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Abstract

Although wind power as a renewable energy is asduméde an all-round advantageous source of
energy, its intermittent nature can cause diffieglt especially in the islanding mode of operation.
Conventional synchronous generators can help topeasate for wind fluctuations, but the slow

behavior of such systems may result in stabilityosons.

In this study, the virtual inertia method, whichitates the kinetic inertia of a synchronous
generator, is used to improve the system’s dynéel@vior. Since the proposed method incorporates
no long-term power regulation, it requires no maswage device and is thus economical. To
preclude additional costs, a rotating mass condectéhe Doubly Fed Induction Generator (DFIG)
shaft or a super-capacitor connected to the DC+inka back-to-back converter of a wind power

generator could be used.

The concept and the proposed control methods apeighed in detail, and eigen-value analysis is
used to study how the proposed method improvesmsystability. As well, the advantages and
disadvantages of using DFIG rotating mass or arstgggacitor as the virtual inertia source are
compared. The proposed approach also shows thé wttual inertia is not incorporated directly in
long-term frequency and power regulation, it maginectly enhance the system’s steady-state

behavior. A time domain simulation is used to wetlfe results of the analytical studies.
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Chapter 1

Introduction

1.1 Preface

Distributed Generation was introduced as a solutiomany difficulties in power systems, such as
constructing new transmission and generation uimtgrporating renewable energies, and so on.
Among these difficulties, improving power reliabjliis one of the most important issues. It has
drawn the attention of many researchers and resuite¢he concept of the microgrid. As its hame
implies, a microgrid allows a part of a distributisystem to work in islanding mode in addition to
the conventional grid-connected mode of operation.

While, from a reliability and economic point of wethe microgrid islanding mode of operation is
interesting, stability issues such as frequency aolage regulation have slowed down the
application of this new mode. On the other handyng interest in renewable and environmentally-
friendly resources leads to high utilization ofd¢besources. The intermittent nature of most iredall
renewable energy sources further complicates mictaglanding, especially since classic regulation
methods used in conventional power generators tamma@pplied to these undispatchable energy
sources.

The situation becomes even more complicated when tyjpe of distributed generation is
considered. The electronic-interfaced generatidty wihich constitutes the majority of distribution
generation units, is assumed as a non-inertia ggarr Though these units are much faster than
machinery generations to be controlled, they lawtia, which plays an important role in system
stability.

All of these conditions and drawbacks have motiyatis to propose a solution for microgrid
stability issues in which renewable energies calkb participate in frequency regulation. This
solution should solve the lack of inertia whilelz same time be economical.

To satisfy the above-mentioned constraints, a nektwbich emulates inertia in a conventional
generator is introduced. This solution not only pemsates for the lack of inertia, but also usestsho
term energy sources that are cheaper. Wind powdchws expected to comprise a large portion of
distributed generation in the near future, is gel¢o be modified. The presence of machinery and
electronic-interfaced parts simultaneously, and tleect connection of both to a network in

conventional wind generation units, provides unigpgons for implementing the proposed solution.



1.2 Thesis Objective

The main objective of this thesis is to implemebatrol method in a wind power generation unit to
mimic the inertia in conventional generators. Téositrol method will use wind power rotating-mass
or a super-capacitor connected to wind power’s edry DC-link to minimize the cost. In this thesis,
the modifications needed to use each of these apwritl be presented in detail.

Enhancements made by implementing virtual inerflhalso be discussed in detail. As well, the
important factors which impact their performaneeluding their advantages and disadvantages, will

be illustrated and compared.

1.3 Thesis Outline

The thesis is organized as follows. Chapter 2 pitesg literature survey on previous work conducted
in the areas of load sharing and frequency regulath microgrids. Chapter 3 is devoted to
modifications that should be implemented in a cotiemal wind power generator control to
implement virtual inertia on each of the proposedrses. The modeling of this new wind power
generator, its impacts on system stability, andatvvantages and disadvantages of each method will
be discussed in Chapter 4. Chapter 5 will showélalts of a time domain simulation that is used to
verify what was discussed in the preceding chapknsilly, in Chapter 6, conclusions will be drawn

and some possible directions for future work wélgrovided.



Chapter 2

Literature Survey

2.1 Introduction

Power systems operator and planners currently daggficant difficulties. On one hand, increasing
customer usage is forcing utilities to increasertbeneration capacity for higher quality sustained
power. On the other hand, erecting new transmis$imes and building new plants can be a
formidable task, with substantial negative economme environmental repercussions. Consumer
demand for renewable and environmentally-friendigrgy sources that do not emit pollutants is yet
another important challenge that today’s poweresystmust contend with.

Distributed generation (DG) is a promising salatbeing investigated by researchers. DG not only
reduces on-peak operation costs, improves reliplaihd voltage profile, and incorporates renewable
energy, but it can also defer or even remove tleel b@ upgrade transmission systems [1], [2].

A microgrid is defined as a cluster of distribatsystems that contains DG and can operate hoth i
grid-connected mode and autonomously [3]. It isvkm@s an appropriate way to incorporate DG in a
distribution system. Although a microgrid can wanmlgrid-connected mode and have many benefits,
its most important impact is reliability enhanceinéne to its islanding operation [4]. Consequently
many papers have been published in this area. Tt important issue for the successful operation
of a microgrid in islanding mode is retaining freggy and voltage in an allowed range while
providing sufficient power to loads [5]. Investigats show that these topics can be in close relatio
[6].

In this chapter, load sharing and its methodkhei reviewed first, followed by a discussion on
wind power. Next, some of the difficulties encouatkin extracting maximum available wind power
and incorporating it into a microgrid will be dediated. This will be followed by an investigation of
the methods proposed to improve microgrid frequenelgavior in the presence of wind. Finally,

similar work available in the literature will begsented and critiqued.

2.2 Load Sharing

Load-sharing methods can be classified into twoomagtegories. The first is communication-based
methods, which require communication channels ama@gunits. The second category is droop-
based methods, in which DG units use system paeagdbcally available, to regulate power and

frequency.



2.2.1 Communication-Based Methods

In this form of load sharing, DG units are claggifinto two different types based on their control
methods: PQ-controlled DG units and voltage-coledoDG unit. PQ-controlled DG units produce
pre-specified P and Q. They track the network galtand frequency and can be modeled as current
sources [7]. Voltage-controlled DG units are modeds voltage sources. They are responsible not
only for voltage and frequency regulation, but disosudden changes in load or generation. Thus,
they are usually a kind of energy storage devieesfaced by an inverter [7], [8].

VSI DG works as a master unit and regulates botivark voltage and frequency. It also sends
reference working points to slave DG units (PQ-}yfdéis reference value can be in the form of
reference current value [9], [10] or, in some caB&¥M signals [9].

Although the communication-based methods have ddgas such as the ability to function
smoothly regardless of line impedance and netwapbklbgy, many disadvantages, such as the need
for communication circuits, less reliability, mocemplexity, and higher cost, have made this class
relatively unpopular [9]-[13]. Moreover, in manyssgms, only one master unit exists, which means
the system is highly dependent on this unit. Tl exponentially worsen emergency situations,
considering that the master unit's role is to respto sudden changes in loads [10], [14].

Various attempts have been made over the yeampgmve communication-based methods. [9]
suggests using wireless communication, which elas the need for extra circuits. However, this
method suffers from delays, noise, interference emahnel nonlinearity, all of which negatively
impact performance. Multi-Master Operation (MMOheve several DG units work as master units,
has better reliability and more stable behavidhacase of sudden changes in load [7]. Demand-side
management and load-shedding in case of emergdéswynaprove the performance of these methods
[71, [8]. In [8], a method is proposed which comdgsncommunication and droop methods. While this
combination may result in less information transfand thus less bandwidth and lower cost), it

appears only to be economical for short geographijin microgrids.

2.2.2 Droop-Based Method

The droop method is the most well-known methodléad-sharing in microgriddt emulates the
behavior of conventional generators in power systamd uses frequency and voltage of line as a
communication tool to share the active and readtee. It also regulates both the voltage and the
frequency at the same time [15]. In this methody ttal variables are needed.

As mentioned previously, this method is based @nrtHationship between power and voltage.

4



Figure 2.1 illustrates that the relationships betwactive and reactive power and terminal voltages

are:
2
=U—100$9—&c05(9+5) (.1
VA Z
2
Q:%%gne—9§19m9+® (2.2)

WhiIeZejg =R+ jX . With the assumption ok >>R and a smalh which results insin(d) =J and
cosp) =1, they can be represented as:
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Figure2.1 (a)' Power flow through a line (b) phasor diag{a6]
These linear relations and successful conventiagyelerators lead to defining virtual droop
characteristics for electronic interfaced DGs duesgulation of frequency and voltage via activd an

reactive power, respectively.

f—fy=-K,(P-P) (2.5)
U -Uy =Ky (Q-Q,) (2.6)
Frequency and voltage can be controlled to renmalimiited ranges, and load sharing among DGs is
proportional to their droop factors (KK,).

Specifying droop factors can be based on a rangitdsophies. While in references such as [15]
and [17]-[20], determining these factors is basedle rating of DG units (like (2.7), in which S is
the rated apparent power of DG unit and i, j aeertbmbers of units), references such as [11], [21]
specify them on the basis of maximum allowable atéomn in frequency, voltage and maximum

output power (like (2.8)). Coefficients also playrale in the dynamic behavior of microgrids,

creating some conflicts that may result in the stmlavior of inverter-based DGs.
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Figure2.2 Frequency and voltage droop characteristick [16
The conflict between steady-state and dynamic hehawpacts of droop factors is a significant
limitation of this method. Moreover, the relativdlyw inductive nature of line impedance in many
distribution systems violates assumptions whicld lea (2.3) and the droop equations, while the
presence of nonlinear and unbalanced loads intebdison system renders these problems all the
more complicated. Many researchers have tried tesd and resolve these issues [5], [18], [19];
however, the droop method is not applicable to gpatichable sources of energy, which are

anticipated to comprise a large portion of DGstatled capacity.

