, a mathematical model is needed to deterthia FTC in each case. Such a
model can be used to carry out a series of load flow calcuktising the network, load and wind
power data as inputs. The main aim of these load flow calousgtis to determine the tap position
at each time step satisfying the different equality and uiadity constraints.

During a load flow calculation at time steghe difference between the tap ratio at time, ; ¢, and
t—1,ngjt—1 needs to be as small as possible while keeping the voltadgenvéitgiven range(see
Fig. 3.1). Let this difference be the tap step taken at time t\WW, ¢, which can assume positive
or negative value. Thus the load flow calculation at each step,t, can be formulated as an
optimization problem with the objective function to minimeithe number of tap changes at each
time stept:

minOy ::Zzwkﬁt (3.1)
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3.2 Problem Formulation

A

Main grid
J
O, 0
F
Pkaj’t PJF;k,t
k,j,t /o Qj,k,t

Figure 3.1: A simple distribution network with wind power and load connected.

where
k eK
K set of all buses excluding the buses connected to the nondepfsthe transformer
j €
J set of all buses excluding the buses connected to the tapsalgansformer.
Subject to equality and inequality constraints descritsefbbows.

3.2.1.1 The inequality constraints

The inequality constraints include:
e The limit on secondary side voltage of the transformer,
VM <V < Vmax (3.2)

where
Vkt Vvoltage magnitude at nodeand timet
VkIrnin the lower voltage limit of the tap changer
V,"® the upper voltage limit of the tap changer
e The limit on the available range of tap ratio,

min max
M < NMicje < N (3.3)

Wherenrk‘j}” and nﬂ??x are the maximum and minimum tap ratios that the tap changer ca
attain.
e The limit on the available active and reactive power of gatws at each node in the net-
work, .
min max
I:)i’rtnin i RJ = I:)i./tmax (3-4)
it = Qi7t < Qi,t
where
Rt active power produced at buand timet
PT® maximum value of active power production at basd timet
PiTi“ minimum value of active power production at buend timet
Qi+ reactive power produced at buand timet
[ maximum available values of reactive power at basd timet
i“fti” minimum available values of reactive power at basid timet
[ el
I a set containing all buses in the network
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3. EFFECT OF WIND POWER ON FREQUENCY OF TAP CHANGES

In the case study, it is only at the slack bus (infinite gridjtttne active and reactive power
is produced. HencBj; andQj; is limited to zero at all buses except the slack bus. Wind
power generation is included into the load flow equationsraegative load with unity power
factor.

3.2.1.2 Equality constraints

The equality constraints consist of:

e The load flow equations,

Rt— FIDt =3 YiuVitVutcog6iy+ dut —Git)
u

Qi,t—QEt = —%Yi,uvi,tvu,tsm(el,u‘i‘éu,t—d,t) (3.5)
where
PR active power consumed at buand timet
QEt reactive power consumed at biuesnd timet
Y, magnitude of thei, u)™" element of the bus admittance matrix
6.y angle of the(i,u)™" element of the bus admittance matrix
G+ voltage angle at nodeand timet
u el
e The relation between consecutive tap ratios,
Mijt = Nijt—1+ Wk jtAV (3.6)

whereAV is voltage change in per unit value for one tap step.

In the load flow equations the tap ratio of the transformer rlagnge from one time step to
another. This tap change affects three elements of the @@ matrix, which increases the
number of variables in the model. Clearly, this imposes anaexvmputational burden on the
simulation. Hence the load flow equations 815) are modified so that they do not use the bus
admittance matrix directly. The discussion of these madlifead flow equations is provided as
follows.

3.2.1.3 Modified load flow equations

The link between two buses is usually either a power line oamsformer. The power line can be
represented by an equivalemimodel as shown in Fig3.2

A transformer between two buses is represented by the dgmivamodel shown in Fig3.3

Hence, for the network which contains both of these elemeéstspower lines and transformers,
the link between any two buses can be represented as iB.Big.

The activeR! jrand reactiveQf ;1 power flow from busk to any other bug at timet is given by

Vit 2 VktVit
PkF,j,t: (— ) Ok,j — nkjt Yk,j COS(Ojt — Okt + Pk j)
e\ (3.7)
ki

thVjt .
Y SIN(Oj t — Okt + P j
nﬁj’t 2 nk,j7t y aJ ( lv ) ¢ 7J>
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Figure 3.2: r=model of a power line.
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Figure 3.4: An equivalent model for a link between any two nodes.

where
by j series susceptance between kasid bus;
% j shunt susceptance between kand busj

Ok j series conductance between Buand busj
Yiu series admittance between busd busu
¢k j angle of the series admittance betweenkaad busj

and the reverse flow from bygo busk is given by

Vi e Wk,
I:)j':,k,t :ij,tgj,k_ #] tYJ kCO Ot — Ojt + i, j)
.]7b VJ '[th . (38)
Q= (bj,k+—7) +——"YjkSIN(At — Ojt + ¢k j)
2 nk7J7t

In (3.7) and @.98), if the link between two buses is a cable or overhead lireefdbp ratio is one and
the equations will represent the power flow in the circuitvghaon Fig. 3.2 On the other hand, if
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3. EFFECT OF WIND POWER ON FREQUENCY OF TAP CHANGES

the link between two buses is a transformer, the shunt cpee is equal to zero. The8.{) and
(3.8) represent the power flow in the circuit shown in RBg.

Now the load flow equations ir8(5) are replaced by3(9) and (.10 below as equality constraints.
For bus ink € K:

D _ <pF
Rt — R = %Pk,j,t

3.9

Qk,t - QE’[ = %QE” ( )
For busj € J:

Pt—PQ = %ijk,t

3.10

Q- Q=3 549
Equations 3.7) - (3.10 do not contain the variable bus admittance matrix. In otherds, there
will be only one variable for a single tap change as opposdduothat would be in3.5. With
the reduction in the number of variables, there will be a ceducomputational effort.

3.2.2 Modeling the use of reactive power compensation to decrease the-f
guency of tap changes

In this section we develop the model used for analyzing tleeafiseactive power from the wind
turbines to decrease the FTC.

3.2.2.1 The objective function

When there is a continuously controllable reactive powemfrind turbines, it can be used to
decrease the FTC. In principle, for a transformer where tpagdocated on the primary side,

reactive power is consumed to avoid a tap increase duringdaa condition and produced to

avoid a tap decrease during high load condition. Howevecrtirgapower is not consumed or

produced when there is no potential tap change or the alaitahctive power is not sufficient to

prevent a tap change. In the latter case, it is better to yseetpulation directly as unnecessary
reactive power flow increases system power losses. In oodaotlel this, the objective function

is modified to

MInOr = Z ;a\/\‘g],t + IZth (3.11)

The term on the far right side is added to produce or consunmiisnum amount of reactive
power as possible from the wind turbines. On the other haaisda constant of sufficiently large
value added to prioritize using RPC, whenever possible,adsbé tap changing.

3.2.2.2 The constraints

The equality constraints discussed &), (3.9), (3.10 and the inequality constraints discussed in
(3.2, (3.3 holds true here as well.
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3.3 Case Study

The reactive power limitsQM" and QMa in (3.4), can be defined in terms of a given minimum

operating power factor limitp™". These limits can also be constrained by the thermal capabil
of the wind turbine §"®. This happens when the wind turbines are operating aroundatied
power output. Hence for a given wind turbine at buthe reactive power limits are given by

~ QP Q< QP (3.12)
where

ﬁ?pzmin( (5% - P, 1t (1q;mff) mm)z)) (3.13)

In cased™" is extended to zero, i.e. when the wind turbines are progidémctive power support
even when they are not producing active pow@rl® and @.13 can be reduced to

(879" PR < Qu </ (%)~ P (8.1

3.2.3 The flow chart of the proposed sequential load flow simulation

The model formulated in this paper is to be used in a radidtidigion system where there are
usually one or two transformers in parallel. Under such @mrdthe binary variableW ; ¢, can
be replaced by a continuous variabl\i{m, and @.19 can be used to calculatl ; ;. This results
in a model which can be solved more efficiently using solvergetbped for standard nonlinear
programs, e.g.g9]. However whenever this model is used in networks whereethee a couple
of tap changing transformers at different locations then@lat be an optimality problem. Hence
under such situation the problem should be solved as mixedennonlinear programming model
(MINLP).

roundW ), if )Wk’“’ <e
Wit =19 ceillW,), if W >e (3.15)
floor(W ), if W, <-—¢

whereg is a very low value chosen based on the sensitivity of the pagpading system.

The flow chart of the overall simulation is presented in Bi.

3.3 Case Study

3.3.1 Network and data description

The case study is based on a rural 11 kV network operated byd@éns Energi located in
Falkoping area in Sweden. The network is fed by a 40 kV grid thraufj@ MVA 45+8x1.67%/11.5
kV transformer with a percentage impedance of 8%. The tapgdraregulates the voltage at the

31



3. EFFECT OF WIND POWER ON FREQUENCY OF TAP CHANGES

Initialize
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Y

Figure 3.5: The flow chart of the proposed sequential load flow simulation.

secondary side of the transformer with the set point vol@gk0.7 kV and at+1.2% deadband.
In this distribution system, there are 13 wind turbines (posed of Type A, B, and D) installed,
with an overall installed capacity of 12.225 MW. From thesaduurbines there are hourly mea-
sured time series power data available for one year, i.€1.20@urly measured active and reactive
power data at the substation are also available for the saare Active power consumption in the
network is then calculated by adding the measured wind pdet@rand active power measurement
at the substation. Currently the wind turbines operate ay yoawer factor (PF) setting, thus the
reactive power is assumed to come from consumer loads only.

3.3.2 Effect of wind power on frequency of tap changes

The aim here is to find out if wind power may lead to an increagbe FTC. Thus, no RPC from
the wind turbines is considered.

With the data described in the above subsection, the matiwhaodel developed in Secti@2
is implemented in GAMS. Two cases are investigated:

e Case 1. only consumer load is assumed to be connected to therketithout wind power
in the system.
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3.3 Case Study

e Case 2: both load and wind power are connected to the systemiisTthe existing system
condition.

Fig. 3.6 shows the number of tap changes at each hour of a day summedra/gear. It can

140 —
% 1207 I C:asc 1: up-regulated
%D 100 — B Case 1: down-regulated
S 30 - Case 2: up-regulated
3 [ Jcase2: down-regulated
T 60
B
40
Z
20
O —
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Time (hours)

Figure 3.6: Number of tap changes on each hour of a day summed over a year.

be seen that for both cases, the diurnal variation of tapgd®iollows a similar trend: with a
large number of tap changes at 6:00 and 7:00 in the morninga@8:00 and 0:00 during the
night. There are also considerable tap changes at 15:006a00. Usually the tap changes in the
morning (specifically between 5:00 and 10:00) are down edguis to boost the voltage on the
secondary side. During this period, the load increasesaltigetstart up of a factory, connected
to this distribution system, and residential loads. Dutimgrest of the day, the tap is usually up-
regulated due to the dominance of lighter load conditioas th the morning. The total number of
tap changes for Case 1 is 585 and for Case 2 is 505 for one yeaexdtmm. Thus, in contrary to
our expectation, the FTC has decreased when there is windrpowhe distribution system. The
reason for the decrease in number of tap changes is explasiegl Fig.3.7 and Fig.3.8.

Fig. 3.7 shows the load and wind power profile for a specific day and Ei§.shows the tap
positions of the tap changer in the same day. It can be seeiy.ir8.8 that between the period
5:00 and 16:00, there are three tap changes in Case 1 compaesingle tap change in Case 2
(see Fig3.8). From Fig.3.7, one can make two observations. On one hand, the variabflibad
follows the variability of wind power. These results in adesriable net active power. On the other
hand, during part of this period (for example between 1418020:00) when the net active power
increases, the reactive power decreases and vice versa.athording to3.16 [70], results in a
lower voltage change on the secondary side of the transfazompared to Case 1.

AV; ~ RPy¢ + X Qay (3.16)

where
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AV; voltage difference between reference node ‘1’ (infinite)bs and node 2’ (sec-
ondary side of the transformev

P, active power consumed at node ‘2’

Q2 reactive power consumed at node ‘2’

R resistance between node ‘1’ and ‘2’
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Figure 3.7: Load and wind power profile at specific day of the year.
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Figure 3.8: Tap position of the tap changer at specific day of the year.

Moreover wind power causes fluctuation mostly in active powductuations in active power,
according to 8.16, will not lead to significant voltage fluctuations when théRXratio of the
external grid is high.

In Fig. 3.7 and Fig.3.8, the aim is to show how wind power can contribute to a decr@ase
the number of tap changes in some days. But wind power do alstwilmate to an increase in
the number of tap changes on some other days. However, icdkes wind power has led to a
reduction in the total number of tap changes.

34


7/figures/fig9(1).eps
7/figures/fig10(1).eps

3.3 Case Study

Seasonal variations in the number of tap changes is compaFegl 3.9. The figure shows that the
effect of wind power on FTC changes from one month to anofflesugh the FTC has decreased
in most of the months, there are also months where the FTCnlcasaised because of the wind
power. Thus, an analysis based on only one month data, as iden done ind7], cannot give
the true picture of the effect of wind power on the FTC.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Case 1 mCase?2

90
80
70
60
50
4
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1

Number of tap changes
c S 3 S

=)

Figure 3.9: Number of tap changes distributed on monthly basis

3.3.3 Analyzing the frequency of tap changes with a different set of wuh
power data

In the Section3.3.2 the analysis of the effect of wind power on the FTC is donesbamn a
particular set of data. To test the validity of the obsepratmade in the previous section, an
analysis based on different sets of data may be requiredhiI@nd, an analysis is done using a
number of synthetic data (WPs1-WPs5 in BdL0 and one more measurement data (WPm), both
having a capacity of around 8 MW. The synthetic data is geedrasing the stochastic model of
wind power proposed in/[l]. The load data, on the other hand, is kept the same as thesewe u
in Section3.3.2 This is valid since, though the details of the data couldifferént from year to
year, the general profile of a load data will remain almostsdi@e from one year to another.

As shown in Fig.3.10 the FTC with the new wind data lays between 549 and 573 wisichili
below the number tap changes that occur when there is no vewep But one can observe that
compared to the FTC with the original wind power of the sanze $§i/WPo) (i.e. 509), there is
an increase by around 10%. These increase is not signifiaadtjt can partly be attributed to
the reduction in correlation between the load data and thhewiad power data compared to the
original one.

3.3.4 The frequency of tap changes with different reference voltage ahé
secondary side of the substation transformer

The discussion up to this point shows wind power contritlgutmthe reduction in FTC. To test if
this also holds for some other case, the FTC problem is steailaith different reference voltages

35


7/figures/fig11.eps

3. EFFECT OF WIND POWER ON FREQUENCY OF TAP CHANGES

600.00 0.20
»  580.00 a\
) \ - 015w
§ 560.00 | 8
S \ 010 E
e 540.00 — Y g
o o
5 52000 ~+ 005 §
19} =
£ 500.00 | B
Z  480.00 1— 000§
’ O
460.00 — —L .0.05

WPo WPm WPsl WPs2 WPs3 WPs4 WPs5
Different wind power time series

Figure 3.10: Number of tap changes with different wind power time series data

at the secondary side of the transformer for varying levélsiod power. The argument is that
if the introduction of wind power should decrease the FTC, dauldl do so irrespective of the
voltage set point. The result of the analysis (presentedgn311) shows that wind power does
not necessarily lead to a decrease in the FTC. However in gletier increase in FTC due to
wind power is insignificant for the distribution system sadlso far. Thus, wind power in such
distribution systems does not pose a reliability concethédransformer tap changers.
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Figure 3.11: The frequency of tap changes for varying level of wind power aniémdint voltage set
point.

3.3.5 The frequency of tap changes for varying levels of grid strength

The analysis in the previous sections is done assuming thr aincuit capacity (SCC) and the
X/R ratio of the external grid to be 171 MVA and 10 respectivélor this distribution system, it is
seen that wind power does not pose a significant threat toTte Ia fact, it may reduce the FTC.
In this subsection the same investigation is done for gridls different SCCs and with varying
X/R ratios.
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3.3 Case Study

Fig. 3.12shows the trend in FTC as the power penetration level inessts grids with different
SCC. The figure shows that, overall, the FTC increases withedserin SCC. This is understand-
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Figure 3.12: Number of tap changes per year for different SCC of external grid ¥ige10.

able as a higher impedance leads to a higher voltage dropdimea loading condition. In other
words, for the same variation of transformer loading, thikage variation will become larger in a
weaker grid.

Though the curves in Fig.12show a general decrease in FTC with an increase in the cgpacit
of wind power, we have noted above using Rgl1that wind power does not always lead to a
decrease in FTC. However, the similarity in the profile of theves in Fig.3.12can be explained

as follows.

A tap change occurs when there is a voltage change at thedsyoside of a transformer due
to a change in power flow. Hence one can roughly approximad-WC to be proportional to
the voltage change that occurs at each time stdpe to power flow changes. In the absence
of wind power in the system, the change in voltage at the staryrside of the transformer due
to load flow changes is given bg.(L6. In the presence of wind power in the system, there is
additional fluctuations in active power; this fluctuatiorusas an additional voltage fluctuation at
the secondary side of the transformer which can be giverBly?, The percentage change in
voltage change at the secondary side of the transformertlvas, be given by3.18. Since the
FTC is proportional to the voltage change at the transfosaeondary,3.19 follows from (3.18.

AV, ~ APy x R (3.17)

where

AV, the change in voltage at node "2’ relative to the previouseal
AP; the change in active power consumption at node '2’ due to ihe wower

AV AP

= 100% 3.18
DN Pt Qux (X/R) T (3.18)
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and
AP ¢

AFTCO
P+ Q2 x (X/R)

% 100% (3.19)

Equation 8.19 implies that the percentage change in FIXE,TC, is proportional to the X/R
ratio and is constant for a given X/R ratio irrespective @& 8CC of the grid. However the tap
change does not only depend on the voltage change at thedsegmide of the transformer but
also whether the resulting voltage will be outside of thedtb@ad. Hence based 0B.19 one can
only roughly expect the implications to hold. F@12proves the same.

The above analysis shows that for an X/R ratio of 10 no sigmifiincrease in the FTC is expected
due to introduction of wind power operating at unity powestéa. Fig.3.13provides the results
of the analysis with different X/R ratios. The results shbxattwhen the X/R ratio gets lower the
effect of wind power on the FTC changes becomes considerabis is clear from .19 that for

a given active power change, the lower the X/R ratio the biggthe change in FTC.
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Figure 3.13: Number of tap changes per year in a distribution system connected to 80eMiéfnal
grid having different X/R ratio.

The results presented in Figs12 3.13are based on assuming a wind farm directly connected to
the substation, i.e. without any connecting cable in-betweéHowever, almost similar results are
observed even when there is a cable or an overhead line dorméee wind power plant to the
substation, as shown in Fi§.14 The results in the figure compares the FTC with a wind farm
located at different distances from substation and coedetct the station through different cable
types; the external grid here is assumed to have a SCC of 80 MWAXIR ratio of 5.

Based on the analysis so far, it can be concluded that foitaistyn networks with an X/R ratio
greater than 5, wind power operating at unity power fact@sdwot cause a reliability concern for
the tap changers. But for distribution networks with an X/Roréess than 5, there could be some
problems of increase in FTC due to wind power introductiomisTs especially true for those grids
with an X/R ratio less than 2.5.
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Figure 3.14: Comparing the FTC when the wind power is at varying distance from theatidrs

3.3.6 The effect on FTC when wind turbines consume reactive power

This section investigates the effect on FTC of wind powerrafieg at a power factor other than
unity. This situation may arise when the wind turbines catee to the distribution system are of
Type A or B, which cannot provide a controllable reactive posigport. As shown in Fig3.15
when the wind turbines operate at a PF other than unity tsexeonsiderable increase in the FTC.
Of course, the closer the PF to unity is, the lower is the iasean FTC due to wind power. Some
DFIG wind turbines work at around 0.99 PF lagging and suchraijmn is not seen to increase
the FTC considerably. Hence in distribution system wheeestlis a concern on the number of tap
changes, it is necessary to make sure that only wind turbiegsire able to operate at or close to
unity power factor are being installed.
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(a) SCC=170 MVA & X/R=10 (b) SCC=80 MVA & X/R=5

Figure 3.15: The effect on FTC of wind turbines working at power factor other thaityu

39


7/figures/Wind_dis.eps
7/figures/wind_PF1.eps
7/figures/wind_PF2.eps

3. EFFECT OF WIND POWER ON FREQUENCY OF TAP CHANGES

3.3.7 Using reactive power compensation to reduce the number of tap ahges

This section investigates the use of reactive power fronmdvwimbines to decrease the FTC. The
need for reducing the FTC may arise due to the existence ofjla lbivel of FTC induced by
load changes. It can also be induced by a high level of windgpdar the reasons mentioned in
Subsection8.3.5and3.3.6 The current practice for decreasing the FTC in such canwtis to
increase the deadband of the tap changer, say from 1.2%%dr.énore. However this solution
may pose voltage quality problems.

Among the available wind turbines in the network (descrilme8Section3.3.1), a wind farm com-
posed of four 0.8 MW wind turbines is chosen to provide reagbiower support to the grid. These
wind turbines are of the variable speed design (full comrdrased) from Enercon and are recently
installed at a site close to the substation. Since these twrbthes have started their production as
of March 2011, the wind power and load data starting from m&@11 are used for this analysis.
The wind power from the rest of the wind turbines is aggredjatéh the load. The simplified
diagram of the resulting system is shown in RBgl6

Monarp4
€— (=2315km —pi 800kW +

Monarp6
800kW
Ménarp3 Ménarp5
800kW 800KkW

Figure 3.16: Simplified diagram of the 10 kV distribution network.

Slutarp
substation

Infinite grid

The majority of grid codes require that wind turbines shdwdde a capability of operating between
0.95 PF lagging and leading at full productiof2]. This indicates that, for these wind turbines,
the rated power of the converter should be at least five pehegimer than the full power output of
the wind turbines. Hencg"®, for each wind turbine, is taken to be five percent higher than
rated power output.

Fig. 3.17compares the number of tap changes with and without RPC wieewitid turbines are
controlled to operate between 0.95 lagging and leading péaetor so as to avoid a tap change
whenever possible. The figure shows a decrease in the FTC%y R&active power is consumed
at light load or at windy conditions when there is a potertaal up-regulation. This brings down
the voltage at the substation busbar and avoids an up-teguts the tap. Reactive power is sup-
plied to boost the voltage during high loading condition ¥oid a potential tap down-regulation.
In this way, reactive power contributes to the reductiormhmnumber of tap changes. One can also
notice that RPC sometimes only delays a tap change to a later Tihis is seen in Fig.17when

the number of tap changes decreases at 23:00 while the nafntagrchanges increases at 00:00.
However, this delay of tap changes does not appear to be ificagmissue.

Table3.1 summarizes the main points that can be used in the compaeiadysis of using RPC
to reduce the FTC. It also includes results from some moreasieanalysis. The results in
Table3.1 are for a grid with SCC=171 MVA and X/R=10. TabBe2 provides the results of the
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Figure 3.17: Number of tap changes on 24hr basis with and without RPC.

same analysis for a weaker grid having SCC=80 MVA and X/R=1. \eein Table3.1and3.2,
the wind turbines are located 2.3 km from the substation.h@mther hand, Tabl@ 3 provides the
results of the same analysis for wind turbines located 15rkm the substation. The analysis with
longer distance is used to see if the magnitude of the immedbatween the wind farm and the
substation has some effect on the proposed solution. Oyénaltesults provided in Tab& 1-3.3
shows that RPC can be used for reducing the FTC in most grids.

Table 3.1: Effect of using RPC to reduce the FTC in a distribution system connectesttorager grid

(SCC=171 MVA,X/R=10)

~ |Change inthe FTC (AFTC) |Average power| reactive power from the wind turbines
Case|®™" 0 Loss (kW) i
AFTC YoAFTC Average (KVAr)  Maximum (MVAr)

1 1 0 0 16 0 0

2 0.95 -86 -21 16 15 0.7

3 0.90 -124 -30 16 25 0.9

4 0.80 -166 -40 16 36 1.0

5 0.0 -410 -100 14 176 1.0

Table 3.2: Effect of using RPC to reduce the FTC in a distribution system connected/éaker grid

(SCC=80 MVA and X/R=1)

~ |Change in the FTC (AFTC) |Average power| reactive power from the wind turbines
Case|®™" 0 Loss (kW) i
AFTC YOAFTC Average (kVAr)  Maximum (MVAr)

1 1 0 0 86 0 0

2 0.95 -394 -22 85 33 1.0

3 0.90 -502 -28 85 64 14

4 0.80 -663 -37 85 121 2.0

5 0.0 -1738 -97 91 724 3.4

In terms of achieving a specific level of reduction in the FTi& dlistance of wind turbines from
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Table 3.3: RPC from wind turbines located 15 km away from the substation (SCC=NA, XIR=10)

~ |Change in the FTC (AFTC) |Average power| reactive power from the wind turbines
Case|®™" 0 Loss (KW i
AFTC %AFTC (kW) Average (KVAr)  Maximum (MVAr)

1 1 0 0 28 0 0

2 0.95 -90 -22 28 16 0.8

3 0.90 -120 -29 28 25 1.0

4 0.80 -166 -40 28 36 1.0

5 0.0 -416 -100 27 176 1.0

the substation has no effect at all. That is, almost the sanwaiat of reactive power is necessary
to achieve the same level of reduction in the FTC. Thus, theeaddees not make any significant

impact on the reactive power requirement from the wind nabi However, compared to strong
grids, in weak grids more reactive power is required fromwied turbines to achieve the same

level of reduction in FTC. This is because, in weak grids, arglumber of tap changes need to be
avoided to achieve the same percentage of reduction in tRe FT

Generally, the change in the network loss relative to the base (Case 1) is found to be negligible

in all cases except in Case 5 of Tald& This is apparent from the fact that, in this case, the
network resistance is relatively large and the amount aftheapower consumed or produced by

the wind turbines relatively high.

Finally, the analysis presented in this subsection is edrout assuming constant power loads,
however similar results are obtained assuming constarddanuce load.

3.3.7.1 Reactive power flow in the network

Here we compare the reactive power consumption in the n&twidh and without RPC in the
network to see if RPC would result in unfavorable grid opegtonditions. The results of the
analysis for Case 5 (worst case in terms of reactive poweruropgon) from Table3.1 are pre-
sented here in Fig3.18and Fig.3.19 However similar results are observed for the analysis in
Tables3.2and3.3

Fig. 3.18shows that reactive power is consumed during light load oxdwiconditions and pro-

duced at heavy load conditions. From the point of the extegrid, this is beneficial because
during low load conditions the voltage in the power systemererally high due to the Ferranti
effect, consuming reactive power will mitigate the voltage. During high loading condition the
grid may approach its voltage stability and low voltage timd providing local reactive power is
vital to improve the voltage stability and level, respeelyy of the system. Moreover, as shown in
Fig. 3.19 the maximum amount of reactive power supplied from thereziegrid when RPC is

used is not higher than the maximum value when the wind tesgoare set to unity PF. However
the average reactive power supplied from the external grigtherally higher when RPC is used.

The result presented in fig.19is for Case 5 where a 100% reduction in the number of tap changes
is achieved. In other cases the change in reactive consomgtiproduction from the base case(
Casel) is even lower.

In Case 5, the total amount of reactive power used in achiesuicty a high level of reduction in
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Figure 3.19: Comparison of reactive power supplied from the external grid

FTC depends on the initial tap position of the transforméee ihitial tap position should be chosen
such that it is in the middle of the tap positions the tap cleatgs ever operated at. This can be
observed from the historical data. In the present case shelyransformer is found to operate
between the tap positions zero and two. Hence the refer@mtal) tap position is chosen to be
one. If the reference tap position is chosen to be zero, tamge reactive power used from the
wind turbines would have been above 700 kVAr. This is evehaut achieving 100% reduction
in the number of tap changes. Moreover the loss could haveliigber than the base case.

3.3.7.2 \oltage in the network

Due to a relatively high amount of reactive power consumethbyvind turbines, one may expect
the voltage on wind turbine terminals to be below the acd#etkevel. Fig.3.20 compares the
voltage at the wind turbine terminals between the base a&se(1) and Case 5 from Tal3el
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On the contrary, the figure shows that the voltage at the wirnirie terminals remains within

+5% of the nominal (reference) voltage, 10.7kV. Moreoveraeerage, the voltage at wind turbine
terminals are higher in Case 5 than in the base case. Whenveepotver is consumed to avoid
a tap change, the voltage at the secondary side of the tramsfas kept at the upper limit of the

voltage deadband. This results in a voltage gain at tersiolathe wind turbines. Even though
there is voltage drop due to reactive power consumptionpvieeall effect is a general increase in
voltage at the wind turbine terminals.