2.3 Wind power

As one of the world’s most important renewable gies, wind power is frequently used in

microgrids, but the intermittent behavior of wimdroduces some difficulties.

2.3.1 DFIG

To extract the maximum power of the wind with vhatéaspeeds, different turbine speeds are needed
[3], [21]-[25], as illustrated in Figure 2.3. Symohous generators connected to a network via an
inverter or squirrel cage induction generators Haeen investigated as solutions, though Doubly Fed
Induction Generators (DFIGs) are better known. Staor of this induction generator is directly
connected to a network, while its rotor is connédte a network by a back-to-back converter. The

6



converter has lower rating than the inverter coteteto similar synchronous generators [22], [25]. |
addition, some other difficulties, such as maxiri@aof output power and providing reactive power,
have resulted in the preference of DFIG over squaage induction machines [24], [25].

Each of these two converters in this control metiwedused to regulate different values. In the grid
connected mode, the Grid Side Converter (GSC) ésl is regulate the DC link voltage, while the
Rotor Side Converter (RSC) is used to maximizepiner extraction, since a specified rotor speed
corresponding to any wind speed is required [2B].[RSC also provides the DFIG with the requisite

reactive power.

Turbine speed (pu)

Figure2.3 A wind turbine characteristic showing that edfied wind speed is required to extract
maximum power in each speed. Different curves @egad to different wind speeds, and Pm is the
mechanical output power of the turbine [25].

2.3.2 Compensating Wind Variability

For the sake of reliability, another source is meketb compensate changes in wind generator
output [26]. The interaction of this source withvand plant, and its impact on system stability and
quality, may be significant. Different topologieave been presented for a wind generator. In additio
to economic aspects, they should also addressemudve these problems. Various topologies have

been presented.



2.3.2.1 Battery
References such as [21] and [22] have proposed tistnGrid Side Converter (GSC) to regulate the
active power of the generator. To regulate activeqy, a storage device which is connected to the

DC link of the converters is required. The schemdidgram of back-to-back in this method is shown

in Figure 2.4,
PCC
DFIG ! Distribution
Wind-Power Unit Network
Vs-abe Tr1  Viabe | and Loads
Z A ) !
o - Ut-abc
# L,
';J> |
Pc / Qc ﬁI Cf ‘Ijt / Qt [:I>
Qs
_ __ _Back-to-Back AC-DC-AC Converter System
r i
L Db
l [ "L,
w Vdc + B _zll == CL
! 'SR,
H Vbl ' |
I == ' | B N
i Pc<;—|':|'_‘l = = <;—:'|—:—'P,
| >
| - 16,
| rrent controller

|d.l. m.avie currant cantrallare n
[ & graxis current controllers g-axie current controllers [*1

18
S |
icdref Z.cqref 0’ irdref irqref

Figure2.4 Schematic diagram of a DFIG wind power unit][2

) ‘Pb—re f
0
a—=
T,5+1
DC-Link Voltage Regulation Scheme

Figure2.5 Block diagram of GSC real power managemenis Bn estimate of rotor power
consumption, and Pb-ref is battery power commarlddatermines the amount of battery power
production. Frequency regulation is done by GS@.[21

In Figure 2.5, GSC is also incorporated intortiierogrid frequency regulation by implementing
a droop equation in its controller. This method,ilegmot removing the intermittency of wind,

improves performance. Using the GSC for reactivevgroregulation, which would result in the
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independency of the reactive power generation efdwdpeed variation, has been suggested [22].
GSC has also been used by [22] to supply the unbathloads of microgrids and maintain the DFIG
load balance, since negative sequence current ivelgatimpacts DFIG performance. Some
drawbacks, especially the battery and higher r&&¢ costs, have prevented wide usage of this
method [27].

2.3.2.2 Conventional Generators

Some references, such as [28] and [29], prefeiseobaonventional generators like diesel instead of
storage devices and GSC to compensate for wind rpearétions. Although from a reliability and
economic point of view, such a preference makesesehe stability of the network may be affected,
since synchronous generators are slower than etéctinterfaced DGs [6], [15].

In [3], where a diesel is used for compensationati@mpt is made to combine the droop and
maximum power tracking to regulate the power aeddency faster and better. In this methadnP

(2.5) is variable and is the maximum available whosver.

lyr ref

Or —p X2 =P Koy

measured

Wgys + Islanding mode

I/R ¥ l/w, >

Wsys ref % Grid connected mode

Figure2.6 Integrated active power and frequency contr@lG [3]

Although the proposed control method, seems to weel if applied in a system with one
dispatchable DG unit (which can restore the frequeio its nominal value), it will have serious
problems if multiple dispatchable DG units are used microgrid. In such a system, dispatchable
DG units share their power based on droop, andecpmsitly, frequency deviation is unavoidable
[30].

2.3.2.3 Small-Capacity Storage Device

Using batteries is not economical, and conventi@f@as are slow. However, adding small-capacity
inexpensive storage devices to synchronous gemgredaom compensate short-term for any limitations

of the system’s dynamic behavior conflicts [6].
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The concept of using a storage device short-teraddition to a conventional generator long-term
is used in various models. [31] and [32] utilizedstarage device to compensate for wind power
variations in short-term disturbances, while a eli@gas responsible for the steady state mode. They
found that the main problem with using a storageicde and inverter separate from the wind
generator was additional cost. [27] used GSC taaedpower output variations with respect to
prediction. The storage device compensated DFI@énshort-term, leading to the use of lower
capacity storage devices, such as super-capaciitiish are more cost-effective. However, the
method proposed in [27] uses GSC to mitigate thetdlations only under grid-connected mode and

does not discuss islanding modes and frequencyatégu

2.3.2.3.1Virtual Inertia

If a disturbance occurs in a conventional powgstem, the rotating mass of the conventional
synchronous generator will provide power in thersherm, making the system more stable. In the
synchronous machine, the relation between the immahanical power, R and the output electrical
power, R, is described by (2.11), in whiah, and J are the angular velocity of the rotor are th
moment of inertia of the rotating mass connecteth&rotor,respectively. Thus, if a disturbance
occurs in thesystem, the rotating mass of the generator williol® the power in the short term to
make the system more stable. In steady-state, wierefrequency is settled and constant, the
derivative term is zero.

dw
m 2.11
" (2.11)

The idea of emulating this behavior in non-ireemverter-based DG units, which form the major

d 1. ,
P-P=—(=J =]
m P Olt(2%) Wy

portion of DG resources [33]-[34], has been emplolyg several researchers. For instance, [14] and
[18] implemented the method by adding a derivatiren of frequency to droop equations to improve
the dynamic behavior of systems. This solutionvedid them to solve the dynamic conflicts of the
droop factor, discussed in section 2.2.2., but amigispatchable DGs. Later references, such%is [3
and [36], used virtual inertia explicitly.

Although some researchers have employed viihetia in undispatchable DGs, most use this
control method in the grid-connected mode [35]-[4B}en in reference [41], which discusses
islanding, virtual inertia is implemented in a sepa inverter; moreover, the energy storage device

connected to this inverter is assumed to havemio. li
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In a wind power generator, two sources for impletimgnthis virtual inertia can be considered.
One is the rotating mass connected to the rot@Fd6 [38], [40]. Using this source does not impose
any new costs for new hardware. In the conventiooatrol method of DFIG, this rotating mass does
not participate in frequency regulation [40]. Whilferences [38] and [40] have implemented this
idea before, no stability analysis has been predeti show how the method enhances system

behavior or which factors affect the method’s perfance.

The other way to implement virtual inertia is ®ewa super-capacitor connected to the DC link of
the back-to-back converter controlling the DFIG. ilWhhis method removes the cost of a new

inverter, it has not yet been implemented in th&€®@$wind power.

In this work, both sources will be utilized. Thequésite modifications in controllers will be

discussed and compared in different aspects.

2.4 Discussion

In this chapter, various approaches to microgridqdiency regulation were reviewed. The
communication-based methods and droop-based methedtie most well-known classes of load-
sharing, were studied, along with the main reasehy they cannot be used in wind power
generation. Using battery and conventional DGs v&s options for compensating wind power
generation were investigated, and the advantageslisadvantages of using each of those options

and proposed modifications in the literature waseussed.

As well, the benefits of short-term utilization srhall storage devices, in addition to conventional
DG units, were discussed in detail. Virtual ineg&ma useful control method was introduced, and the
concept, previous works and their drawbacks werdewed. Finally, possible sources for

implementing this method were investigated.
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Chapter 3
Wind Based DG Controller

A wind power generator is shown in Fig. 1. In cami@nal configurations, the ESS and the switches
connecting it to the DC-link are absent. The RS@sded to extract the maximum available wind
power and regulate the stator voltage, while theCG$ responsible for regulating the DC-link

voltage.

DFIG

Rotor-Side Grid-Side
Convertor Convertor

S

- * ESS

Figure3.1Wind Power Generator

The following section discusses the controller anatlifications needed to incorporate each of

these two short-term energy sources.

3.1 Rotor Side Converter Controller

RSC control in islanding mode is similar to the ttoh method used in grid-connected mode.
However, where DFIG is controlled to maximize thaivee power extraction in both cases, the
reactive power controller differs. DFIG is expected work at the unity power factor in grid-
connected mode, while it is used to regulate tlaostbus voltage in islanding mode. Here, the
method based on discussions in [42] and [3] is eygal.

3.1.1 DFIG controlling
The DFIG voltages and current can be presentedjbations (3.1)-(3.4) [43]:

+ d(//ds

Vds = _Rsi ds a)s(//qs dt

(3.1)

12



Al

Ve =Rt oy + pm (3.2)
. dyg

v, =+Ri, —sw, + r 3.3

dr r'dr sl//qr dt ( )
. dy g,

Vqr = +Rr|qr + Swswqr + lé/td (34)

where os and o, are synchronous and rotational speed, respectiamtly s, r and m subscripts
differentiate stator, rotor and mutual parametslip (s) and flux §) used in the above equations are

defined as below:

l//ds = _(Ls + Lm)ids + Lmidr (35)

Yoo =—(Li+L )i +Li, (3.6)

l//dr = +(Lr + Lm)idr _erjds (37)

Wy =+, + L) —L g (3.8)

s= & = (P12)a, (3.9)
w,

To control the DFIG active power output, the rotoltages or currents should be controlled in

such a way that either the output active poweherdectrical torque tracks the reference value.
T =Wqlq ~Wqly (3.10)

To simplify the controller, some assumptions camragle. First, the d-q frame could be chosen in-
phase with the DFIG stator voltage so thatwill be zero. The stator resistance could be retgte
and the steady-state conditions considered. Theatssimption will lead to ignoring the derivative
terms in equations (5)-(9). After implementationtioése simplifications, the electrical torque can b
expressed as a function of rotor voltage:

a a)s(tsmV:SLm) o 51

Now, by replacing T, in equation (5), the desired value gf which results in the optimal torque,

can be derived:

_ G +Ly)

dr-ref —
Lmvds

Te—ref (312)

These assumptions also let us rephrase the oatpetive power of the DFIG stator as a function of

the rotor current.
13



Voo Loy (3.13)
a)s(Lm +LS) LS+L|'T|

Qstator = Vds(

Reference [3] proposes dividing into two in-phase components; iag and iy gen in Which the
former is responsible for magnetizing the generatwi the latter specifies the net reactive power
exchange between the DFIG stator and the grid. rowige the required total magnetizing reactive
power of DFIG, §magShould be determined such thatd,and Qorare zero. After replacing these

two parameters by zero, the desired value,of.d will be obtained, as shown in (3.15).

iqr =i ar,mag +i ar,gen (314)
. Vs
I qr,mag-ref = _ﬁ (315)

In grid-connected mode, where the unity power fap&rformance is desiredy jen-eiS Set to zero,

but in islanding mode, it is used to regulate ths Wwoltage, as shown in Figure 3.2.

Terminal l\ iq,1nag-ref i
Voltage stL/ gy q-ref
vr

Islanding Mode Lggen-ref

Voltage K;
Koy + -

s
@r Grid-Connected

Figure3.2 Reactive power controller

Reference

3.1.2 Active Power Regulation

In general, the optimum power that can be extratted a wind turbine is obtained from (3.16).
Po

- 3
ot = 056Cp oot (Ao VAV, (3.16)

wherep is the air density, £opris the optimal power coefficient of the wind turbj Aoy is the

optimal tip ratio,0 is pitch angle, Ais effective area covered by the turbine bladed, \g is wind

speed. This equation can be represented as:
14



P

opt

= Kooy (3.17)
where Kopr IS associated with blade angle and can be comsldeonstant if the pitch angle is kept
unchanged. Based on this equation and the relatween power and torque, the desired value,of T

can be obtained.

T = Koprta? (3.18)

eopt
The RSC controller tries to track this value ailyi and accurately as possible. In other words, if
the controller is fast enough, it can be assumatttte electrical torque,.Tis equal to Topt In the

next section, the accuracy of this assumptiongltiscussed.
T, = Kopr@? (3.19)

In a conventional generator in which the inp&ctranical power, instead of the electrical output
power, is controlled by a governor, the inertiaatien can be represented as in (3.20). In these
generators, a derivative term which introducesrtiating mass inertia and depends on the system
frequency, is also incorporated directly into tlemerator output power. In a wind-powered generator
where T, is undispatchable ang is not dependent on the system frequengys Tontrolled directly,
so the rotating mass has no impact on the frequegryation.

S (3.20)
dt

To involve DFIG rotating mass in the frequenegulation, the controller should mimic (3.20), and
thus equation (3.18) should be modified to equa(®R1). H,(s) represents the virtual inertia and
will be discussed later in more detail.

Te,ref = KOPTa)r2 - HV (S)a)m (321)

3.1.3 Current Controller

Based on the desired torque and stator voltagedebied values of d and g current component can
be calculated. These reference values of currefitéater be used to produce desired rotor voltage.
As seen in Figure 3.3, they actually produce théutation signals, which are used in PWM drivers

to generate the gate pulses for switches.
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id KiT
-ref Kpr + 'l —> My,
ldr
K,
lq—ref%m—é Ky +— F—>m
\ =/ P S qr

Figure3.3 PI controllers of RSC

3.2 Grid Side Converter Controller
3.2.1 Active Power Regulation

3.2.1.1 Super-Capacitor via a DC/DC convertor

In the model shown in Figure 3.1, GSC should maingaconstant DC link voltage. In (3.22), the
relation between }.in, the DC-link capacitor voltageyR GSC output power; andsp RSC needed
power is presented. Due to the lack of a massgadavice in the DC link, the GSC should provide
the needed energy of the RSC as quickly as possible

2
Prsc - gsc = %Cdc—link %

(3.22)
By adding a super-capacitor and its convertor e DC-link, (3.22) should be rephrased as (2.23).

PscapiS the power injected into the super-capacitor:

1 d(\/ c-—lin! 2)
Prsc - Pgsc - Pscap = Ecdc—link %

(3.23)

If the GSC controller is set to be fast and aatienough, ¥ can be assumed to be constant. In
other words, by appropriate control parameter winihe right side of (3.23) will be zero. This
equation can be represented by (3.24).

Pyse = Fisc = Pecap (3.24)

In addition, the inertia relation in machines, atluced by (2.11), can be simplified as (3.25). This
simplification seems to be reasonable, since thguigncy always remains very close to its nominal
value. The derivative term will be zero in steathtes, while the frequency is constant but not

necessarily at its nominal value.
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P = P = Jay (3.25)

-ref

( \ K; )
Vdc—ref \*+ ) Kpgd-l- ;gd —> 14,

!

vdc

Figure3.4 DC-Link Voltage regulator

To implement virtual inertia in the GSC controll&,which is the output power of the machine,
should be replaced by® which is the output power of GSC. Furtheg,hich is the input power to
the machine, should be replaced hy ®hich is the power needed by the rotor termin&l®BIG.
The super-capacitor will be responsible for mimigkihe rotating mass behavior. This new relation
is shown in equation (3.26)./k$), as in equation (3.21), is an emulation of vdéve.

Pecan = Hy (S, (3.26)

scap

woHy(s)w

Super-Capacitor Voltage Regulation

I

I

I

|

Py K; Ve

Ve QO o [TBO Kot [

I

! :

! I

: : Psc

1 -
Vi EN
seap LI : 1'7(.'017.17

e e e e e e e e e e e e e e e e e e ==

iCOTLV

Figure3.5 Super-Capacitor Controller

3.2.1.1.1Super-Capacitor Controller

A Super-Capacitor should be controlled quickly awturately to generate virtual inertia power,
especially since this power is needed in transiede. However, the fast and accurate trackingef th
virtual inertia is not the only responsibility dfis controller. It should also keep the Super-Capac

voltage in a limited range and prevent any underever-voltage. Although designing the Super-
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Capacitor (discussed in the next chapter) is bageektaining its voltage within the limit rangejsth
controller is also used as a back-up. Figure 3d@wshthe block diagram of the super-capacitor

controller.

3.2.1.2 Super-Capacitor directly connected to DC-link

The Super-Capacitor can also be connected diréztly DC-link. In this method, the GSC active
power controller should be modified to provide R&€&ded power and virtual inertia power. A GSC

controller block-diagram is shown in Figure 3.6.

H,(s)wow

DC Link Voltage Regulation

Figure3.6 Power Controller Block of GSC Controller
This block diagram has a DC link voltage regulatbigck in addition to what has already been
discussed. This block tries to regulate the capacibltage within a reasonable range. In fact, it
prevents violation of DC link voltage limits thatagn occur due to use of the virtual inertia method.
Later, the generated,.Pwill be used to produce i It is worth noting here that the rest of the

controller is exactly the same.

Kigd S J
Pgsc—ref E ( :) 5 Kpgd + S ldc—ref
)

gsc

Figure3.7 Active Power Regulations
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However useful and economical this topology seanisetbecause the DC/DC converter is removed,
the former topology may yet be preferred. FlucnmidC-link voltage is a major disadvantage of this
topology that will be discussed later in detail.eTother point is the GSC dependence on a super-
capacitor. In the former topology, if a fault ireteuper-capacitor or the DC/DC converter takeseplac
GSC and consequently the wind power plant canwtlk, with no modifications in the controller,
just by disconnecting the faulted part. Althoughthins case no virtual inertia is implemented, the
wind power plant can work as a conventional onethin latter case, the situation is different and

modifications to the controller parameters are ssasy.

3.2.2 Reactive Power Regulation
To avoid interference between GSC and DFIG, GS¢bidrolled to work at the unity power factor.
Since the d-q frame is chosen such thativ zero, the reactive power could be controlled by

regulating theqi Figure 3.8 shows the reactive power regulatiachl

( \ Kigq .
Qgsc "I--’ Kpgq+ . qe—ref

Qg c-ref

Figure3.8 Reactive Power Regulation

3.2.3 Current Controller

The current reference values generated in the quevsections are used to regulate the current.
Figure 3.9 shows GSC connection to the network.aign (3.27) describes the relation between the

current and voltages shown in Figure 3.9.