1.02;

1.01;

=

terminals in Case 5 (p.u.)

Voltage at the wind turbine

0.99;

0.99 1 1.01 1.02
Voltage at the wind turbine terminals in Case 1 (f

Figure 3.20: Comparison of distribution of voltage on the wind turbine terminals

Moreover, by using this voltage regulation strategy, itasgible to minimize the overvoltage that
happens in the system due to the slow reaction time of thehtapgers. This is especially of great
importance if some other wind turbines in the system ar@édpdue to fault resulting in a sudden
voltage drop in the system.

3.3.7.3 Effect of voltage set point on the effectiveness ofagtive power compensation to
reduce the number of tap changes

Though the voltage set point at the secondary side of theftsemer may be chosen to provide
customers with the appropriate voltage level, there is soegeee of freedom in the choice. Here
we see how the choice of the voltage set point at the secomstdeyof the transformer can affect
the performance of RPC in reducing the FTC.

The voltage set point affects how the tap positions areidiged. For the case presented in Table
3.1, Fig. 3.21 shows the tap position distribution of the substation ti@mser for two different
voltage set points at the secondary side of the transformer.

To totally eliminate the tap changes using RPC, naturallyrase effective to set the tap position
at the median of the tap position distribution. The more Bverstributed the tap positions are
around the median tap position, generally, the lower is tlegage reactive power demand from
the wind turbines to avoid a tap change. In Bg21the tap positions are more evenly distributed
around the median when the reference voltage is 10.8 kV. tfomepare the average reactive power
requirement to avoid tap changes totally, we see that it&skWAr with a 10.7 kV as a reference
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Figure 3.21: Tap position distribution of the substation transformer for two different geltet points:

voltage and 56 kVAr with 10.8 kV. Therefore, the RPC would bereneffective if the reference
voltage is set to 10.8 kV, showing that the reference voltdgesen can affect the effectiveness of
the RPC. This also shows that the demand on reactive power frenvind farms depends on the
reference voltage setting.

3.4 Summary

In this chapter an analysis of the effect of wind power on tiegdiency of tap changes (FTC) is
carried out. In general, for distribution networks coneecto external grids wittkK/R > 5, no
significant effect on the FTC is seen due to introduction afdypower. However, in a distribution
system connected to grids with a lower X/R ratio wind power atiect the FTC significantly as
wind power penetration increases.

An analysis is done to decrease the FTC using reactive pawmpensation (RPC) from the wind
turbines. Two types of distribution systems are consideoe@ connected to a relatively strong
(SCC=171 MVA, X/R=10) external grid and the other to a weak (SCO¥8B, X/R= 1) external
grid. The results show that RPC can be used to effectivelyceethe FTC in both cases. However,
the reactive power required to reduce the FTC by a specifimepédepends on the SCC and the
X/R ratio. The reactive power requirement decreases wiilglzeln SCC and X/R ratio.

A further investigation on RPC is carried out for wind farmsdted farther from the substation.
However, the change in reactive power requirement and mktless is found to be only minor.

Hence the RPC method is found to be effective even when windsfaare far away from the

substation.

Finally the practical implementation of RPC to reduce the benof tap changes depends on the
maintenance cost of the tap changers involved, the costofive power from the wind turbines,
and the change in power loss that occurs within the netwoektd(RPC.
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4

Siting wind turbines in a distribution system

This chapter investigates the optimal siting of wind tugsiior farms in a given distribution system.
The chapter starts by presenting background knowledgeetogtimal siting problem. Then, the
siting problem is discussed with respect to the differetgggration issues of wind power discussed
in Chapter2. These include overvoltage, overloading, flicker, harragnincrease in fault level as
well as loss considerations.

4.1 Background

The location of a wind turbine or farm is mainly affected bg thindiness and the accessibility of
a given site. However, it is possible that the distributigatem has a couple of sites with nearly
the same average wind speed and it may be required to choes® amore sites among them for
wind power installation. In this regard, extensive reskafitort has been devoted to the optimal
siting and sizing distributed generations (DG83{99]. The siting problem has been studied to
achieve different objectives such as minimize loss reduacfr3-80, 83-88, 91, 94, 95, 98, 99,
maximize hosting capacityp, 87,92, 93], and reliability improvementdl, 83,87]. Also different
methodologies have been proposed to solve the problemeTheside but not limited to genetic
algorithm [73,74,78,79,82,83,87,92, 95|, particle swarm optimization (PSOJ%$, 76,80, 81, 85,
86, 94], analytical methods77, 84,90, 91, 99, fuzzy logic [88], ordinal optimization (O0) 93],
and artificial bee colony (ABCYJg)].

The main objective of the majority of the papers cited abesvess reduction. However, our main
objective in this chapter is to identify the optimal connectpoint for a wind power plant, so that
the hosting capacity of the network is maximized while kaeggihe power quality and security
concern within the acceptable limits.

4.2 Siting wind power

The connection point of a wind turbine determines the powality and security concerns it poses
to a given distribution system. These power quality and sgceoncerns discussed in Chapger
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include overvoltage, overloading, flicker and harmonic ssiin, and increase in fault level. In
subsequent subsections, the siting problem is investgateording to each power quality and
security concern. Each subsection starts by, first, inyasiig the situation under which each
power quality and security concern can become a limitingofacThen the siting of the wind
power under such a situation is discussed.

4.2.1 Overvoltage

The effect of wind power in increasing the voltage level inistribution system has been shown
in Section2.2.1using @.11) (rewritten here as4(1) with a slight rearrangement).

V| ~ |V1] + PR+ QX (4.1)

From @.1), since the voltage at the substatidfi| is regulated around a reference voltage, the
voltage|V,| at the PCC will be higher for higher wind power generativand cable resistande
Higher cable resistande arises from longer cable or overhead line. FdL shows the capacity
of wind power that can be installed based on #%% voltage limit for different cable types with
varying lengths. The data for these two cable types are givéiable2.1 The wind farm is
assumed to operate at unity power factor, which is the cuwparating practice of most wind
turbines.

S 30 —— AXCEL(EK) 3X240/25 (X/R=0.68)
S + - AXCEL(EK) 3X150/25 (X/R=0.43)
> ~ — — AXCEL(EK) 3X95/16 (X/R=0.29)
g 20l ——— FE-AL 99 (X/R=1.05)

g | ~O~ FE-AL 62 (X/R=0.69)

e 15

8

% 10

S

= 5

Length of the conductor (km)

Figure 4.1: The capacity of wind power that can be installed based-6%6 limit

From Fig.4.1, one can notice that the capacity of wind power that can alled based on the

+5% voltage limit is severely limited when the wind farm isther away from the substation.
Hence when the limiting factor to wind power integration he tvoltage rise problem, the wind
power hosting capacity of the distribution system can bee@sed by siting the wind turbines as
electrically close to the substation as possible.

The above analysis works when one is investigating thegsairsingle wind farm along a single
feeder. However, in a given distribution system there atallysa number of feeders and laterals
and the DSO may need to identify those buses that maximizbdbsng capacity of the system.
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4.2 Siting wind power

For example, consider the distribution system shown in &igt, with the indicated candidate
wind farm sites (Buses 2 to 4 and 6 to 9) and the network impestantt is assumed that the
minimum loading condition at the buses is zero MW. The woaskecvoltage rise occurs in system
when the load is at its minimum and the generation is at itsmam. The analysis done assuming
these extreme conditions of load and wind power is usuallgd#he worst case analysis. Thus, a
simple optimal power flow (OPF) analysis is carried out bamethe worst case consideration with
the objective of maximizing the hosting capacity while kegphe voltage withint5%. Table4.1
shows the hosting capacity that is achieved with differeistdombination options.

External grid From To R(Q) X©Q) 1Z/(Q)
1 2 0.250 0.240 0.347
23 0.290 0.307 0.422
3 4 0.323 0.341 0.470
T 1 5 0339 0247 0.420
5 6 0.663 0.208 0.695
6 7 0.974 0.167 0.988
Bus 1 5 8 1.932 0.322 1.959
Wrccder - 8§ 9 0224 0037 0227
Luttra Mbnarp
Bus 2
YV
Wind power | Buss
candidate sites /ﬁ v
| Bus 3 Bus 6 Bus 8
4 I wing |
Bus 4 v m. pow§r v
__I_ Bus 7 candidate sites Bus 9
NV | I:

Figure 4.2: siting wind power in distribution system

Table 4.1: Installed wind power capacity with different bus selection alternatives

Option 1 2 3 4 5
buses 2| 6| 8 2| 3| 4 2| 8| 9| 6] 7| 8 4] 7| 9
power (MW)| 26.0| 5.7| 2.0 26.0/0.0{ 0.0/ 26.0/ 2.8/ 0.0| 5.7/ 0.0/ 2.0| 7.6/ 2.9| 2.2

Total (MW) 33.7 26.0 31.0 7.7 12.6
Loss (MW) 1.6 1.3 1.6 0.4 0.6
Net (MW) 321 24.8 29.5 7.3 12.0

It is clear from Tabled.1 that wind farm site selection containing Buses 2, 6, 8 has itleelst

litis a section of an actual distribution system operateddipygdens energi, sectioned out for easier analysis
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hosting capacity among the five options considered. Thdissjbuting the connection points on
different feeder maximizes the hosting capacity. Since/ttiage at the substation bus is regulated,
if the wind turbines are located on different feeders, th&imam capacity of each feeder will be
installed without any effect from the wind power on the otfeseder. But when they are on the
same feeder, the hosting capacity of the feeder will beidiged among the two wind farms. The
same is true for the lateral branches of a feeder. That iseiind farms, for some reason, should
be located at the lateral branches of a feeder, the hostipacitg can be maximized if they are
situated in different lateral branches.

Moreover, not connecting the wind turbines as electricalbge as possible to the substation, will
significantly affect the hosting capacity of the network.r Egample, from Tabld.1in case of
Option 2, if wind power is installed only on Bus 2, the maximuasting capacity of Feeder Luttra
is 26 MW. Consider now that there is a 2 MW wind turbine insthlé Bus 4 on Feeder Luttra.
As a result of this pre-installed 2 MW wind power, Bus 2 can naWydost 19 MW. Though the
hosting capacity is still high, the reduction is significar#3%. Note that the analysis done here
is based on voltage rise consideration only; other conaiaber, such as overloading, may further
limit the hosting capacity of the system as shown in Secti@2

In conclusion, voltage rise severely limits the capacityvirid power that can be installed in a
given distribution system when the connection point is teleally far from the station. Thus,
installing wind turbines as close as possible to the substaicreases the hosting capacity of a
distribution system limited due to voltage rise problem.rbtaver when a couple of wind farms are
to be connected to a given distribution system, more hostpgcity can be achieved by locating
the wind farms at different feeders or lateral branches ekalér.

4.2.2 Overloading

With overvoltage as the only limiting factor, Fig.1 shows that a considerable amount of wind
power can be installed using any of the cables if the winditgrbr farm is located, e.g. at 1.5 km
distance from the substation. Talde& shows the current rating of the conductors, the maximum
capacity of wind power that the cable can accommodate, anchtiximum distance of the wind
farm site above which the voltage rise will further limit tbapacity of wind power that can be
installed. From the table one can see that when the windneshare sited electrically close to
the substation, the thermal capacity of the cables furthetsl the wind power hosting capacity of
the distribution system. Similar analysis done on the itigtion system in Fig4.2 shows that the
hosting capacity of the system is well below the capacitycagd in Tablet.1due to the thermal
capacity of the cables involved. It can generally be cormtlutihat for wind turbines installed in

Table 4.2: Maximum capacity based on ampacity of different cable types

Cable Current ratingPmax (MW)[Maximum cable length (km)
AXCEL(EK) 3X240/25 360 6.7 7.3
AXCEL(EK) 3X150/25 280 5.3 5.7
AXCEL(EK) 3X95/16 215 4.1 4.8
FE-AL 99 435 8.3 2.2
FE-AL 62 305 5.8 2
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relatively strong distribution network at sites close te fubstation, the capacity of the wind farm
is more likely to be limited due to the thermal capacity of itnelved components.

Given a situation where the thermal capacity of the networkgonents is the limiting factor, it
may be of an interest to decide both the location and the @gpafcthe wind farm. Consider
Feeder Luttra in network of Figt.2 where the thermal rating of the feeder is 280 A with zero
MW minimum loading condition. Tabld.3 shows the maximum hosting capacity of the feeder
for different choice of a wind turbine connection point.

Table 4.3: Hosting capacity of Feeder Luttra based on thermal limit

Connection| Capacity (MW)| Voltage at Voltage at Voltage at Feeder lossNet (MW)
point Bus 2 (p.u.) Bus 3 (p.u.) Bus 4 (p.u) | (MW)

2 5.39/1.011 1.011 1.011 0.06 5.33
3 5.46/1.011 1.024 1.024 0.13 5.33
4 5.53/1.011 1.023 1.037 0.20 5.33

Table4.3 shows a slightly higher wind power hosting capacity for cection points electrically
further from the station. This is due to a higher voltage ths# occurs for connection points
further from the station for the same level of current in@at But, the last column of the table
shows that the extra hosting capacity gained, becomes aftr¢ network power losses. The
same analysis is also done assuming a higher minimum loadinditions and the results have
yielded similar conclusion.

Therefore, in general, one can conclude that installingviine turbines close to the substation is a
preferred option in a distribution system where the hostaggcity is limited due to overloading.
On one hand, usually the cables electrically close to thstatibn have higher ampacity than the
cables or overhead lines that are located electricallyrfanfthe substation. Hence the hosting
capacity can be maximized by installing the wind turbinesselto the substation. On the other
hand, even if the capacity of the cables along the feedermaikas it is still better to install wind
turbines electrically close the substation. Though thissdaot increase the hosting capacity of the
system, it reduces the power losses as shown in FaBle

4.2.3 Loss consideration

In general power losses do no limit the capacity of instal&td power. However, since increase
in power losses leads to loss in revenue, there is a need tmin@ithe power losses in the system.
Thus, in loss minimization, the strategy is usually to sygpke power demand in a distribution

network as locally as possible. This reduces the currenttfioaugh the network cables compared
to the case where the loads are supplied from the exterrdltigrough the transformers. The

reduction in current flow leads to reduced power losses isysgem.

Consider the same example on Feeder Luttra discussed in@iobs€2.2 Assume now that
there are average loads of 0.2 MW, at Buses 2 and 3, and 1 MW, at,Buigh a lagging power
factor of 0.95. Tablel.4 shows the power generation and loss before and after congecDG.
The results show that installing an approximately 1.2 MW afdwower at Bus 4 results in the
minimum loss in the feeder. Compared with the capacity thasislled based on hosting capacity
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maximization, this capacity of wind power is consideralay.| When wind turbines are installed
based on hosting capacity maximization there is usuallyh heverse power flow to the external
grid. In such cases installing wind power as electricallysel as possible to the substation will
result in lower power losses in the system. This is cleargnsen Tabled.3,

Table 4.4: siting wind power based on loss minimization

BUSES _ _ Power prod_uction (MW) _
Without DG|With DG at Bus 2With DG at Bus 3With DG at Bus 4
External grid 1.412 -0.007 0.105 0.218
2 0 1.414 0 0
3 0 0 1.299 0
4 0 0 0 1.184
Loss (MW) 0.012 0.007 0.004 0.001

4.2.4 Flicker emission

Flicker has been identified as one of the limiting factors indypower integration before the arrival
of variable speed wind turbine$(0,101]. Due to better capability of variable speed wind turbines
to control their power production with respect to the vagyiind speed, flicker emission is not as
much a concern as it once was. But it is still interesting to batlithe situation at which flicker

emission could be a limiting factor in wind power integratio

As noted from the flicker equation2.02), (2.14), and @.15), flicker emission from wind turbines
can become significant when the grid at the point of commoplaagiis substantially weak. Hence
it is required to investigate if flicker emission could beraiting factor in weak grids. Consider
the network given in Fig4.2 where the candidate wind power installation site is takeBws 9
(with SCC = 33 MVA). The capacity of wind power that can be ilisthat the given connection
points still satisfying the AMP requirement with respecflioker emission is given in Tablé.5.
Three wind turbine sizes with flicker coefficients varyingrfr 2 to 4.5 are investigated.

Table 4.5: The maximum capacity of wind power that can be installed at each point stillifigfthe
AMP limits in terms of flicker emission

Wind turbine sizes
09MW | 1.5MW | 3 MW
2 18.9 12.0 6.0

flicker coefficient

2.8 9.9 6.0 3.0
3.6 5.4 3.0 3.0
4.4 3.6 3.0 0.0

Based on flicker coefficient data available for various windbitues, it is not usually difficult to
find wind turbine having a flicker coefficient of 2.8. Hencelwiespect to flicker emission limits

the wind farm capacity can easily be as much as 9.9 MW.
Moreover, if the flicker emission limits of the new wind farsxdalculated based on the discussion
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in AppendixA, it can be as high aBp;;j = 0.38 (assuming that 12 MW wind power is already
installed in the system). With this limit in place the capyaaf the new wind farm can double the
capacity shown in Tablé.5. Hence for flicker to be a limiting factor, the network shoaldeady
have a substantial amount of flicker emitting installatioDgherwise flicker emission is less likely
to be a limiting factor with the advent of current variablesg wind turbines.

However, it is still interesting to investigate the sitinfwaind turbines in a distribution system
to minimize the voltage flicker emission. Consider the casedtigated in Tabld.5 At a bus
where the SCC is 33 MVA, the capacity of wind power that can k&ifed based on AMP flicker
emission limits is found to be around 9.9 MW with a turbineesaf 0.9 MW having a flicker
coefficient level of 2.8. Tabld.6 presents the result of the flicker emission when this capadit
wind power is connected at Buses 1, 5, 8, and 9 for differerkdticoefficient levels.

Table 4.6: Flicker emission from 9.9 MW wind farm

Pst(Rt ) with flicker coefficient of
Bus SMVA) 2 28 36 4.4
1 67 0.09 0.12 0.16 0.20
5 57 0.10 0.15 0.19 0.23
8 35 0.17 0.24 0.30 0.37
9 33 0.18 0.25 0.32 0.39

The results show that the flicker emission of wind turbinesnezted away from the station is
higher than those connected close the substation. As it eabserved from2.12), (2.14), and
(2.19, this is because the flicker emission from the wind turbisesversely proportional to the
short circuit capacity of the distribution system at thempaf connection. Therefore, it can be
concluded that installing wind turbines as close to the tsiio® as possible minimizes the effect
of wind power on flicker emission.

4.2.5 Harmonic emission

Appendix B SectionB.2 shows that the requirement on low order even harmonics isnibet
stringent one to fulfill when it comes to harmonic emissianits on wind turbines. As in the
flicker case, voltage harmonics emission limits are morgcdit to fulfill in case of weak grids.
Moreover unlike the flicker case, harmonic emission from bdds should also be taken into
account. Hence, in addition to harmonic contributions ftbemMV and the upstream network, the
harmonic emissions from the LV loads affect the allowed lle¥darmonic emission from a new
wind power installation.

Consider the same example as in Subseai@ Consider also, as in the case of example given
SectionB.2, the MV network already has 12 MW wind power and the peak lodate LV network

is 8 MVA. In TableB.2 (column 4) of AppendipB the harmonic voltage contribution limit of the
new wind farm is given. For each harmonic order, the maximomunt of wind power that can
be installed at Bus 9 while fulfilling the given harmonic lisiis calculated. The results of the
calculation (for the case of low order even harmonics) iegin Tabled.7.

Based on the data available for this work, the assumed haecnoomient emission levels in Ta-
ble 4.7 are a bit demanding, i.e not every wind turbine in our datahsstsuch a low level of
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Table 4.7: Wind farm capacity limits based on harmonic emission

order Harmonic | in(%) from | Maximum wind farm capacity in MW with
h o |Euni OOl cyrrent limitdwind turbines4.5 MW wind turbined0.9 MW wind turbines
2 0.16 2.56 0.29 9.0 9.0

4 0.12 1.02 0.12 9.0 9.0

6 0.13 0.74 0.16 4.5 9.0

8 0.11 0.46 0.10 4.5 9.0

10 0.11 0.37 0.08 4.5 9.0

harmonic emissions. Hence harmonic current emission doeild limiting factor provided that
the network already has some distorting installations.dédaer, considering the example network
investigated here, harmonic emission is more likely to hendihg factor than flicker emission.

Therefore, to site a wind farm of a given size for a reduceelle¥ harmonic emission, let us
consider 2.21) again which converts the allowed level of voltage harmsndacthe allowed level
of current harmonics. Her&1) is rearranged as4(2) to facilitate the calculation of voltage
harmonics introduced by a wind turbine due to its currentrizarics.
Un — ihZhSmax

h = U2
Equation 4.2) shows that a wind turbine which is sited electrically faonr the substation, thus
experiencing a higher harmonic impeda@geintroduces higher voltage harmonics. Hence siting
wind turbines as close electrically as possible to the stilost can maximize the hosting capacity
of a network constrained due to harmonic voltage emission.

(4.2)

4.2.6 Increase in short circuit level

The discussion in Sectiol.2.5indicates that the increase in fault level can become aifigit
factor to wind power integration depending on:

the capacity and technology of the wind turbines in the ndtywo

the distance of the wind farm from the station,

the SCC at the station due to the external grid,

and the rating of the switchgear at the station i.e. the abkalfault level margin of safety to
handle additional fault current from the wind turbines

Therefore, an increase in fault level can only become ailgitactor in a distribution system
connected to a quite strong grid where the available marfjsafety to handle additional fault
level is very low. Moreover the wind turbines connected te ¢nid need not be of Type D. In
general, itis less likely for the grid to be very strong inakarreas, where favorable windy sites are
usually located. As the distribution systems in this aresoften far from the main grid, they have
comparatively low grid strength. Therefore, increasedt fiee’yel may become a limiting factor
only in rare cases.

However, it is still interesting to find out the location of i turbines in a given distribution
system that will minimize the effect of wind power on the shigear of the system. Consider
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the distribution system in Figl.2 Assume that a 4.75 MW wind farm is being investigated for
installation on Feeder Luttra. Let this wind farm be compbeéfive 0.95 MW wind turbines
(same wind turbines as those characterized in Ta@®. Fig. 4.2 shows that there are three
candidate buses (Bus 2, 3 and 4). Assume that the switchgeéfesient buses have the same
rated capacity. In most cases fault contribution from theral grid is more likely to be higher
than the fault contribution from the wind turbines. With hey impedance between the fault source
and the fault point, these fault contribution from the emédigrid substantially decreases when the
buses are located electrically further from the statiorer€&fore, it is less likely for increased short
circuit level to be a problem on these buses. Hence in ternmeodased short circuit level it is the
substation bus that is our main concern.

For the fault at the substation busbar (Bus 1), Tab8&shows the fault current contribution from
the upstream gridi , the contribution from the wind turbindg,,, and the total three phase fault

current at the substatid{jT for different connection points (PCC) of the wind turbines.réithe
fault current calculation is done using the IEC approa&®] {vhere no load is assumed in the
system. Moreover no other wind turbine is also assumed tatgp@ the system.

From the table, one can notice that the fault current camioh at the substation decreases as the
wind turbines are sited further from the substation. Hemheetdtal fault level at the substation
decreases. Though the magnitude differences may not seleesignificant here, it may become
significant depending on the capacity of the wind farm anddifference in electrical distance
between the different candidate sites. Thus, in distrdvusiystems where the available fault level
margin of safety is relatively low, when the wind turbinees aot of Type D, installing wind farms
away from the station could be an option to increase the mpstpacity of the network.

Table 4.8: Fault current at the substation for the different locations of the windrtasb

PCC I (KA) law (KA) ey (KA)

Bus 2 3.711 1.437 5.147

Bus 3 3.711 1.339 5.045

Bus 4 3.711 1.242 4.944
4.3 Summary

This chapter has analyzed the different integration issfiesnd power as a possible limiting fac-
tor based on which siting of wind turbines or farms are prego®epending on the location of the
wind turbines with respect to the substation transfornmerglectrical characteristic of the network
at the point of connection, and the wind turbine technolaggstly one integration issue will be
dominant. For voltage flicker and harmonics to become ailgpifactor in wind power integra-
tion, the network should already have a substantial amddhtatuating or distorting installations.
Even in this case the distribution network should have a @atpely very low value of SCC at
the substation. Otherwise if the SCC at the substation isivela high and if it is the SCC at the
connection point which is considerably low, then, in thiseavoltage rise may most likely become
a limiting factor. Moreover, the increase in fault level lviespect to the fault handling capability
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of the switchgear is a concern only in cases where the extgridas very strong and the available
margin of safety to handle additional fault contributiorvésy low. Voltage rise and thermal over-
loading can become limiting factors irrespective of thelgondition. Voltage rise usually depends
on the electrical distance of the new installation with extfo the substation while overloading
depends on the thermal rating of the involved network coreptsisuch as transformer and cables.
Thus, in majority of the cases, voltage rise becomes a pmolide installations further from the
substation and overloading is a limiting factor when thealations are electrically close to the
substation.

In a distribution system where the hosting capacity is kaitlue to overvoltage, overloading,
voltage flicker, and harmonics, it is found that installingh@ turbines as electrically close to
the substation as possible, maximizes the hosting capatiydistribution system. Moreover,
when more than one PCC is sought, the PCCs should be distribntdiferent feeders as well
as laterals. Even with regard to loss consideration, whegelacale integration of wind power
is sought, installing wind turbines or farms electricallgse to the substation minimizes the loss
in the system. It is also mentioned in Chap&that the effect of wind power on the FTC is
almost independent of the location of wind farms in a givestridbution system. Therefore, based
on the integration issues of wind power discussed in thisishéhe increase in fault level is the
only reason that one may need to install wind turbines awam fthe substation when trying to
maximize the wind power hosting capacity of distributiosteyns.

56



S}

Wind power hosting capacity of a
distribution system

This chapter deals with the determination of the optimatingscapacity of a distribution system.
The chapter starts with a discussion of the traditional woase approach of assessing the hosting
capacity of a distribution system. Then the role of activenageement strategies in increasing the
hosting capacity of a given distribution system is discdsdacorporating these active manage-
ment strategies, an optimization model is developed tosaste optimal hosting capacity of a
given distribution system. A discussion on stochastic wio@er and load data modeling is also
included in this chapter. This will provide a useful tool foad and wind power data generation
whenever the available load and wind power data are not aktipeired size or type. The chapter
concludes by presenting and discussing results from twe staslies.

5.1 Assessing the hosting capacity of a distribution system

5.1.1 Worst case analysis

Current distribution systems are operated passively. Tlean® these systems are not actively
controlled to insure that system components operate ortlyjmthe allowed range of voltage and
thermal loading. Therefore, while permitting a given wirayer installation, distribution system
operators (DSOs) consider the worst condition under wHiehslystem can operate. Under this
operating condition, the philosophy is the the system shfuriction with every power quality and
reliability indices of the system being within the accepdbnit.

In Chapterd, voltage rise and overloading of system components have ideatified as the most
common problematic effects of wind power. Voltage rise esdue to reverse power flow. If the
power generation from a wind turbine/farm is locally congahthe reverse power flow decreases.
Thus, the worst case reverse power flow, corresponding tondeeémum voltage rise, happens
when the load is at its minimum and the power generation itssanaximum. The same holds
true for the overloading which happens due to wind power pectdn. That is, the higher the
reverse power flow, the more likely it is for the network elerseto be overloaded. Hence the
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maximum generation and the minimum loading condition inghstem ends up being the worst
condition. The maximum loading together with the minimunmgetion can cause overloading
and undervoltage. However, the same condition can arigég isystem even without wind power
installation. Thus, the analysis of such condition is natassary to assess the wind power hosting
capacity of the system. The analysis based on such assungftroinimum load and maximum
wind power generation is called worst case analysis. In thestacase analysis, the objective
is for the voltage to remain within, e.g4 5% of the nominal voltage and the power flow to
remain within the thermal ratings of the system elements.e8as the worst case, a number
of optimization approaches have been proposed to asseswstiag capacity of a distribution
system ¥8,79,87,92 102. Optimal power flow (OPF) based approach is proposed @¥][to
determine the available headroom for DG. Genetic algoritg#h) [78,87], and combined OPF
and GA [79,92] are used to determine the optimal position and size of DGs.