To the DFIG Stator  GSC
v,
R L v —
i =

c

Figure3.9 GSC Connection to network

g icd — - C()S icd +£ Vsd _Vcd
dt icq - _R icq L{ Vsqg ™ Veq
° L

(3.27)
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As can be seen, the current components are coupdeeliminate this coupling (based on what [6]
has proposed), a new parameter, v', will be intoeduso that (3.27) can be represented as (3.29).

According to this new equation, the controller shaw Figure 3.10 is designed thus:
v [ Vgq —V,
'd — C()SL|: (-:q :|+ sd cd (328)
Va “leg Vsq ™ Veq

R
- —— O H 1
dltes) | L ted | ) Vo (3.29)
dt Icq 0 —B Icq L Vq
L

s
'T a)STLiqC

l
qc
Figure3.10 GSC Current Controller block diagrams [6]

3.3 Implementing Virtual Inertia

As mentioned, due to the practical concerns ofrgpl& derivative, KI(s) is represented as (3.30). In
low frequencies, IAs) behaves similar to the derivative while itsfpenance on high frequencies is

different.

_ s
(9= s rD (3.30)

To generatél, (s)w, the Phase Locked Loop (PLL) technique is usee.Albck diagram of a PLL

is shown in Fig. 3.11. Based on what [28] has psegp equation (3.31) can be derived, wheyésV

the peak voltage of ). If the loop filter is chosen to be a Pl controbeich as (3.32), then (3.30) can

be represented as (3.33).

v, =#"(S)Vpa) (3.31)
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Kt (s) =Ky +K—S‘” (3.32)

v, = S w (3.33)

q = 1 5
—s"+Kys+Kj
Vo

This new equation is very similar to (3.30). By obimg the proper }§ and K, as illustrated in [44],
Vg, Which is already generated and needed for thergihrts of the DG controller, can be used to

produceH, (s)w.
Hy (S)w=Jy Ky v, (3.33)
Yo | Vo,
v, dq Loop Filter V;O
v, _ N
Y, abc L K¢ (s) o Z g
S

Figure3.11 PLL block Diagram

3.4 Discussion

In this chapter, the wind power generator controllas presented in detail. The RSC conventional
controller, which is responsible for extracting thaximum available wind power and regulating the
stator voltage, was studied and then modified t® DEIG rotating-mass as the source of virtual
inertia. The two possible topologies for connecting Super-Capacitor and GSC controllers, which
are responsible for regulating the DC-link voltageconventional wind generators, have also been

discussed. Finally, a method for implementing \dtinertia was presented.
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Chapter 4
Stability Analysis

Further analysis is needed to verify that virtuadrtia can improve system stability. In Fig. 4.1, a
typical rural distribution system is considerede ®egment after the circuit breaker B2 has thétabil
to work in islanding mode and constitutes the ngcch The overall load of this section is 3.77MW
plus 1.24MVAR, and it contains two DG units. DGlaivariable-speed wind turbine connected to a
2.5MVA DFIG with its rotor interfaced by a backi@ck converter. DG2 represents a 2.5MVA

conventional gas-turbine generator equipped withoptbased governor and excitation control

systems.
LP7 LP4
1 2 3 4 Trl 5 6 7 8
MainC | B1 I B2 © I I LP6
. } { T —{— — } —]
Grid

Tr2

LP8 LP9 LP1 LP2 LP3 LPS

Figure4.1 The System under Study

4.1 Wind Power

To study virtual inertia’s impact on system stdpjlian accurate model of wind power is needed.
Thus, a detailed model will be provided here. Althlo the model is accurate, its complexity makes
the stability analysis messy and complicated. Tercyme these problems, a simplified model will be

extracted that makes analysis easier while stifidbaccurate.

In this section, a detailed model of wind power veheirtual inertia has not yet been implemented
will first be obtained, after which this model witle used to construct a simplified model and

implement the virtual inertia.

4.1.1 Detailed Model

In this section, a wind unit including DFIG, RSCdaBSC is modeled in detail without the addition

of virtual inertia.
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4.1.1.1 DFIG Modeling

DFIG behavior can be illustrated by Equations (3d)3.10), if the system voltage and current
remain balanced. To make a Linear Time Invariantl)Lstate space, these equations should be
linearized at an equilibrium point. By considerihg DFIG’s currents as the system states, the DFIG

can be represented as (4.1); (4.2) should alsomsidered to complete the DFIG modeling.

—(Lg+L,) 0 L, 0 Dige
0 ~(Lst+Lpy) 0 L d | Aigs —

-L, 0 (L, +Ly) 0 |dt|aiy |
L 0 -Ly 0 (L +Ly) Ai'y,

R L+l 0 @y [hg] [100 Ofav] [ Agg O
L+l R -l 0 Bgs | |0 10 0 Bvye| | ~Odlyg O Aw}

0 -@-wl, R, (@-@) +L) | Ay || 0 0 1 0| &V, || Mg ~Mipiye | Dy
L@~ 0 ~(@-@)L +ly) R Ng| [0 00 Lo | |~Dao Mlan

(4.1)
oy dg

After a few modifications and the introduction gfgx the DFIG state-space model can be shown as

(4.4) and (4.5). Details of this model can be vidweAppendix A.

Aiqs
JAVI
deig =| Ai Iqr (43)
AP’y
ey
. Av AV'
Xafig = Pufig Xdfig + Bundfig { Avqb} + By, gig [ Av.qr} + By, arig [Aw] + By afig [APm] 4.2)
db dr .
Av AV
AP = CyiigXdtig * Dubiig [ Avqb} + Dy gig { Av.qr} + Dy afig [A“J + Dimafig [Apm] 4.5)
db dr )

4.1.1.2 RSC Modeling

Ignoring virtual inertia, T, in (3.12) could be replaced by der, an assumption which is valid in
conventional DFIG-based wind power generators. rAfies replacementgjescan be rephrased as a

function ofw,, as is shown in (4.6). The linearized form ofthguation is shown in (4.7).
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_ KOPT%(LS+Lm)a)r2 (46)

Idr—ref -

Ldes
. K (Le+L) 2 2
Aige—rer = OPT%L =— (_\C;}Eo Ade*'—(:;j Aw) (4.7)
m

Although .r has two different modes, only the islanding motiemeration will be investigated
here. j..;can be divided to two componentg;hgand i gen The linearized form of;imagiS Shown in
(4.8).

1

Ai gr,mag-ref % L

m
iqr-geniS responsible for regulating the magnitude ofdtagor voltage. This magnitude is derived from

(4.9). Its linearized form is shown in (4.10).

1 Av
AVT = ﬁ B/qso VdsO ]|: :S} (410)

Vs is an output of the DFIG state-space model angdaxurently can be represented as a function of
the states and the inputs of the DFIG model. Thigrasentation of yvis described in detail in

Appendix A.

Kivr .

Vt—ref
Figure4.2 DFIG Stator Voltage Regulator

To make a state-space representation, a new giates defined, as in (4.11). By substituting;
and Avis with (4.10) and zero, respectively, (4.13) will therived. LaterAvs will be also replaced
by (A.11).

Afty, = AV, — AV, _ ot (4.11)

Ai ggen = Kivr ['urv]+ K pvr [Avt]_ K e |.Avt—ref J (4.12)

1 Av,
A =[]0 I V as
=1 ][,Urv] m b/qso dso]|:Avds:| (4.13)
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. K Av,
Ai ggen-ref — Kivr [ﬂw]"’%&qso Vdso[ qs:|

4.14
d250+ gs0 Avds ( )
Now, based on (3.14), (4.8) and (4.14).sCan be derived, as below:
. K pur Av, 1 Av
Aig_rer = Kiyr [/Jrv]"'ﬁkqw Vdso]{AVZj + {0 - Ly }{Av:ﬂ (4.15)
dsO gs0

To model the RSC current controller shown in FigBre, two new states should be introduced.

The outputs of this part are the modulation indefieelsto switches. They are defined in (4.18) and
(4.19).

A,arq = Aiqr _Aiqr—ref

(4.16)
Dftg = Dige = Digy et (4.17)
Amrq = KirAlurq -K prAiCIr +K prAiqr—ref (4'18)
Amy = K Aty = K pDige + K Dl e (4.19)

As mentioned previously, these modulation indexdsbg used to generate the converter output
voltage. Assuming an ideal convertor, the outputage can be considered as modulation indexes
multiplied by half of a DC-link voltage, as showm (4.20). The half factor is because of the PWM

and DC component, which is neutralized in threesphaThe linearized form of (4.20) is shown in
(4.21).

Rﬂ = 05Vpe xmf} (4.20)

r

A A 0.5M
{ V‘"} = 0.5\/DCO{ m‘“} { qr0:|[AVDC] (4.21)
AVdr Amdr 0.5M dro
Based on these new equations, the RSC state-spate mill be developed. The details of these
equations are shown in Appendix B.

. Av Avy,
Xrsc = Ascxrsc + Bdfig,rscxdfig + Bvsrsc|: Vqs:| + Bvbrsc|:AVq :|+ B\/Dc,rsc [AVDC]
ds db
(4.22)
AV' Av Av
|:AV':::| = Crscxrsc + Ddfig,rschfig + Dvsrsc|:AV:z:| + Dvhrsc|:AV:Z:| + DvDC,rsc[AVDC]
(4.23)
_ T
Xrsc = [A:urq A/’lrd A/’lrv] (424)

25



4.1.1.3 GSC Modeling

4.1.1.3.1Super-capacitance connected via DC/DC convertdret®C-link

First, the method in which the Super-Capacitoosnected via a DC/DC convertor will be discussed.
GSC will be modeled in a similar way to RSC. Alluatjons will be linearized based on an
equilibrium point, and a new state for each PI tagu will be introduced. For a DC-link regulator,

(as shown in Figure 3.4y4 will be used. Since the reference voltage is Ugwainstant Avpc_ ;can

be assumed to be zero.

Aycd = AVDC—ref - AVDC (425)

Aidc—ref = Kigd [ycd ] +K pgd |_AVDC -ref J_ K pgd [AVDC ] (426)

To model reactive power regulating shown in FegB.8,y4 is defined as a new state. In this part, Q
should be stated as a function gfawnd i and be linearized. Similar ®vpc_rer, AQrer COUld be
considered zero.

Q =Vgddb ~Varlgp (4.27)
Ai Av
AQ = [—deo qu0]|:AiZC:| + [I dco T cho[AVZﬂ (4.28)
. .
. Ai Av
Aycq = AQ - AQref = [_ deo quO[Ai:C:| + [I dc0 I qCO[AVjZ:| (4 29)
. .

Al qeref — Kigq[ycq] - Kpgq[AQref ] + Kpgd[AQ] = Kigq[ycq] + Kpgd[_vdbo quo[i: :j * Kpgd[l w o | qw[i::j (4-30)

Two new statesp.q and¢qq, Will be considered to model the current regulaoown in Figure
3.10.

A¢>cq = Aiqc _Aiqc—ref (4.31)
A¢cd = Aidc - Aidc—ref (432)
|:Amcq:| - |:_ Kic 0 :||:A¢cq:| + K pc xs |:A?qc:| + -K pc 0 A?Glc—ref (4.33)
Amgy 0 = Kic || Afcq -Xs K pc Aigye 0 -K pc Al geres

The relation between modulation indexes and outplhges is similar to the RSC case.

VQC} = 05v x["ﬂ (4.34)
|:Vdc be mdc
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Av, Am, 05M o
1= 05v ‘ A :
{Avdj Dco[Amdj + [O.SM dc0:|[ VDC] (4.35)

To complete this part, the reactance between the &®l generator bus should be modeled. The
schematic of this reactance is shown in FigureaB®described in Equation (3.27). In these cases, R

is assumed be negligible. The state-space repegsemof the reactance is illustrated below.

. . — -— 0
i A.Icq - 0 —ah Al-cd + Ls AVbq + Ls Ach +£ chO [Aa)] (436)
dt|Aig | |apy 0O | Aig 0 L |[AVg 0 -1 [Aa] L| lew

All of these equations can be summarized and repted as (4. 37) to (4. 39), and are discussed in

Appendix C in detail.

e = e [6oc ]+ By el
ngc - Agscxgsc + Bvb,gsc AV + BvDC,gsc AVDC + Bw,gsc Aw
db

(4.37)

Avy,
APgsc = Cgscxgsc+ Dvbgs Ade + DvDC,gsc[AVDC] + Dwgsc[Aw] (4 38)
ngc = [Aycq Aycd A¢cq A¢cd Aicq Aicd ]T (439)

4.1.1.3.2Super-capacitance connected directly to the DC-link

The major difference is in active power regulatibor this topology, the active power regulation in
Figure 3.7 and 3.8 should be modeled. In Figure tB& DC-link regulating block does not usually
incorporate in setting the reference power aneie except in rare stream cases, so this part ¢cmsuld

ignored. P, which is introduced as a measurement of RSC paweild be represented as below.

l

@

rsc

S+ (4.40)
Based on Figure 3.7 and (4.40), the first partafigr controller could be modeled as (4.41). In this

r

equation, a new parametpy is used to make the modeling possible.

Ag =[w, ][Ag] +1][AP,] +[0][AR,] @a1)

AR =[a][A¢] +[0][AR.] +[1][AR,] (4.4

The output of this part will be used as an inputda active power regulating block shown in

Figure 3.8. It will be modeled similar to a DC-linkltage regulator or reactive power regulator, as
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discussed above, and a new parametewill be used. B can also be represented as (4.45). The

linearized form is shown in (4.46).

A% AR, ref _Apgsc (443)
Aidc—ref - |gd [%] Kpgdl_A refJ+ Kpgdl_A gst (444)
Pase =Vadao +Vagblg (4.45)
B Avg,
APgst: - B/qbo de0]|:A|dc:| [I qc0 ch[Avdb:| (446)
(4.43) and (4.44) also can be rephrased as (4mi7{4a48).
Av,
A(ﬂz = [0][@] [A ref] [_quo deo]{ } [ | - |dc0]{Avqb} (4.47)
db
. Aig, Av
Al de-ref — |gd [¢2] K pgd [A ref ]+ Kigd B/qbo deO [Alq :| +K pgd [I qco I dcO ]|:Avqb:| (448)
dc db

The rest of controller is exactly the same as trenér case, so thex should be modified to
(4.49). The details of state-space are shown ireAgx C.

XSC:[Aycq Aﬂ A(”z A¢cq A¢cd Aicq Aicd]T (449)
4.1.1.4 DC-Link Modeling

Equation (3.22), which explains the DC-link behayiwill be linearized and rephrased as (4.50). In
cases involving the direct connection of the Supapacitor to the DC-link, &,, should be used
instead of Ge.jink.

AVpe =[0][Av ]+—A AP (4.50)
ee - dc—llnkVDCO [ rsc] Cdc—llnkVDCO [ C]
The model derived here can be combined to miakevind power plant model. The wind power

state-space model is shown in (4.51) to (4.54).

Xyind = [Angig Ax:—sc AX;sc AVDC]T (4-51)
I 'A\jfig + Bvr,dfig (Ddfig,rsc + Dvsrschfig) Bvr,dfig Crsc 0 Bvr,dfig DvDC,rsc_
Bdfig,rsc + Bvsrschfig Asc 0 BvDC,rsc
A’Vind = B prgschflg B pr,gschr,dfig Crsc Agsc BvDC,gsc
1 1 1
< (Cdf' +D dfi D Fas ) ———D dfi c -———C 0
_Cdc—linkVDCO 9 veg e e Cdc—linkVDCO e e Cdc—linkVDCO e
(4.52)
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Bybwind =

w,wind

Bvb.dfig + Bvr,dfig (Dvhrsc + DvsrscFvb)
thrsc + B F

vsrsc' vb
Bvbgsc + B pr,gsc( Dvb,dfig + Dvr,dfig (Dvhrsc + DvsrscFvb))
1
D
Cdc—linkVDCO

vhgsc

B

wdfig T B

vr,dfig
Bvsrsc Fa)
Bw,gsc + B pr,gsc( Dw,dfig + Dvr,dfig Dvs.rsch))
1 D

D,oscF

VSsIsc' w

w,gsc

’ B[m,wind =

B[m,dfig + Bvr,dfig Dvsrsthm)
Bvsrsthm

[Olea

0 (4.53)

Cdc—linkVDCO

. Aqu
Xaind = Awind Xwind * Bub,wind ++By wing [Aa)] *+ Bim,wind [ATm]

Avyy, (4.54)

4.1.2 Simplified Model

Table 1 shows the eigen-values of the complete Bx@del, the wind power generator without virtual

inertia, and the Super-Capacitor. It consists obtHies. The detailed model of the microgrid, which

includes two DG units, 6 loads and several lingsniich more complicated. In the simplified form,

DG1 has one dominant pole far from the other mo@lks situation may lead to simplifying DG1 as

a first order system. However, prior to doing thwe, need to know which state this mode belongs to.
Table4.1 DG1 Complete Model Eigen-Values

M -7.05E+04

v -8.25E+04

A3 -4.14E+03

A -5.74E+02

A5 -20.046 + j367.266
A7 g -70.515 +j302.879
Mo1o | -49.550 %j230.454
M1 -0.6676

A2 -38.3635

M3 -43.7177

M4 -50.2413

Ms -50.0004

Participation factor analysis, Table 4.2, shows tha modess to A;, are impacted by DFIG, RSC

and its controller while the rest of the modesrame related to the DC-link, GSC and its controller
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In particular,is;is influenced byw,, the rotational speed of DFIG. The sensitivitylgsia, Table 4.3,
reveals that the effect of elements gf,Awhich contains B, the moment of inertia of the DFIG
rotating mass, on this mode is significant. On dtieer hand, the only equation which contains this
factor is (4.53), which is a representation of J 2:9per-unit scale.

Po— R =2Hpqq % (4.53)

Since the controller is designed to maximize wirmdver extraction, in an equilibrium point, as
shown in Figure 2.39P./0w, is zero. In addition, Pcan be replaced byoR in (3.17). After these
replacements and the linearization needed for ssigalal analysis, (4.53) can be rephrased as (4.54)

AR, - 3KOPTa)rOzAa)r =2H pg,w % (4.54)

Obviously, the mode derived from this equation dejseonw,,, which is the DFIG initial rotational
speed. Figure 4.3 shows the dominant pole of tiaildd model and the derived pole of equation
(4.54) versusoy, plus their high coincidence. In other words, tdwntrollers are fast enough to
assume thatdfequals By and to use (4.54) as a representation of the wiioleé power generator.

-0.2

— Detailed Method
— Simplified Method ||

-0.3r

-0.4f

-0.5¢

Real Part

-0.6

-0.7¢

-0.8}

034 0.6 0.8 1 1.2 1.4
Rotor Speed [p.u.]