5.1.2 Active management strategies

The approach based on maximum generation and minimum |Isaoteethe network from potential
power quality and security concerns. However, due to higiakdity of both load and wind power
generation with a low level of correlation, maximum generaand minimum load condition in
the system rarely, if ever, coincides in practice. Hence #pproach unnecessarily hinders the
penetration of wind power into the electricity grid. It aldeprives DSOs from potential benefit
they could gain. Hence the use of active management steatbgve been proposed to deal with
this rare event and increase the penetration of wind powerthre electricity grid 3-9]. The
discussion of these active management strategies is peelserthe following subsections.

5.1.2.1 Reactive power compensation

The main objective of using reactive power compensation (RBP®) alleviate the voltage rise
problem, although it can be used for loss minimization antigating other integration issues of
wind power, such as voltage flicker$(3 104]. In case of voltage rise mitigation using RPC,
reactive power is consumed by the wind turbines or by someratbmponents such as static
VAR compensator (SVC) or static synchronous compensat@XTSDOM) so as to bring down the
voltage at the terminal of the wind farm within th€5% limit.

5.1.2.2 Coordinated on-load tap changer voltage control

The traditional or the existing practice of controlling &@pangers is based on two main principles,
as discussed in Secti@2.1.1 The first one is based on keeping the voltage within a givexdde
band around some reference voltage. In the second approadontrollers are augmented with
line-drop compensation to boost voltages more during h&saging condition 27]. Due to intro-
duction of wind power, however, the voltages at differeediers may differ widely. This makes it
difficult to properly regulate the voltages at differentdees with just one substation OLTC. Even
if separate regulators are assigned for each feeder, therfagtor of the feeder where wind power
is installed can vary considerably depending on the windlitmm. This makes voltage regulation
very difficult especially for second approa@v]. Even for the first approach, a better voltage reg-
ulation, hence, higher hosting capacity can be achievdutivé use of coordinated OLTC voltage
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control in a distribution system limited due to voltage nweblem. In coordinated OLTC voltage
control, the OLTC is controlled to keep the voltage on vasiotitical points in the system within
the acceptable voltage limits. These critical points arellg the end and beginning of feeders or
laterals and can be identified more specifically using load fitudies.

5.1.2.3 Wind energy curtailment

The principle behind wind energy curtailment is to curtaitgof wind power production in case of
overvoltage or overloading. This is the only solution inecagoverloading unless some expensive
solutions, such as energy storage and capacity enhanceanemhade. In case of overvoltage,
coordinated OLTC control is the preferred solution as there need for extra reactive power or
consumption from external grid nor does it involve wind powertailment.

5.1.3 Costs and benefits of wind power

The active management strategies (AMSs) subject the DSQhandind farm owner (WFO) to
costs of their own. For example, wind energy curtailmenseauoss in revenue for the WFO and
cannot be used unlimitedly. Similarly, RPC, if used excesgiveay lead to unacceptable power
losses in the network. Therefore, one needs to identify #pacity of wind power that can be
installed using AMSs while maximizing the profit gained bg fASO and the WFO. To this end,
different costs and benefits of DSO and WFO need to be analfhecthext subsections discuss the
main costs encountered and benefits gained by WFO and DSO dhtedaation of wind power.
The focus is only on the monetary costs and benefits. Hencexé&mple, the extra benefit gained
by a society due to environmental benefits of wind power igain into account. Moreover, the
discussion of some financial tools from economics, whichugesl in our cost-benefit analysis, is
included.

5.1.3.1 Costs & benefits of a distribution system operator

Costs of a distribution system operator:The DSO may encounter a significant cost during the
connection stage of the wind turbine. The DSO faces thede only if there is a need to reinforce
the network 1105. Otherwise the connection costs up to the point of commapliog are endured
by WFO. Since this study focuses on increasing the hostingarigpusing the existing system, no
connection cost is assumed on the DSO. Other sources ofardsief DSO due to the connection
of wind power may include:

e Increase in network losses due to reverse power flow
e Curtailed wind energy, depending on the agreement betweeh3®© and WFO
e Infrastructure for implementing AMSs

Benefits of a distribution system operator:Network investment deferral can be seen as the major
benefit of distributed generations in general. Howevertdugcontrollability of the energy source
(i.e wind speed) at the wind turbines and low correlatiomieein load and wind power data, wind
farms can only make minor contribution to network investiméeferral. In other words, wind
power cannot be relied on to meet the peak power demand irtrébdi®on system as the power
output from wind turbines depends on the wind condition edhea.
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On the other hand, in countries like Sweden and UK, the WFO pay$SO network fee for
using the network106. This network fee usually breaks down into a combinatiomy of the
following ones as determined by different regulatory fraraeks [107-109:

Fixed charge per month or per year

A fee based on kW installed or maximum power injected per monper year
A fee based on kWh energy transmitted by the network

A fee based on kVarh reactive power consumed and transmitted

5.1.3.2 Costs & benefits of a wind farm owner

Costs of a wind farm owner: The overall expenses of the WFO are affected by numerous param
ters such as the capital and variable costs of the wind teytive discount rates, and the economic
life time of the wind turbine 110.

Capital costs: The capital cost includes the costs of the wind turbineshdation, road construc-
tion, grid connection and other project development andrptey costs. Usually, these costs con-
tribute to 80% of the total cost of the project over its entife [110. The actual value of the
capital cost differs significantly between countries as aglbetween projects. According to the
report by European Wind Energy Association (EWERZ), fthe capital cost in Europe differs be-
tween 1 million€/MW and 1.35 milliorf€/MW and the average turbine installed in Europe costs
1.23 million €/MW. Future forecasts by both European commission and Earopvind energy
association show that the capital cost will be lower thantithatoday R]. Moreover, the lifetime

of the wind turbine is around 20 years for onshore wind twbiand 25 years for offshore on@s [

Variable costs: Variable costs include expenses pertaininglttq

e operation and maintenance (O&M) cost, which includes r@goiaintenances, repairs and
Spare parts

e Landrental

e Insurances and taxes

e Administration, including audits, management activitiBecasting services and remote
control measures.

The current estimate of these variable costs obtained fidf& & is between 12 to 1£/MWh [2].

Benefits of a wind farm owner:In most countries, renewable energy, including wind povger,
supported through regulating either the price or quantitglectricity from these sourceg][ In
price based schemes, the supplier of electricity from resvsources receive subsidy per kW
of capacity installed, or payment per kWh produced and solds ¢an be in terms of soft loans
during the investment stage or the supplier is able to selkthctricity at a fixed feed-in tariff or
at a fixed premium (in addition to the electricity market pjic

Tendering and Tradable green certificate (also known asuvadsle portfolio standard models in
US and Japan states) systems are the two commonly usedtyuleased schemes. In the former
case, a tender is launched by a government body to supplyea gmount of electricity with a

guaranteed tariff for a specified period of time. In the lati@se, the supplier of electricity from
renewable sources sell two products: electricity, whickakl in electricity markets, and green
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certificate, which is sold in a market for fulfilling the padi&l obligation to supply renewable
energy PJ.

In Sweden, green certificate is used to support energy froewable sources. The average green
certificate price in Sweden for 2011 was 278MWh [11]] and the average electricity price at
spot market was 47.868/MWh [112. Hence the average revenue gained in 2011 by producing a
MWh of electricity from wind power was 75.7Z.

5.1.3.3 Tools for cost benefit analysis

When dealing with costs and benefits occurring at differenefithere are a number of tools that
can be used to facilitate decision making about an invedtniare two of them are presented.

Present worth analysiss a method by which costs and savings at different time amgeoed for
decision making.

Given f}" as a present worth factor, then the amount of net cashBjpat a future yean is equal
to Aamount at present, wheBy andA are related as follows

A=B,fPW (5.1)
Using the discount rate, the present worth factof!", of money at yean is given by fL13

1

foW =
(T4

(5.2)

The net present value{®, of cash flows occurring at a different time is the sum of thespnt
worth of individual cash flows i.e.

N
VP=S Bn R (5.3)
n=1

Where N is the total period of the investment in years. If icettnet cash flows occur in every
year t starting from year one i.8, = B,V n, then we have

VP =B x f"PW (5.4)
where N
1+r)V -1
npw __ (
r(1+r)N (5-5)

Levelized valuesy, is the constant annual cost of the project having the saesept worth as
the actual cost of the project.
N
VRV RICAR A (5.6)
(1+r)" -1
Levelized costs can give a better platform for comparinged@nt projects with different life
times [L13.
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5.2 Modeling the hosting capacity problem

Based on the discussions in Sectmf, this section develops an optimization model that that can
be used to determine the optimal hosting capacity of a digion system and the optimal usage
level of active management strategies.

5.2.1 The Objective function

Since the optimal capacity could be different based on wiversathe different costs incurred due
to the active management strategies involved, separagetolg functions are developed for each
actor, i.e. DSO and WFO. The aim of the objective functiongaoh case, is to maximize the net
benefit of the corresponding actor taking into account tffergint costs and benefits discussed in
Section5.1 Moreover, some costs of wind power integration, such ataited energy, may be
covered by either the DSO or the WFO.

Both objective functions are subject to the same equalityimeglality constraints provided in the
subsequent sections.

5.2.1.1 The Objective function of the DSO

The objective function of the DSO is developed assuming tt@atDSO agrees to pay the WFO
for the curtailed energy. Hence, the DSQO'’s objective is taimae the net benefit it gets while
covering the cost of curtailed energy and increase netwaskes over the economic life time of
the wind turbine and is formulated as

maxO =S an — biPSU — cAP'OSS 4 d 5.7
e~ Fon - L0 &
where

aj, bi, ¢, andd are coefficients to be calculated based on cost benefit déte afSO

n; Is number of wind turbines with 1 MW capacity

P is curtailed power in MW at each bus i and time t

AP'0sS is the change in power lossB$SS due to wind power introduction, where

2-Vkt- Vit

1 T th 2
ploss__ — . (_v) RVt S L, A -
T ZZJ;QK" ( N j t It Mt K9jt — Ot) (5.8)

In (5.7), the first term accounts for revenue from network fee whikegecond and the third term
represents the cost of curtailed and increase in netwosk$a®spectively. The last term represents
any constant revenue or expense, e.g. subscription fegstment cost of the infrastructure for
implementing AMSs. Moreover, the coefficients of each tenoutd be calculated as the present
worth of the associated costs or benefits during the life tihiee wind turbine. Moreover, one can
calculateb; (excluding the cost of curtailed energy) to investigatedase where the DSO covers
only the cost of increase in network losses.
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5.2 Modeling the hosting capacity problem

5.2.1.2 The objective function of the WFO

Similarly, the objective function of the WFO is developeduamsgg the WFO bears the cost of
curtailed energy. Hence the objective function which mazes the net benefit of the WFO is
formulated as

maxO =% ain — ZZBiP.?t“f—K (5.9)

. pcur
r]I aPi’t

In (5.9 the first term accounts for revenues (including eleciriaitd green certificate sell) and
costs (investment cost, O&M costs) per kW of installed c#paeghile losses in revenue due
to curtailed energy is accounted for by the second term. @ketérm represents any constant
revenues or expenses. Similar to the case of DSO, the ceetdn 6.9) should also be calculated
as the present worth of the associated costs or benefitgdterife time of the wind turbine.

5.2.2 The constraints

The objective functions proposed in the previous subsectie subject to different equality and
inequality constraints. These constraints are describ&xhb

5.2.2.1 Equality constraints

The equality constraints are the load flow equati@& [

Rt— P|Dt =3 YiuVitVutcog 6 u+dut — Git)
J

. 5.10
Qi,t—QEt = — Y YiuVitVutSin(6iu+dut — ait) (5.10)
]
where for buses to which wind power is connectadcan be replaced by
R:=nRY R} (5.11)

andPth" is the available wind power at tinteand at bus [p.u.]

However, whenever the hosting capacity is limited due tovitieage rise problem, the limits on
the tap ratio may be violated. Under such a condition, the meed to constrain the tap ratio
within its limit. One way of doing this can be to model the etats of the admittance matrix
that are affected by the tap ratio as decision variables.tfaravay could be to use the modified
load flow equations proposed in Secti®2.1.3 The first approach, besides the variables of the
original load flow equations5(10), will have some elements of the admittance matrix and the ta
ratio as additional variables while the second approadthaile only the tap ratio as an additional
variable. Hence the second approach takes less simulatien fThus, the modified load flow
equations derived in Secti¢h2.1.3((3.9 revisitedl and 3.10 revisiteg)) replace $.10.

For bus ink € K:
Pt =Rt = %PIEJ‘J

3.9revisited
Qk,t - QE,'[ = %QEL’[ ( )
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where
F Vi \? VitV
Fae =\ ) %i— Yk cogJjt — Ot + Pi.j)
k,jt k o
y bt ViV (3.7revisited)
QEJ,t:_VkZ.t _27J +7’J + Yk, SIN(Ojt — &t + Px j)
"\ Mkt Nk,j t
For busj € J:
Pj,t—PjI?t:%Pfk’t oo
.10revisite
Q- Q=3 ( )
where
Vi tVkt
I:)jF,k,t :ij,tgjﬂk_ L Yi, kCOY Ot — Ojt + Pi. j)
k] bc Vi Vic (3.8revisited)
ijt_ (bj7k+77>+ Iflk tyj SiN(&t — Ojt + Pk j)
it

5.2.2.2 Inequality constraints

The inequality constraints include:

e the limit on the thermal capacity (current limit) of netwatkmponents; this includes the
limit on the ampacity of network cablda;?-t, as given by %.12%, and the power rating of the

substation transform ajt, as given by %.13,

2 .
VE | (V& + VA — VitV €08 8 — Bcy)) < (llzf*j‘) VK> | (5.12)

Vir \ 2 2-Vii Vi 2 _
Vﬁ,ijz,t ((nk ?tt) +Vj2,t B VIt cogd; ¢ —5k,t)> < (gka}> vk>j (5.13)
7]7

N jt
¢ the limit on the available range of tap ratio,

I‘lk < nk i t > < nmaX (514)

y

¢ the voltage limits on each bus,
\/imln S \/i,t S Vimax (515)

Yn = model of a line (Fig3.2), the current that passes through the resistive elemertarses thermal overheat-
ing can be calculated usifg; = yk,je""kJ (Vk’te'@ 7Vj_’te|61) and this gives%.12. Similar analysis on thea-model of
a transformer (Fig.3) gives 6.13.

64



5.3 Stochastic wind power and load data modeling

o the limit on cost of curtailed energy, mainly compared todbst of alternative investment
such as reinforcement,

VZ Z P +C¥M< x (5.16)
|

where

y  the net present worth of a MWh of electricity from wind pow&fMwWh]

C2M the net present value of the cost of active managementgyrate

X the net present value of the cost of the alternative investme
If the projects (the AMS system and reinforcement) are kntwvhave different life time,
it would be more reasonable to compare based on levelizad @ber than the net present
value.

e whenever necessary, a limit on the curtailed energy as &p&ge of the total available

wind energy at each busan be set as,

Z R <0 Z ni RYt\’ (5.17)

whereg; is the maximum allowed percentage of curtailed energy vatpect to the total
available wind energy
e and the limit on available active and reactive power at eash b
P < R < P

< Q< QI (5:18)

Rt andQ; do not need to be bounded at the slack bus. Haf{k‘:’éandQ{f{‘“ can be assigned
—oo andR T and Q[ can be set te-co. For buses with wind power, wheR; is replaced
as in 6.11), the constraint oR$" can be given byg.19,

0<RY <nRY (5.19)

andQ", QM?* are given by §.20.

s n

it

/ 2
max _ ni,t F;:Yt\/ 1r’— r’

(5.20)
it
wheren is the minimum operating power factor level of the wind tuashi For the rest of the

buses all limitsPT", RT&, QM", andQ}**-should be zero.

5.3 Stochastic wind power and load data modeling

Determining the optimal wind power capacity of a given netwdepends on the load and wind
power condition in the system. Consumer loads and wind poweestachastic by nature. When-
ever available, time series load and wind power data candgbtogepresent this stochastic nature.
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5. WIND POWER HOSTING CAPACITY OF A DISTRIBUTION SYSTEM

However, time series data are rarely available at everyrbagjiven distribution system. This de-

mands for another way of generating load and wind power datsieover, when time series data
are available, the length of the series can be large. Depgaii the network size and the number
of equality and inequality constraints involved, this magult in longer convergence time of the
optimization model. Hence this section provides a disaussf a mathematical (statistical) model

that captures the stochastic nature of load and wind powaragawvell as the correlation that exists
between them. Using this model, data of required size carehergted based on existing mea-
surement data or some established models such as loacdduwatves (for load data) and Weibull

distribution (for wind power data).

A statistical modeling usually means coming up with a sinfptemathematically tractable) model
without the knowledge of the physical aspects of the situratHowever the model should try to
capture the important characteristics of the physicahsitn such as the appropriate density shape
of the univariate margins and the appropriate dependengette L14. Though a number of
alternatives have been proposed to model multivariateomnurocessesdlfLy, the copula method

is found to be more flexible and more suited for modeling tlelsistic nature of load and wind
power data9, 116 117. Hence, in this thesis, the copula approach is chosen fatetig the
stochastic nature of load and wind power data, which is raificussed below.

5.3.1 Using copula to model the stochastic nature of load and wind power

Copulas provide an easy way to model and generate randonryedbi@n one believes that the
dependence structure between the random variables capiessad independent of the marginal
distributions of the random variable$15. The univariate marginal distribution functions can be
modeled by using parametric or non-parametric models vithd@lependence structure is captured
by using a copula. In this thesis, the Weibull distributisnused for modeling the wind data.
However, since the parametric models are not flexible enoagton-parametric modell§ is
used to model the load data. The dependence structure arherdpta is captured using the
Gaussian copula.

The following subsection introduce the concept of copulhtiie copula types investigated for use
in stochastic modeling of load and wind power data.

5.3.1.1 Copula: definition

Given p uniform random variabley, uy, ..., up in the unit interval, where these random variables
are not necessarily assumed to be independent, the dependetween them is expressed as
follows using copulall9.

C(ug,ug, ..., Up) = prob(U1 < up,Us < uy,...,Us < ug) (5.21)

where C is the copula and is a uniform random variable andis the corresponding realization.
Thus givenp random variablegy, xy, ..., Xp with the corresponding marginal distributié(x, ),
Fo(%2),..., Fp(Xp), their multivariate distribution function can be given by

F(X1,X2, ..., Xp) = C[F1(x1), F2(%2), ..., Fp(Xp)] (5.22)
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5.3 Stochastic wind power and load data modeling

The marginal functiong(x1), F2(x2), ..., Fp(Xp) can assume any distribution independent of each
other and the copula structure. There are both parametti®an-parametric copulas. Copulas
are usually grouped into copula families.

5.3.1.2 Families of copula

There are a number of families of copulas which have diffecapabilities in dependence model-
ing and have their own pros and cons. The two main familiespiita are: the elliptical copula and
the Archimedean copula. Elliptical copulas have elligtmantoured distributions. Their key ad-
vantage is that one can specify different levels of con@atdbetween the marginals. Their key dis-
advantages are that elliptical copulas do not have closetdapressions and are restricted to have
radial symmetry which means they cannot model asymmetpenidence]2(q. Unlike elliptical
copulas, Archimedean copulas have a simple closed formheryccan model asymmetry available
in empirical data. The Archimedean copulas reduce the stfigiyultivariate copula to a single
univariate function. However, these copulas use only omarmpeater which limits their flexibility
in modeling the dependence of multivariate vectors. Thaihgine are variants of Archimedean
copulas that provide better flexibilities for modeling nidtiate random variabled.21], they are
computationally intensivelR2. Therefore, due to their low computation complexity andhi
versatility in dependence modeling, elliptical copulas preferred in this thesis for modeling the
dependence among load and wind power data.

5.3.1.3 Elliptical copulas

Elliptical copulas are of two types: Gaussian copula angptdta. Both copulas have a dispersion
matrix, p, and t-copula has one more parameter, the degree of freedémyeported in127, the
Gaussian copula does not model upper tail dependence yntess whereas the t-copula could
do that for different values gb. However the degree at which it models upper tail dependence
gets weaker as the degree of freedom increases. While botlasopan cover the modeling of
dependence from perfect negative dependence (countetomicity, p = —1) to perfect positive
dependence (comonotonicify,= 1), the t-copula does not model independence unéssds to
infinite [123).

However, on one hand, no tail dependence is seen betweeandadind power data, hence there
is no need for the ability to model tail dependence. On theroland, the Gaussian copula has
a much lower computational complexity than the t-copulandée the Gaussian copula is used
in this thesis for modeling the dependence among load and power data. Mathematically the
Gaussian copula is represented bg24:

C(U. Uz, .. Upi P) = Bp[D(uy), © L (t). ... & (up) (5.23)

where®, the standardized multivariate normal distribution withretation matrixo and®~* the
inverse of the normal distribution.

5.3.2 Estimating parameters of the Gaussian copula from empirical data

In general the maximum likelihood methoti4] can be used for estimating the parameters of a
copula based on observed data set. In this method, the p@arsnoé both the marginal functions
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and the dependence structure are jointly estimated whidlestae method computationally inten-
sive. An alternative approach is to estimate the paramefezach margin independently before
the parameters of the dependence structure. This appreadiléd the inference functions for
margins (IFM) method. Yet another approach is to transfdrenobserved data se, ...,x}) into
the uniform variatQutl, ...,U§,) using an empirical distribution and then to determine thampeter
of the copula using the uniform variate. This method is chilee canonical maximum likelihood
method or CML. The IFM (or CML) estimator for the Gaussian cagislgiven as124*:

—

pomL = G G (5.25)

|~

whereg = (©~1(U),..., " 1(u)).

5.3.3 Sample generation using the Gaussian copula

The reason behind searching for a statistical model to septehe stochastic nature of load and
wind power data is to finally generate synthetic data of aireduength. This generated data can
further be used to make load flow calculations.

For Gaussian copula, random numbers having the requirezhdepce structure is generated from
the Gaussian distribution. Then, the Gaussian (hormalutative distribution function is applied
to get a random uniform variabled)s, ...,Uy). Finally, X; = F)Q‘_l(Ui) gives the synthetic data that
possess the dependence structure as well as the margires afiginal random variables (in our
case load and wind power data).

5.4 Case study

This section provides the results of two independent cas#ies. The first one is based on a
widely studied 69 bus system found in literatu%. The second one is based on a real case
study: a rural 11kV distribution system operated by Fall®ygdEnergi located in Fadping area

in Sweden. Further description of the distribution systerlsbe given in the respective sections
below.

5.4.1 Cost-benefit data

Here the main focus is to discuss the monetary value of thensess costs and benefits of both
the DSO and the WFO. It is based on these costs and benefith¢habefficient of the objective
functions of the DSO and the WFO are calculated for each sicendlioreover, these same cost
benefit data are used for both case studies.

1 this is asymptotically equivalent to calculating the Speam’s correlation and to deduce the correlation param-
eter using the relatiorlp2:

p= Zsingp (5.24)
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5.4.1.1 Cost-benefit data of the distribution system operat

The monetary values of the benefits of the DSO are taken to d@&dhwork fees charged by
Falbygdens Energi. These fees are shown in Talfe[107).

Table 5.1: Network fees for rated power above 1.5 MW connected to 11 kV network

Subscription fedPeak power fedistribution feeTransmission benefit
(%) [€/y1] (") [€/MWImon] |(p™) [€/MWh] |(p") [€/MWh]
3975 812 1.30 -2.27

The different fees in TablB.1are explained as follows:
e Subscription feed®"): a yearly fee paid for subscription of service.

o Peak power feed"): the monthly fee paid by WFO based on the maximum one houageer
wind power injected.

e Distribution fee p9): the amount paid by WFO per MWh of electrical energy injected.

e Transmission benefipfP): the payment made by the DSO to the WFO to account for the
benefits of distributed power production. On the other h&athygdens energi gets the same
level of reduction in payments made to the transmissioresysiperator.

The costs of the DSO are the expense due to increase in nelvgsds and the refund made to
the WFO for curtailed energy. The monetary value of the cost@kase in power losses is taken
to be the average spot market price for Sweden in 2011: 4€/B8/Nh. For the curtailed energy
the DSO is assumed to pay the WFO the opportunity cost of thaitmd energy. This equals to
the average spot market price plus the average cost of a geetificate: 75.7&/MWh. Besides
the DSO will lose some portion of the revenue from networkdae to wind energy curtailment.
On the other hand, the DSO needs to invest on communicatibea@mtrol infrastructure that im-
plements the AMSs. The review of investment costs of AMS fidifferent projects shows that
the cost varies between 10&€k 850 k€ [126-131]. The costs vary depending on the number of
points being monitored and controlled and the type of actiamagement strategies being imple-
mented. However, as pointed out &8p], the DSO may refund this cost by increasing the network
fees. Of course, this will put additional cost on the WFO. 8isome of these projects include the
cost of research and development (R & D), the cost of AMS isetqal to decrease in the future.
Hence the capital cost of AMS in forth coming analysis is assti to be 100 € per substation
with 12 k€ for each additional wind power connection point, asliaq. That is, its taken to be
roughly 200 K for Case study | with eight PCCs and 106 kn Case study Il with one PCC.

Based on these cost-benefit data, the formulas for calcgl@ti@ coefficients of the objective
function of the DSO in%.7) are given as:

1The data are original given in SEK. It is converted it®asing the all time average exchange rate, 9.2319 SEK
= 1€, obtained from European central bank
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a = fmpnmonppf+ f_cfpdf
i
fmpnmonppf hyr

bj = ————+ = (p% +C°+C%)

SR (5.26)
c=Cen"
d= psf

where
fMP the average monthly peak power from the wind turbines [p.u.]
nM°" number of months per year
fin capacity factor in numbers of hours of full power productiom year
" number of hours per year
T  sample length
C® cost of electricity based on spot mark€/MWh]
CY cost of green certificateg}/MWh]

Here, it is assumed that the cash flows of the DSO due to thepawer do not change from year
to year. Thus, the expression for coefficients are formdladenaximize the annual net benefit of
the DSO. This provides the possibility to assess the netfiv@fi¢he DSO with different discount

rates.
5.4.1.2 Cost-benefit data of the wind farm owner

As for the WFO, most of the monetary values of costs and beraftgiven in Sectiorb.1.3
which are summarized in Tab%2, including the network fees presented in Tablg

Table 5.2: An estimate of costs and benefits of a WFO

Revenue from electricity sal€f) [€/MWh] 47.89
Benefif Revenue from green certificate sal¥{) [€/MWh] 27.92
Revenue from transmission beneptl) [€/MWNh] 2.27
Investment costC®) [€/MW] 1225000

O&M costs CY) [€/MWNh] 14.5

Costs AMS implementation cosiG@™) [€] 100-200 k
Distribution fee p) [€/MWAh] 1.3

Network feePeak power feegP") [€/MW/month] 812
Subscription feed®) [€/yr] 3975

Based on the cost and benefits of the WFO presented in BaBl¢he formulas for calculating
the coefficients of the objective function of the WFO W9) are given in $.27). One should note
that these coefficients correspond to the case where the Wik€@des the cost of curtailed energy
but not that of increase in power losses. In the case wher&/#@ concedes both costs, another
coefficient is added to account for the loss increase.

Bi — ((Ce+CgC—|—ptb—CV _pdf) ficf _ fmpnmonppf) w fnpw

a; =3 —C° (5.27)

K = psf>< fnpw 4 cam
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where

f"PW the net present worth factor given i6.5) and n which is the life time of the wind
turbine is taken to be 20 years

CV variable costs of wind powe}/MWh]

C® capital cost of wind powerg/MW]

5.4.1.3 Comparing energy curtailment with grid reinforcement

Using constraint4.16 a comparison is made between wind energy curtailment arestiment
on capacity enhancement of the substation transformer texrdme if and when investing on
substation capacity enhancement could be a better optiabst&ion capacity enhancement is
chosen because it is the constraint that needs major ineestmincrease the hosting capacity of
the system. The cost of curtailed energy is takery as75.77€/MWh. This includes the loss
in revenue from both green certificate and energy sell. Tlsea@onew substation construction is
roughly estimated to be 93 080MVA ! [133. Thus 6.16) can be rewritten as:

75-77|Z Z POr 4+ CaM < gsooolz n (5.28)

Besides substation capacity enhancement it is possible¢stigate enhancement in the form of
reconductoring, new cable installation, etc.