Figure4.3 the Dominant Pole of the Detailed Model andSheplified Model Pole versus DFIG
Rotational Speed

It should be mentioned here that in cases involtlegdirect connection of the Super-Capacitor & th

DC-link, the same patterns in eigen-value analydlide obtained.
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Table4.2 Participation Factor Analysis Result

7\fl }\'2 )\G }\'4 7\f5 }\'6 7\f7 }\'8 7\,9 7\'10 Q\fll 7\'12 7\'13 7\fl4 7\'15

AI gs 1E-09 3E-14 7 E-07 2.1E-04 9.28 9.28 5.11 511 5.48 5.48 5E-06 2E-01 S5E-09 7E-08 1E-07
Al ds 4E-11 1E-15 4E-06 3.6E-04 11.38 11.38 118 118 9.97 9.97 2.8E-03 4.6E-04 5.2E-10 3.2E-08 4.7E-08
AI Iqr 1.7E-09 3.9€-14 1.2E-07 2.1E-04 8.85 8.85 5.47 5.47 5.52 5.52 9.5E-06 2.5E-01 6.1E-09 8.5E-08 1.2€-07
Al Idr 6.8E-09 1.56-13 3.8E-05 5.1E-05 10.88 10.88 1.21 1.21 10.43 10.43 2.8E-03 1.9e-03 5.6E-10 3.5E-08 5.2E-08
Aa% 5.6E-15 1.1E-19 1.4E-09 2.3E-07 2.1E-04 2.1E-04 3.4E-04 3.4E-04 0.0045 0.0045 0.99 6.0E-06 1.0E-11 4.9E-10 7.3E-10
A/Jrq 3.4E-12 6.6E-17 2.8E-07 6.5E-06 0.024 0.024 0.493 0.493 0.075 0.075 1.0E-07 6.1E-02 4.3E-10 2.3E-09 3.7E-09
A/'Ird 2.2E-11 4.2E-16 2.1E-06 1.3e-4 0.011 0.011 0.049 0.049 0.474 0.474 0.008 2.3E-03 1.4E-10 9.7E-09 1.4E-08
AIIJI’V 2.6E-13 5.0E-18 1.7€-08 3.3E-09 1.9€-03 1.9€-03 6.2E-02 6.2E-02 3.9E-03 3.9E-03 8.0E-08 1.04 9.5E-09 8.5E-08 1.3E-07

Aycq 3.1E-08 5.3E-04 1.4E-08 1.7€-08 1.2€-12 1.2€-12 5.6E-12 5.6E-12 2.0E-11 2.0E-11 3.9€-20 1.8E-09 9.6E-01 3.2E-02 3.0E-08

Aycd 5.1E-04 1.3E-08 1.7€-01 117 9.5E-06 9.5E-06 3.8E-05 3.8E-05 1.0E-04 1.0E-04 1.6E-09 3.6E-06 5.1E-08 2.4E-06 1.1E-05
A¢Cq 3.5E-08 6.1E-4 1.6E-08 2.0E-08 1.4E-12 1.4E-12 6.4E-12 6.4E-12 2.3E-11 2.3E-11 6.9E-18 1.0E-09 0.028 0.972 4.4E-04
A¢Cd 7.6E-04 2.3E-08 8.9E-04 1.4E-04 7.6E-09 7.6E-09 2.7e-08 2.7E-08 7.4€-08 7.4E-08 2.0E-16 2.3E-08 3.7E-07 4.4E-04 1.0

AI cq 4.2E-05 1 7.0E-08 1.7E-09 4.6E-14 4.6E-14 1.5€-13 1.5€-13 3.1E-13 3.1E-13 7.3E-25 2.5E-12 3.5E-03 4.7E-03 2.1E-06
Al cd 1.07 4.44 0.0733 1.4€-03 5.6E-08 5.6E-08 1.6E-07 1.6E-07 3.4E-07 3.4€-07 2.0E-16 5.6E-09 1.7€-13 3.7E-10 8.2E-07
AVDC 0.0716 2.2E-06 1.243 0.171 5.8E-07 5.8E-07 1.6E-06 1.6E-06 2.6E-06 2.6E-06 3.3E-16 2.4E-09 3.9€-08 1.8E-06 2.6E-06

Table4.3 Sensitivity Analysis Result; the highlightedi€eefer to corresponding elements ip;A
I—mIquIZHDGly 'Lmlqs(IZHDGla 'KOPT/HDGl-

5.86E-06 0.001157 1.00E-05 0.001218 0.000847 8.41E-06 2.30E-05 445¢- 1.87€- 1.37E-05 1.38E- 1.228- 1.30€- 0.000686 9.18E-06
09 10 08 10 10

1.43€-05 0.002814 2.44E-05 0.002964 0.00206 2.05E-05 5.59E-05 1.08E- 4.56E- 3.34E-05 3.36- 297 3178 0.00167 2.23E-05
08 10 08 10 10

5.57E-06 | 0.001098 | 9.52E-06 | 0.001156 | 0.000804 | 7.98E-06 2.18E-05 4.22E- L78E- 1.30E-05 1.316- 1.16E- 124 0.000652 | 8.71E-06
09 10 08 10 10

1.35E-05 0.00267 2.326-05 | 0.002813 | 0.001955 | 1.94E-05 5.31E-05 103 4338 3.17E-05 3198 2826 3.00E- 0.001585 | 2.12E-05
08 10 08 10 10

0.00687 1.35482 0011752 | 1.427047 | 0.991735 | 0.009852 | 0.026926 5-21E- 2.20E- 0.016102 1626 L43E- 1526 0.80404 0.01075
06 07 05 07 07

7.06E-08 1.39€-05 1.21E-07 1.47E-05 1.02E-05 1.01E-07 2.77€-07 5-36E- 2.26E- 1.66E-07 1.67E- 1478 1.57€- 8.27E-06 1.11E-07
11 12 10 12 12

0.002109 0.415943 0.003608 0.438117 0.304473 0.003025 0.008266 1.60E- 6.74E- 0.004944 4.97E- 4.408- 4.68E- 0.246848 0.0033
06 08 06 08 08

0.000106 | 0.020864 | 0.000181 | 0.021976 | 0.015272 | 0.000152 | 0.000415 8.026- 3.38E- 0.000248 249E- 2218 2.35E- 0.012382 | 0.000166
08 09 07 09 09

1.23€-15 2.43E-13 2.11E-15 2.56E-13 1.78E-13 1.77€-15 4.83E-15 9-35€- 3.94€- 2.89E-15 291E- 257€- 2748 1.44E-13 1.93E-15
19 20 18 20 20

7.11E-10 1.40E-07 1.22€-09 1.48E-07 1.036-07 1.02€-09 2.79E-09 5-39E- 2278 1.67E-09 1.68E- L.48E- 1.58E- 8.32E-08 1.11E-09
13 14 12 14 14

2.94E-15 5.80E-13 5.03E-15 6.10E-13 4.24E-13 4.21E-15 1.15E-14 2238 9-40E- 6.89E-15 6-93E- 6-13€- 6.52E- 3.44E-13 4.60E-15
18 20 18 20 20

9.61E-12 1.90E-09 1.64E-11 2.00E-09 1.39€-09 1.38E-11 3.77E-11 7298 3.07E- 2.25E-11 2.278 2.008- 2138 1.13€-09 1.50E-11
15 16 14 16 16

3.33€-20 6.56E-18 5.69E-20 6.91E-18 4.80E-18 4.77E-20 1.30€-19 2.52E- 1.06E- 7.80E-20 7848 6-93€- 7.38E- 3.89E-18 5.21E-20
23 24 23 25 25

1.70E-18 3.36E-16 2.91E-18 3.54E-16 2.46E-16 2.44E-18 6.68E-18 1.29- SA44E- 3.99E-18 4.02E- 3558 3.78E- 1.99E-16 2.67E-18
21 23 21 23 23

2.13E-16 4.20E-14 3.64E-16 4.43E-14 3.08E-14 3.06E-16 8.35E-16 1?;& Ggf' 4.99E-16 5.%5- 4"2"1‘5 4'2?' 2.49E-14 3.33E-16
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4.1.2.1 Rotating-Mass Based Virtual Inertia

A simplified model can now be derived and studiggsed on (3.21AP,, which is a linearized form
of the electrical output of DG1, can be represeat(.55). The term 3fw,o°Aw, in (4.53) should
be replaced by this relation. In this new relatidb®, and consequentl&P. can be found as a function
of AP, andAw., as shown in (4.56) and (4.57). It should be noeatil here that DG1 representation

without virtual inertia can be easily obtained ljting J and, as a result,\Ho zero.

AP, = 3K gpr @ D) — Hy (S) WA, (4.55)

Aw = 1 _AP, + VIOV (4.56)
2H 5610008+ 3K oprg 2H 68+ 3K opro

Ape — 3KOPTa)rO Apm _ 2H DGlHV(S)S Awm (457)
2H 56,8+ 3K oprg 2H 56,8+ 3Koprc

4.1.2.2 Super-Capacitor Based Virtual inertia

Based on the aforementioned discussion, the GStatien is fast enough to be assumed ideal. Thus,
the assumptions made to conclude (3.24) were rabarMoreover, in similar procedures, it can be
shown that a DC/DC converter connected to the SGpacitor and its controller can be set such

that (3.26) is sufficiently accurate. After thesaifications, Rg; can be represented as (4.58).

3K gprdk
AP, = OPTH0 AP. . —H, (s)Aw 4.58
dgl 2H DGls+ 3Kop-ra)ro wind \% ( ) m ( )

4.1.2.2.1DC/DC convertor Modeling

This study is neither necessary nor even possibola fopology in which a Super-Capacitor is dirgctl
connected to a DC-link. However, for the other topgy, it seems prudent to prove that a DC/DC
converter is sufficiently fast. To that end, theniroller is shown in Figure 3.5 and the circuit is

modeled here. The overall model is shown in Figude

In this modeling, regardless of howH®s generated, the DC/DC convertor and its cirauik be
examined in light of how fast and accurate they 8@me assumptions have been made to simplify
this modeling. For instance, switches are consti&teal as they generate the input voltage exactly
and immediately. This assumption allows us to maoldelconvertor as a controllable voltage source.
The Super-Capacitor is also modeled as a capaniiseries with a resistance called as Equivalent

Series Resistance (ESR).
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Convertor Circuit

Figure4.4 The DC/DC Block Diagram
The other assumption is about linearizing the #.59) shows its linearized form. Since the small
signal technique is used, it is linearized on aaildmjium point. In the equilibrium condition, the
system frequency is constant, so the virtual inaatid consequentlyPare zero, which leads to zero
l.omvo BY considering the initial super-capacitor cutrearo, AP can be represented by only the

second term of the right-hand side of the equation:

APref =1 con\,OAVconv +Vcon\,0Aiconv (459)

Table 4.4 shows the eigen-values of the systemfagute 4.5 shows the response to a step input.