5.4.2 Case study I: 69 bus system

5.4.2.1 Network and data description

Network description: This is an 11-kV radial distribution system having two salisns, four
feeders, 69 nodes, and 68 branches as shown irbHiglt is also assumed that

e each substation has a 10 MVA transformer wii{?o) = 8 andX/R= 16
¢ the external grid has a SCC of 250 MVA wiyR = 10
e only those buses within the shaded area are available foreotion

Data description: To use the optimization model developed in Sectd? load and wind power
data are needed as an input. 2% average load data on each bus are provided. Assuming the
load duration curve of Fi§.2 synthetic data of 1000 samples are generated for the loaalcht
buss. Full correlation is assumed among load data on difféxeses. The synthetic data generation
is done in such a way that the mean value of the synthetic latalid equal to the values given

in [125 for the corresponding bus.

For wind power data, the Weibull distribution has been usagkherate the wind speed data, which
are converted into wind power data using the power curve gpedl wind turbine. Moreover,
since usually wind power and load data have only a low levebofelation L17], independence is
assumed between wind and load data. However, wind poweiatldiierent sites are assumed to

Lits average value is given in the reference as 112 000$/MVAjths converted into€ here using the all time
average exchange rate betwegmand $i.e. 1.2103
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5.4 Case study

be fully correlated. This is valid since in a distributiorsggm of this size the correlation between
the wind speeds at different area are high. For example,emétwork analyzed as Case study
I, there are wind turbines from around eleven locationhmietwork. The correlation between
them varies between 0.83 and 0.96.

5.4.2.2 Siting the wind farms for maximizing the hosting capcity of the network

Before any optimization is done on the hosting capacity ofribsvork, the optimal siting of the
wind farms should be chosen based on the objective in camagidie: maximizing the wind power
hosting capacity of the network, in this case. Based on theudgon in Chapted, buses 7, 11,
20, 28, 33, 39, 54, 59 can be determined as those combindtlmrses which result in maximum
hosting capacity.

5.4.2.3 Hosting capacity and the active management straties

In this section the role of each active management strategycreasing the hosting capacity of
the system is presented. Two cases of average wind speectsaidered:

e Case 1: with average speed of 7.5 m/s with a shape factor oLiingsin a capacity factor
of 33.4%

e Case 2: with average speed of 6.5 m/s with a shape factor oti2ingsin a capacity factor
of 25.6%

Fig. 5.3shows the capacity of wind power that can be installed usiifigrdnt AMSs. The hosting
capacity is found to be the same for both Case 1 and 2. Thistly pacause the same load data are
taken for both cases. This means that the amount of wind pihaecan be installed in both cases
is the same for the first three scenarios—no active manadestrategy (No AMS), coordinated
OLTC voltage control (C-OLTC), and reactive power compemasatkRPC)—as the hosting capacity
depends on the minimum loading condition rather than thelwower condition on the system. In
the fourth scenario, which is the case of wind energy cumtiit (WEC), wind energy is curtailed
SO as to achieve the same level of hosting capacity as in e afaRPC. Consequently, 0.8%
and 0.5% of the wind energy is respectively curtailed for Cased Case 2. With this amount
of curtailed energy, together with RPC and C-OLTC, the final capavith all AMSs involved is
calculated, which is shown as the last bar of B

Fig. 5.3shows that the hosting capacity can be increased signifydayusing AMSs. The actual
increase in hosting capacity in case of RPC depends on thieolereactive power available from
the wind turbines—here operation up to a minimum power fagtd®.95 is assumed. However,
even if there is sufficient amount of reactive power, aftensdevel, the thermal capacity of the
involved components, such as cables and transformergs lihe amount of wind power that can
be installed using RPC. In the case of energy curtailment, diséirtg capacity can be increased
infinitely in theory. However, the economics of the wind powestallation determine the amount
of wind energy one is willing to curtail.

Table5.3 shows the amount of energy lost annually due to introduationind power using the
various AMSs. It can be seen that for both cases (Case 1 and LCts# 2nergy is saved due to
loss reduction when wind power is installed using No AMS an®Ia-C. This is mainly due to
low level wind power in the system. In case of RPC, due to extrs@mption of reactive power
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Figure 5.3: The role of AMS in increasing the hosting capacity (for both Case 1 & 2)

there is an increase in power losses. In case of WEC there ssarenergy due to curtailment

and gain in energy due to saving in power losses.

Table 5.3: Lost energy due to active management strategies (AMSSs)

Increase in Losses (MW/[Qurtailed energy (MWHh)Total energy lost ( MWh)
AMS type Case 1l Case 2 Case 1l Case2 |Casel Case 2

No AMS -524 -495 0 0 -524 -495
C-OoLTC -341 -410 0 0 -341 -410
RPC -21 -267 0 0 -21 -267
WEC -68 -289 305 144 236 -145
RC & WEC & C- 3267 1639 572 266 3838 1905
OoLTC

Moreover, given the same capacity of wind power, wind farnith Wigher capacity factors result
in higher losses in the system, as shown in TdbR This is because on one hand the current
flow through the network will be higher which results in highesses. On the other hand, with
a higher capacity factor, the curtailed energy increasegdalthe increase in coincidence of high

wind power and low load condition in the system.

5.4.2.4 Optimal hosting capacity of the distribution systen

The analysis in this section is done by limiting RPC in suchyattet the minimum operating
power factor is equal to or greater than 0.95 while the optieagel of curtailed energy is de-
termined. Moreover any present worth calculation in thigtisa is done with a discount rate of

5%.
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CaseDSCOFE&LOss: | this case the DSO is assumed to pay the cost of curtailedygmnd power
loses in the network.

Table5.4 also shows the optimal capacity, the optimal curtailed gnencrease in network power
losses, and the net benefit (NB) generated by each actor dharife time of the wind farm. The
cases refer to the two cases of wind speed considered iro8&c4.2.3 When calculating the net
benefit of the WFO usindx(7) the formula for coefficieng; in (5.27) is modified as the WFO does
not pay for curtailed energy. Similar modification is donéte coefficienb; in Case WFGE&L0ss
below.

For Case 2, compared to the No AMS case considered in Séedo2 3 the hosting capacity of
the network is increased by as much as 13(65)/%%484 X 100), with a corresponding increase
in NB generated by the DSO and WFO. Such an increase is achieaiedy by using RPC with
very little support from wind energy curtailment.

Table 5.4: The optimal hosting capacity of the system for Case BS&Pss

Cases Casel Case2
Hosting capacity (MW) 16.7 19.8
Curtailed energy (%) 0.01 0.02
Increase in average power losses (kW) 33 41
NB of the DSO€) 2550 0002 810 00(
NB of the WFOE) 15 200 0007 700 00d

Inline with the observation made in Sectib®.2.3 RPC is favored instead of wind energy curtail-
ment as it results in lower energy loss. Moreover, the costind energy curtailment includes not
only the cost of electricity curtailed but also the cost adegr certificate not sold. However, RPC
causes power losses for which the DSO covers the cost ofielgconly.

With respect to the DSO, lower capacity factor wind farmsgeferred in this system as can be
seen in Tablé.4. This is because, for a given wind farm size, wind farms witkhbr capacity
factor introduce higher power flows and cause more loss thaerlcapacity factors. However,
the network fee arrangement does not favor that much wimddavith higher capacity factor. To
explain the situation, in this analysis, there are two mamgonents of the network fee: the peak
power fee and the distribution fee. The peak power fee isnasduo be invariant with respect to
the capacity factor of the wind farm. This is based on the nlagi®n of one year measurement
data available from wind turbines of various capacity face the average monthly peak power is
not seen to increase with capacity factor. Hence, in thifyaisathe average monthly peak power
is taken to be 0.94 pu for both cases, i.e. Case 1 and Case 2. Adreiothe distribution fee
which depends on the capacity factor of the wind farm. But cameg to the cost of power loss
due to a MWh of electricity from the wind farm, the income gexted from distribution fee is not
significant.

Clearly, for the WFO, the net benefit increases with the capatithe wind farm. As can be seen
in Table5.4, though the capacity of the wind farm is greater in Case 2, dlbégher capacity factor
the WFO have generated more NB in Case 1.

Over all, as can be seen in Fig.4, the main source of income for the DSO is the network fee
while the main cost of the DSO is the increase in power los@saisystem. Though the cost of the
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increase in power losses are considerably low comparecteetlenue gained from network fee,
it is the main limiting factor that hinders further increasédiosting capacity. Moreover, the figure
also shows that the cost of curtailed energy is negligible.
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Figure 5.4: The cash flows of the DSO

CaseWFOCE&Loss: |n this case the WFO is assumed to pay the cost of curtailedgaad power
loses in the network.

Table5.5shows that the optimal capacity of the network is increasedpared to the DSEF&L0ss
case by 33 %= 2235198 . 100). This is a staggering increase of 213:262°3-84 x 100) com-
pared to the No AMS case. The optimal level of energy curtiltrhas also increased to 3%
compared to the DSEF4L0SS case . This is because RPC alone cannot assist a furthersadrea
hosting capacity when the thermal rating is also a limitiagtér. The power losses in the system
have also increased considerably. Now, since no cost isregsan the DSO, the NB of the DSO
has increased significantly. The NB of the WFO has also ineckas

Table 5.5: The optimal hosting capacity of the system for Case WF¥°ss

Cases Casel Case2
Hosting capacity (MW) 26.3 26.2
Curtailed energy (%) 3.0 1.6
Increase in average power losses (kW) 472 236
NB of the DSO€) 4 200 0003 940 00¢
NB of the WFOE) 20 100 0008 300 00(

When it comes to the determination of the limiting factor te thcrease in hosting capacity, the
two cases of wind farm capacity factor can be seen separdtelgase 1, the hosting capacity
is limited as a further increase in hosting capacity usingrgy curtailment is found to be less
profitable than investing on a new substation. In other wadsrther increase in hosting capacity
is limited by the constraint irg;28. In Case 2 the hosting capacity is limited as further curtaiit

is less profitable due to costs of power losses and curtaieryg.

Moreover, different cash flows of the WFO are shown in Eigh. Though there is a substantial
income from electricity and green certificate sell, thisome covers a number of costs. However,
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5.4 Case study

the AMS costs (which includes the cost curtailed energy aedrmplementation cost of AMSs)
is very low compared to costs like investment cost and ojmerand maintenance costs (O&M
costs).
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Figure 5.5: The different cash flows of the WFO

One can also further investigate the case where the DSO<fivethe cost of power losses in the
network and the WFO bears the cost of curtailed energy. Howaseseen in Fi§.4, since there is
only a negligible cost associated with curtailed energh&dSCGEEL05S case, waiving the cost of
curtailed energy from the DSO will not increase the hostiagacity of the network with respect
to the DSO. Hence unless the WFO covers part of or all of theease in loss due to the wind
farm, the hosting capacity of the network will be limited 6.7 MW in Case 1 and 19.8 MW in
Case 2.

5.4.3 Case study ll: Falbygdens Energi’s network

5.4.3.1 Network and data description

Network description: Case study Il is based on a rural 11 kV distribution system aipdrby
Falbygdens Energi located in Falkng area in Sweden. The network is fed by a 40 kV grid
through a 45t 8 x 1.67%/11.5 kV, 10 MVA transformer. The tap changer of the transformer
regulates the low voltage side of the transformer@78-0.012 pt. The voltage in the distribution
system should be withif-5% of the nominal value, i.e. 0.97 pu. There are 13 wind t@®invith

an overall installed capacity of 12.225 MW, already coneddb the distribution system. A new
wind farm is to be connected directly to the substation withralependent cable (see F3g).
The distance of the wind farm from the substation is 5 km.

Data description: The existing 13 wind turbines in the distribution systeméiawarying capacity
factor (CF) between 20% and 28% based on the available onengsssurement data. From each

111 kV is taken as the base voltage

77


5/figures/Cash_WFOCL2.eps

5. WIND POWER HOSTING CAPACITY OF A DISTRIBUTION SYSTEM

Infinite grid

Slutarp
40/10kV

New wind

«— / = 5Skm —>|ﬁ

160MVA
X/R=5 @7
— P ,Q

12.225MW wind
power already
installed

Figure 5.6: Simplified network of Fabygdens Energi

of these wind turbines there is one year hourly measuresdeaptwer data. Hourly measured
active and reactive power data at the substation are alslalalesfor the same period. Adding the
wind power data and the active power data from the substatienoad along with active power
losses in the network is extracted. This calculation shdwstinimum loading condition in the
system to be 0.5 MW. The reactive power is assumed to cometliertoad. These time series
load and wind power data are directly used in the optimipati@del.
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Figure 5.7: The load, wind and reverse power flow condition in the existing system

Fig 5.7 shows the existing condition of load and wind power and thegudlow through the
substation transformer. Though the substation transfoisn@0 MVA with minimum loading
condition of 0.5 MW and installed wind power capacity of IZ52MW, the maximum reverse
power flow through transformer based on the one year measuatatata shown in Fi§.7is 9.14

MW.
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5.4 Case study

5.4.3.2 Optimal hosting capacity of the distribution syste

It should be noted that, with the given transformer size &edabserved minimum loading con-
dition, even without additional wind power, there is a proligy of overloading the substation

transformer. Hence the optimal hosting capacity of theesygt calculated using energy curtail-
ment and coordinated OLTC voltage control as an AMS. RPC isisetl here since coordinated
OLTC voltage control is enough to deal with the voltage riggry high wind power output. Thus,

the wind turbines are assumed to operate at unity powerrfacto

CaseDSCOFE&L0ss: Similar to the same case considered in Secigh2.4 here the DSO is as-
sumed to cover the cost of curtailed energy and power losstgisystem. Then, the optimal
hosting capacity is determined for three cases of wind poapacity factor: 28%, 24%, and 20%.
The results of the analysis, presented in Tdb& show that with a small percentage of curtailed
energy a significant increase in hosting capacity can besaetii With the existing transformer
size and the minimum loading condition, it is only possiddristall 10.5 MW of wind power
without overloading the transformer. But by allowing 1% WEQ: tiosting capacity can be in-
creased up to 16.825 MW (= 12.225 MW + 4.6 MW). This amounts tenarease of 60% in
hosting capacity of the distribution system.

Table 5.6: Optimal level of additional wind power in the system with respect to the DSO

Capacity factor 28% 24%| 20%
Additional capacity (MW) 4.6 4.0 4.4
Curtailed Energy (%) 0.9 1.3 1.6
Increase in average power losses (kW) 27 18 19
Cost of curtailed energy&) 100000 110000120 00d
Cost of increased network losseS)( 140000 90000 90 000
Revenue due to network fe€j} 760 000 630 000660 00d
DSO'’s net benefit€) 520 000 430 000450 00d
WFQO's net benefit€) 2 634 0001 086 000 31 000
Cost of grid reinforcementq) 430000 370000410 000¢

The increase in hosting capacity gained here is not as muthea@SCE&L0SS case in Section
5.4.2.4 This is due to the fact that here it is mainly energy curtaititnand coordinated voltage
control that are used to increase the hosting capacityeaiimlithe aforementioned case, where RPC
is used. And, as mentioned previously, the loss increaséod®E C costs less than the energy loss
due to curtailment.

Table5.6 shows also different cash flows of the DSO during the life tohthe project due to this
additional wind power. These cash flows are calculated asguadiscount rate of 5%. Compared
to the cost of grid reinforcement needed, the cost of cedagnergy is less than one third. This
clearly shows the advantage of using AMSs, such as WEC, toaserthe hosting capacity of a
distribution system.

Moreover, the limiting factors with respect to the DSO irstbase study are costs of both curtailed
energy and increase in network power losses; in the samarsc@onsidered in Case study I, the
limiting factor was the loss increase. It is interesting @ée ghat, even though the cables between
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the wind farm and the substation are not as lossy as in theonletw Case study |, the increase in
network losses still plays a significant role in determining hosting capacity of the network.

Unlike the case studied in Sectiém.2.4 Table5.6 does not show the hosting capacity to follow
a specific trend with the CF of the wind turbine. This is becahseeffect of increase in loss with
capacity factor is not as severe as in the Case study |I.

In summary, the analysis shows that, in networks of diffetgpes, DSO can use AMSs to increase
the hosting capacity of the network thereby increasing #mebt obtained from wind power as
well as promoting the cost effective way of integrating wpwlver to the power system.

CaseWFOCE : In Case study I, though it seems unlikely, we have considéredase where the
WFO covers the cost of curtailed energy and increase in nktless. Otherwise, the hosting
capacity will be limited to a lower value as determined in @ase DSGF&L0SS |n contrast, here
we consider the case where the WFO covers only the cost ofledremnergy. The increase in loss
will be covered by the DSO.

Table5.7 presents the optimal hosting capacity, WEC level, and théeeéfit of the WFO for
three cases, which differ based on the CF of the wind power laadliiscount rate (DR) of the
investment. The cases are:

e Case 1: C 28% and DR=5%.
e Case 2: CE= 28% and DR= 7.5%.
e Case 3: C= 24% and DR=5%.

Table 5.7: Optimal wind power capacity with respect to WFO for different capacitjoi@cand discount
rates

Case 1 2 3
Additional capacity(MW) 7.0 7.5 6.0
Curtailed Energy (%) 3.3 4.1 3.8
Increase in average power losses (kW) 53 59 34
WFQ'’s net benefit€/life time) 34200001 250 0001 190 000
DSO'’s net benefig/lifetime) 810000 847 000 731000

The different cash flows of the WFO are provided in bi§. These include revenues from energy
sell (which includes the revenue from both electricity amelep certificate sell), the cost due to
network fee, O&M costs, the expected investment cost, teeaf0AMSs (which includes the cost
of curtailed energy and the implementation cost of AMSs)|, e net benefit.

Compared to the the same case in Tdbwhere the wind turbine has a capacity factor of 28%,
the additional curtailment in wind power, e.§3%:22% — 2.7, does not result in a comparable
boost in hosting capacity of the network, e.é%3 = 0.5. But still a significant increase in

hosting capacity, 83%= 122255710-103) "is achieved with a relatively small curtailed energy,
3.3%. Moreover the AMS costs, as shown in Big, is very low compared to other costs of the
WFO.

Table5.7shows also that the hosting capacity decrease with theasene CF of the wind turbine
in case of the WFO. This is reasonable as less CF implies lesauevfor the WFO. Hence the
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Figure 5.8: Expected cash flows of the WFO for each scenario shown in Table

WFO has less motivation to install more wind power when parte@energy production is to be
curtailed. However, in contrast to our expectation, théetahows that when the DR is increased
i.e. from Case 1 to Case 2, more wind power is installed. Thigiabse the hosting capacity in
the analysis is limited due to the constraint®i28 i.e. a further increase in hosting capacity using
WEC is found to be less profitable than investing on new substagince grid reinforcement is
assumed to be composed of upfront costs only, it does noindepe DR. However, higher DR
decreases the net present value of the cost of curtailedyengnis means with higher DR, larger
wind power capacity can be installed by curtailing more wémergy.

Fig. 5.9 presents more clearly the idea discussed in the above pplagrhe analysis is done for
wind power having a CF of 28%. The figure shows that the hostapgcity of the distribution
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Figure 5.9: Comparing the investment options of the WFO

system can be increased indefinitely using curtailment. Beitet benefit of the WFO increases
only until the curtailed energy reaches 10%. Even curtgitiis level of energy is unreasonable
as grid reinforcement can generate more profit. In fact, asbeaseen from Fig5.9, WEC is
attractive only up to 3.3%.

On the other hand, Figh.10shows the costs and benefits of the DSO when the WFO bears the
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cost of curtailed energy. Despite significant loss in reeedue to increased power losses, the
DSO continues to generate more revenue as the capacity dfpsiner in the system is increased.
However, this observation holds true only for this casestud Case study |, we have noticed
that the increase in loss alone determines the optimalrgpstipacity of the network with respect
to the DSO. For example, in case of a wind farm with capacityoia33.4%, almost immediately
after 16.7 MW capacity of wind power the net benefit of the DSl have declined if a similar
analysis is done.
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Figure 5.10: Costs and benefits of the DSO

5.5 Summary

The analyses in this chapter have identified voltage risetlaginal overloading as the two most
likely limiting factors of wind power integration to a digtution system. Consequently, three
active management strategies (AMSs) have been invegligmiacrease the hosting capacity of a
distribution network constrained due to these limitingtdes. The AMSs include coordinated on-
oad tap changer voltage control (C-OLTC), reactive power @ragtion (RPC), and wind energy
curtailment (WEC). C-OLTC is a preferred option to deal withtagk rise problems followed by

RPC. If both solutions fail to achieve their objective, they ba assisted by WEC. To deal with the
overloading of system components due to wind power the ailiytisn considered in this thesis is

WEC.

To further facilitate the investigation, a mathematicabd@dased on cost-benefit analysis is devel-
oped. The model also assesses the profitability of using AM®srespect to grid reinforcement.
The result of the investigation shows that the wind powetihgsapacity of a distribution system
can be increased up to twice the capacity that could be iedtahsed on worst case analysis.

The optimal level of hosting capacity and curtailed energgahds on the capacity factor of the
wind power plant and the discount rate. With respect to the WHigher capacity factor implies
higher hosting capacity. But it is also affected by the distoate, the cost of curtailed energy,
and the cost of grid reinforcement. On the other hand, thengpptevel of curtailed energy in our
analysis is found to be of low magnitude. After some leve, a.maximum of 3.8% in Case study
II, it is not attractive to curtail more wind energy in orderihcrease the hosting capacity of the
network.
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6

Conclusions and future work

This thesis provides an analysis of wind power in distribbtsystems aimed at maximizing the
wind power hosting capacity of such systems. Various powslity and reliability effects of
wind power is analyzed. In particular, the effect of wind gown the frequency of tap changes
is investigated using a model developed in this thesis. Agatibn solution based on reactive
power compensation from the wind turbines is proposed toedese the frequency of tap changes.
The thesis also identifies the limiting factors of wind powgegration based on which the siting
of wind turbines in a given distribution system is proposédénally an optimization model is
developed that can be used to assess the optimal hostingtyagfalistribution systems. Different
investigations in the thesis are supported by case studseslon a real-life network, and measured
load and wind power data obtained from Falbygdens Energi.

6.1 Main conclusions

The main conclusions of the thesis are:

¢ In addition to the common integration issues of wind powaclsas overvoltage, overload-
ing, etc) some DSOs are concerned about the effect wind panvieicreasing the frequency
of tap changes (FTC).

¢ Based on our analysis, for distribution systems connectsttdog external grids (with
X/R > 5), no significant effect on the FTC is seen due to the intrtdooof wind
power. However, in a distribution system connected to aeraal grid with lower X/R
ratio, the FTC can be affected significantly due to the intaithon of wind power.

o Afurther investigation is carried out to decrease the FTiGgihe reactive power avail-
able from variable speed wind turbines. The result showtstigemethodology is very
effective. However, the reactive power required to redbediTC by a specific percent
depends on the SCC and the X/R ratio. The reactive power egaint decreases with
higher SCC and X/R ratio.

e Our analysis identifies the following conditions at whicttleaf the different integration
issues could become a limiting factor.
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o

O

Overvoltage has been identified as one of the main limitictpfa in radial distribution
networks. It usually occurs when wind turbines are conrkttiea PCC away from the

station where the grid is weak.
Overloading of network components such as cables and tnansfs becomes a limit-

ing factor when the wind turbines are installed close to thtestation so that overvolt-

age is not a problem.
Harmonics and flicker can become a limiting factor in a disttion system connected

to a relatively weak external grid and the wind farm is claséhe substation, so that
overvoltage is not a problem. However, with the advent oiade speed wind turbines,
flicker is less likely to be a limiting factor. Rather it is hawmic emission limits that

may become limiting factors, especially the limits on lovd@r even harmonics are

more stringent to fulfill for wind turbines.
Increased fault level can become a limiting factor in rargesawhere the distribution

system is connected to a relatively strong grid, and the wumbines, which are of
Type A, B, or C, connected close to the station. Moreover thatstibn has higher
overload capacity, so overloading is not a problem. Howetvdepends on the rating
of the switchgear which will determine the short-circuipaaity margin left to handle

additional fault current from the wind turbines.
Protection malfunctioning, more or less, does not beconmaitirig factor but it needs

investigation to ensure such a condition does not arise.
In general, however, the usual and main limiting factors wfd\power integration are

voltage rise and overloading.

e Moreover, with the different limiting factors in place cesponding to the different charac-
teristic of the distribution system and the wind turbinég, dptimal siting problem has been
investigated in this thesis. The main conclusions are:

o

In a distribution system where there are a couple of equallprable sites/buses to
wind power connection, then the ones electrically closéntogdubstation—distributed
on different feeders or laterals—would maximize the hagstiapacity of the distribution
system.

¢ Installing the wind turbines away from the substation woefféctively limit the host-

ing capacity of the feeder, especially if the limiting fact®the voltage rise problem.

o The only case when one may want to connect the wind turbiney &wm the sub-

station is if the wind power hosting capacity the distribatsystem is limited due to
increased fault level.

e For a distribution system whose hosting capacity is limiee to voltage or overloading,
different active management strategies are proposecenatiire to increase the hosting ca-
pacity of the network. To assess the optimal use of thesgeantanagement strategies
thereby determine the optimal hosting capacity of the ng&yam optimization model based
on cost benefit analysis is developed in this thesis. Thisahigdapplied to two separate
case studies and the following conclusions are made:

© Coordinated OLTC voltage control and reactive power comgims can be effectively

used to increase the wind power hosting capacity of a digtab system limited due
voltage rise problem. A case study based on such systemsibas sn increase in
hosting capacity up to double the capacity that would beallest based on worst case
analysis. Such an increase is achieved with very little frelm energy curtailment.
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¢ Energy curtailment is the only option investigated in thisges to increase the hosting
capacity of a network constrained due to thermal overlaadimetwork components.
A case study carried out shows that the optimal hosting d¢gpatsuch a network
depends on who covers the cost of curtailed energy: the DIBedWFO. In either
case the hosting capacity is increased considerably. loabe of the DSO, the hosting
capacity of the network is increased by as much as 60% by al¢pavmere 1% WEC.
For the WFO the increase in hosting capacity depends on the @ie efind turbines
and the DR. In our analysis, the hosting capacity is increbgexs much as 83% with
the curtailed energy being only 3.3%. Unlike the case of DiDe the hosting capac-
ity is limited as the alternative option, i.e. grid reinfernent, becomes more attractive
than curtailment if the WFO wants to install more. Hence whetenining the opti-
mal level of wind power curtailment, one should not only fe@an the profitability of
the WEC but also a comparison should be made with an alteenapitron, such as grid
reinforcement.

6.2 Future work

This thesis tries to cover a number of issues of wind powegir@tion in a distribution systems.
The following issues need more investigation:

e Though voltage flickers are less likely to be limiting faciomra typical distribution system,
its assessment would be more complete if it is supported asoreng the actual flicker level
in the system.

e Given low order harmonics are more stringent to fulfill by diturbines and could become
a limiting factor to further integration of wind power to tkgstem, it would be valuable if
such investigation is supported by the measurement of ttmedrac emissions in the system.
If there is such a problem, mitigating solutions need to bestigated.

e Moreover, we have continuously used the IEC approach whessamg the flicker and the
harmonic emissions from different wind turbines. It woukel\mluable if the result arrived
at based on this analysis is compared against simulatioitses

e Though a rough fault current contribution from wind turksrie analyzed, mostly based on
IEC standard, such analysis can more accurately be madg sisinlations.

Moreover, in Chapter8 and5 active management strategies are analyzed to deal withrobéem

of increased FTC, voltage rise, and thermal overloading. édew these analyses are done based
on only a static consideration and the actual control andadip® of a system with these active
management strategies is not investigated. Thereforesttheture and control of a system with
active management strategies requires further invegtigathis investigation includes:

e The identification of buses or components where overvoléagkthermal overloading may
occur

e The identification of the wind turbines that need to curtagiit wind power output or provide
reactive power compensation

e The control of wind energy curtailment to relieve thermaddwading
e The control of OLTC and reactive power from the wind turbit@avoid a voltage rise
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e When it comes to the use of reactive compensation for redubm@TC, the investigation
of the control strategy to achieve the same
e Moreover, one can also investigate the control of the wintihes in the system for loss
minimization
Moreover in addition to the active management strategiessiigated in this thesis, others such

as demand side management and energy storage, which mageanelectric vehicles, can be
analyzed to increase the wind power hosting capacity ofidigton systems.
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