We can clearly see that the system is indeed fakaacurate enough to be modeled as (4.58).

Table4.4 DC/DC converter circuit eigen-values
M -1189.4

A2 -20.6

1.2

Pceplpu]

Il I I I I I I I I
o 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
time [sec]

Figure4.5 DC/DC Converter Step Response
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4.2 Impact on system stability

The rest of the system, consisting of a synchromoashine, its prime mover, governor and the
system loads, will be modeled as a simplified mpdsldiscussed in [44]. The block diagram of the

whole system while virtual inertia is implementedRotating-Mass is shown in Figure 4.6.

i 1 5
E Ky ]
: 5 AP,
Load : (f) 1 : 71 APm g;\ 1 _ Aw.
Ref. | sTe+1 E sTey +1 D + sMgjesel "
i E Turbine
U APdgl
Governor
E 3K0wa72'0 2Hpg, Hy ()s i
prmd i ZHDleTOS + 3Koptw£0 ZHDGIS + 3Koptwr0 1

Figure4.6 Microgrid Schematic block with a Rotating-Mdsssed Virtual Inertia

4.2.1 Rotating-Mass based Virtual Inertia

Figure 4.7 shows the microgrid dominant poles tootts by increasing,Jirom zero. Virtual inertia
improves system stability, but this impact is meaduon a specifieo,,, While in a wind power

generator this value is constantly changing ancetbee unpredictable.

6

« x
- Jv=0
Increasing Jv

g
B ol = ]
g This mode does not exist in the system without virtual inerta
- By adding virtual inertia, This mode starts from here.

2L ‘ J

Xx
= x .
A+ *x Increasing Jv Iv=0| -
x ~—
X ‘
6 I I I I I I I I I
-1.8 -1.6 -1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2 (0] 0.2

Real Axis
Figure4.7 The Microgrid dominant poles Root-Locus withlIBFotating-mass-based virtual inertia
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Figure4.8 The frequency overshoots to a step changesitotid, without virtual inertia vs. DFIG
Rotor Initial Speed.

Figure 4.8 shows the frequency response overshaddiei presence of rotating-mass-based virtual
inertia versusy,, While a step per-unit change occurs at loads. 3tieig change can be interpreted as
a mismatch between loads and generation, whictstplkeee at the moment of intentional islanding.
The frequency overshoot changes, but without Jirtoertia, the amount is constant (almost 240
percent). This variation is reasonable, since diffen,, means different amount of energy is stored at

the DFIG rotating mass. Initial rotational speedekated to wind speed and independent of system

frequency.

80
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Optimal Jv
o
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T

30+

20 I I I I I I I I I
0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

DFIG Rotational Initial Speed [p.u.]

Figure4.9 Optimal J vs. Initial Rotational Speed
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Figure4.10 Minimum possible frequency overshoot to a stegnge in load in the presence of
rotating-mass-based virtual inertia vs. Initial &ainal Speed

Such a dependence on thg may be assumed as the most disadvantageous pouit asing the
DFIG rotating mass as the source of virtual ineffiasis impact becomes more significant whg#is
zero. In this condition, virtual inertia cannot ingplemented because no stored energy exists in the
rotating mass. It happens when the wind speed ysriakits cut-in or cut-off speeds and is very
common in the most of the systems.

Figure 4.9 depicts the optimized value ofukrsusm, for this particular system to minimize the
frequency overshoot. In Figure 4.10, the frequerasponse overshoots relevant {odéscribed in
Figure 4.9 are depictedhe inverse variation of optimal virtual inertia faspect to initial DFIG
rotational speed is because of different energyedto the rotating mass. In the other word, indow
speeds, the same changes in the rotational spselt re lower changes in power output. So to
provide same power in lower speeds, more changgs@msequently more virtual inertia is needed.
This fact is reflected in (4.55) by the presencengfin the virtual inertia term of output power and
could be verified by the almost constant produatmifmal virtual inertia andbo,

As shown, even in the case of optimized virtuattiaga constant frequency overshoot cannot be
obtained. The other important point is the notitg&ligh variation in . In other words, ayJwhich
is optimal for a specific initial rotational spesthy result in a non-optimized amount in anotherdwin

speed. Considering the intermittent nature of wihis, may lead to some difficulties for designers.
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4.2.2 Super-Capacitor Based virtual Inertia

Similar to the previous case, the block diagramvbble system when super-capacitor based virtual

inertia is employed can be made as Figure 4.11ur€ig.12 shows the root locus of the microgrid

dominant poles whereg,Js increasing. The system without virtual inefigsaintroduced by \J=0. It

appears to be more effective than virtual inersimg a DFIG rotating mass.

_______________________

AP,

D+ SMdiesel

1

Load 1 1
Ref. '(’ >_’ STg + 1 | STen+1
Turbine
b e m
Governor
1
1
1
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— >
APWL'ndl Zdeigwros + 31(01,[(4)30
|
1
1

Hy(s) [+
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4+ Increasing Jv CT |
J o
|
£o ]
g
]
wis e Increasing Jv J‘F#’ I
6 ‘ ; ‘ :
22 -15 -1 -0.5 Y

Real Axis

TS Awm

Figure4.12 the Microgrid dominant poles’ Root-Locus wihper-Capacitor based virtual inertia
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The better performance of this method is clear igufe 4.13, in which frequency response
overshoots in the presence of virtual inertia itht&ources versus,, are depicted, while a step per-
unit change occurs at loads. In addition, the bienaxf Super-Capacitor-based virtual inertia is not
dependent on the DFIG initial rotating speed. Tihdependence, especially considering thatis
related to unpredictable wind speed and indepenoesystem frequency, can be assumed as an

important advantage of using a Super-Capacitoeausof a DFIG rotating mass.

80
N\ Super-Capacitor Based
N\ .

70l \ Rotating-Mass Based
= 60 \
o) N
o
) ~
& ~
5 50 ~
o] - _
ey — [
[
o
8 40

30

2 L L L L

%.4 0.6 0.8 1 1.2 1.4

DFIG Rotor Initial Speed [p.u]
Figure4.13 The frequency response overshoot to step eharthe load vs. DFIG Rotor Initial
Speed. Jis constant, 14sec for both cases.

4.2.2.1 Sizing Super-Capacitor

The Super-Capacitor needs to be sized accuratglyetent any conflicts. By ignoring the Super-
Capacitor ESR, switching losses and consequensynaigg that the whole generated power is
supplied by the Super-Capacitor, (4.60) can beloded:

d 2
Pscap = 1Cscap (Vscap )
2 dt

(4.60)

On the other handsB,can be replaced bys)w.mn, according to (3.24). As explainedy(d) is a
practical form of a derivative, so it seems reabtm#o revert to the derivative form to estimate th

virtual inertia power. After some calculations,6@). can be rephrased as (4.61).

AV, =% pg (4.61)

scap CVO

38



Thus, the maximum change in the Super-Capacitdage) which must be controlled to prevent any
over- or under-voltage, is dependent on the Supga€itor capacitance, Jand the maximum
frequency deviation. Meanwhile, this maximum freqoy deviation is impacted by the maximum
frequency overshoot, which is a function @f Bigure 4.14 shows this relation.

The DC/DC convertor connected to the Super-Capashiould also be appropriately sized. Fig.
4.14 also depicts the peak power generated byuperSCapacitor when a step change in load takes
place. As mentioned, this step change can be cdwysed intentional islanding. Peak output power

should be used in the design of the DC/DC convertor
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Figure4.14 The Frequency Overshoot and the maximum pgeseerated by a Super-capacitor when
1 p.u. change occurs in load vs Virtual Inertia wkiee Super-Capacitor is the source..

The situation is actually more complicated, sinis power passes through the GSC. In other
words, we also need to resize this part. In practite maximum instantaneous mismatch that could
occur, usually by islanding or load disconnectigimuld be considered to find the final frequengy. J
can be chosen based on this final frequency anat&id.14 to assure the designer that the frequency
always remains in the allowed range. Now, basetherother curve in Figure 4.14, the selectgd J
and the maximum power mismatch, the maximum povesretated by the Super-capacitor can be
calculated. The value may be added to the ratinth@fconventional GSC, but this method is very
conservative. It has been assumed that when thmatib happens, the GSC works at its rating and
also in the same direction as the maximum virtoeitia power.

The Super-Capacitor capacitance can be choserd base(4.61), the calculated maximum

frequency deviation and the allowed voltage rarfgae capacitor.
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Here, an important disadvantage of connecting te6capacitor directly to the DC-link should
be discussed. In this cases ) is actually Vic.in, SO controlling the ¥, is important, especially
considering that RSC is also using this sourceetterate the output voltage. To reduce the DC-link
fluctuations, either\Jshould be decreased or the capacitance,@f €hould be increased. While the
former solution results in a lower impact of thetwal inertia, the latter results in higher coghisT

problem, in addition to our prior discussion, matescost of a DC/DC converter reasonable.

4.2.3 Diesel Droop Factor

The governor shown in Figure 4.11 is responsible regulating the active power and the
frequency in convenient thermal generators. Thechadation, for describing its functionality, is
introduced in (4.62) and is known as the droop Bonadescribed in section 2.2.2. As mentioned
previously, the frequency deviation is used to laguthe power. To decrease the undesirable
frequency deviation, lower Kshould be used. This lower value becomes moreestiag in
microgrids with wind, in that the generated powed aconsequently the frequency are always
changing.

PR =i (@maw) (4.62)
Although lower K will result in better frequency regulation in aatly-state, the dynamic behavior
of a generator will become worse. As mentioneds fliding was also observed in inverter-based

DGs, which share their power by the droop method.

This simplified model is used here to investigdte impact of virtual inertia on droop dynamic
behavior. Figure 4.15 depicts the root locus of¢ygem dominant poles when Is decreased. The
red ones, representing the system without virtugdtia, move towards the RHP. That is, the system’s
dynamic behavior worsens agik decreased, a finding that verifies the aboveusision. After some
points, the dominant poles pass the imaginary axisthe system becomes unstable.

The situation is significantly different when vialunertia is implemented. Although decreasing K
too much also leads to the system instabilitycttuss much later than in the former case. In aoldljti
decreasing K improves system behavior. It should be mentiortet, tin Figure 4.15, a Super-
Capacitor is used as the source of virtual inertia.

Implementing virtual inertia lets us choosg Kore freely to provide a better steady-state
performance; in other words, such inertia decoughlessteady and transient control parameters. As a

result, it improves the system’s steady-state hiehdut is not incorporated directly in this mode.
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Figure4.15 The Microgrid Dominant Poles’ Root Locus wlkgis decreasing. Red ones describe
the system without virtual inertia while the bluses are for the system with virtual inertia.

4.3 Discussion

In this chapter, the impact of implementing virtiaértia in wind power is studied through a
detailed model of wind power. To overcome its cae®jil/, a simplified yet accurate version of the
model is obtained and later used to construct tloeogrid and study stability improvement in the
presence of virtual inertia. Additionally, and basen the simplified model, the advantages and
disadvantages of implementing virtual inertia usmguper-Capacitor or DFIG rotating mass are

discussed in detail.
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Chapter 5

Simulation Result

Time domain simulation is used to verify the sitoia$ discussed in the previous chapter, with two
distinct scenarios being investigated. The firsgtnsecio deals with constant wind speed, and the
second uses a real wind speed pattern. Each sceoasists of different cases.

The system shown in Fig. 4.1 is also used for theulation. DG2, a conventional gas-turbine
generator, is modeled based on details discusgdd]inThe droop and excitation system models are
also included. Lines are modeled as lumped R-Ltardoads as parallel R-L loads. Details of the
loads are given in Appendix D. The Matlab/Simulsdftware package was used for this portion of
the study.

5.1 Constant Wind Speed

First, wind speed is set as a constant to avoidcamyusion. Since the analysis in the last section

shows some dependency on wind speed, this pawided into three different cases.

5.1.1 High Wind Speed

In this section, the wind speed is set constatflan/sec. While all loads are connected, DG1 works
at 1.52MW/0 MVAR and DG2 operates at 1.74MW and/\va@ose to the unity power factor. The rest

of the loads are supplied by the grid. An interglaslanding takes place at t=2sec.
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Figure5.1 Frequency vs. time when wind speed is congtddtin/sec. Jfor rotating mass and
Super-Capacitor-based virtual inertia is the same.
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The frequency is shown in Figure 5.1. As expectédual inertia significantly improves the
frequency overshoot and settling time. It alsofiesithe previous analysis which claims that a $upe

Capacitor as the source of virtual inertia couldvimre influential.

5.1.2 Low Wind Speed

In this case, the wind speed is 6m/sec. All midpads except LP2 are disconnected. While DG2
works as in the previous case, DG1 output is 250BMWAR before islanding. An intentional
islanding takes place at t=2sec.

Figure 5.2 shows the frequency behaviour. As befdartual inertia greatly improves the stability.

It also shows that a Super-capacitor as the samancémpact the system more significantly.

60.4 ‘ ‘ ‘
— Without Virtual Inertia

60.21 — Virtual Inertia by Super-capacitor ||
- - -~ Virtual Inertia by Rotating Mass

60

59.8

59.6

59.4

Frequency [Hz]

59.2

59

58.8

58.6 : ,

2 4 6 8 10 12 14
time [sec]

Figure5.2 Frequency vs. time when wind speed is constamilsec. J for rotating mass and Super-
capacitor-based virtual inertia is the same.

The remarkable point that can be concluded fromctiraparison between Figure 5.1 and Figure
5.2 is the dependence of the rotating-mass-basgtiairon the DFIG initial rotating speed. Although
the frequency overshoot in the high wind speed =a42%, it reaches 60% in the low speed case. In
contrast, in both of the Super-Capacitor-basediaiirinertia cases, the overshoot is limited to 18%.
This result verifies previous analyses and alsavshimat when a constant virtual inertia is utilized

with a rotating-mass source, all wind speed prditigsi should be considered in the design process.
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5.1.3 Zero Wind Speed

When wind speed is lower than cut-in or higher thatiout speed, wind power generator output
decreases to zero. These situations are equivalemtd modeled as zero wind speed. Similar to the
previous case, all microgrid loads except LP2 @&eathnected, and DG2 works at 1.74MW and very
close to unity power factor. DG1 output is OMW/OMRAFigure 5.3 shows the microgrid frequency

behavior when an intentional islanding occurs aséc.
61
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Figure5.3 Frequency vs. time when wind speed is congt@nti'sec. Implementing virtual inertia by
the DFIG rotating mass in this condition is impbgesi

While implementing virtual inertia by the DFIG rtiteg mass is impossible due to zero rotating
speed, the Super-Capacitor can still provide paweenhance the system’s behavior. This feature

seems very important, since this condition happétes in most wind power sites.

0.45 T T T T T T T T

Pdgl
0.4t i\ ~ Qdgl

0.35r
0.3
0.251

0.2

PQdgl [pu]

0.15r

0.1

0.05r

"0-05 2 3 2 5 6 7 8 ° 10
time [sec]
Figure5.4 The DG1 active and reactive power output ai s@nd speed with Super-Capacitor-based
virtual inertia.
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The output of DG1 when virtual inertia is implemaahtis shown in Figure 5.4. Although the wind
speed is zero, it is used to regulate the reagtbveer and frequency. After islanding in steadyestat
because of losses in DFIG, a small amount of pasv@onsumed by DG1, which is then used to
generate reactive power. Ignoring this amount, BGActive power output occurs because of the
virtual inertia power generated by the super-capaconnected to the DC-link. The maximum power
generated because of virtual inertia is almost @.28 This amount is very close to 0.30 p.u., which
can be found based in Figure 4.14. The power midmat the moment of islanding is equal to the
power supplied by the grid beforehand (0.39 p.uhis case). This amount should be multiplied by
0.78, the maximum per-unit power generated forltheu. mismatch at,d14sec depicted in Figure

4.14. This clearly shows that the analytical metreslilt is not far removed from the practical ones.

5.2 Variable Wind Speed

To make the system more practical, a real wind dpedtern derived from a real measured wind

speed [45] is used.
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Figure5.5 Real wind speed pattern

Islanding occurs at t=2sec, when the overall outputDFIG and back-to-back converter is
1.53MW at the unity power factor. The synchronoaseagator works at 1.74MW, very close to the

unity power factor, while the rest of the loads sugplied by the main grid.

5.2.1 Implementing Virtual Inertia

The impact of using virtual inertia from differesburces in a more realistic system is investigated
here, with results shown in Figures 5.6 to 5.8. Gbeernor of the diesel turbine has the same sgettin

in all of the cases, so the frequency regulatidieidinces are related to the virtual inertia.
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Figure5.8 Intentional islanding with super-capacitor-lshgetual inertia (K=2.5%)

The fluctuating wind speed results in variable D@itput. As a result, the DG2 output and
consequently the frequency should always changdleVithese changes are unavoidable (since a
droop-based DG is used to compensate for windpnaparison between curves shows that virtual
inertia, either from a rotating-mass or a Superdc#pr, could enhance frequency regulation. It is
observed that for the similar amount of virtualrti®e a Super-Capacitor is more effective. While th
Super-Capacitor performance is very obvious, tie&tirgy-mass impact is not so clear. Comparing W
(the DFIG rotational speed) in Figures 5.6 to M8the first seconds after islanding shows how
rotating-mass-based virtual inertia provides enéogyncorporate in frequency regulation.

For the sake of clarity, the frequency behavioralbfof these systems are shown in Figure 5.9.
Although their behaviors after t=10sec are simitaeach other, their performances in the first few
cycles after islanding are quite different.

The other interesting observation in these figuwmscerns reactive power regulation. However the
same strategy and parameters for controlling reagiower is used in all the cases, results show

better regulation in the presence of virtual irgeriThis is due to the low X/R ratio in the rural
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network, which prevents the complete decoupling amftive power/frequency and reactive
power/voltage controls.
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Figure5.9 Intentional islanding with variable wind spd&gh=2.5%)
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Figure5.10 Super-Capacitor voltage when virtual inersasuthis source.
Another interesting point which should be mentiorteste is the Super-Capacitor voltage. A
comparison between the frequency and the Supereapsoltage behavior in Figures 5.9 and 5.10

reveals the high degree of similarity between thidwuns verifying the relation derived in (4.61).

5.2.2 Super-capacitor connection to DC-link

Up to this point in the chapter, the DC/DC convewas used to connect the Super-Capacitor to the
DC-link in cases where the Super-Capacitor playedrole of virtual inertia. Results related to the

direct connection of the Super-Capacitor are shawfigure 5.11. Comparing these results and
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Figure 5.7 reveals a high level of similarity, shiogvthe sufficiency of using one of these topolsgie

in the other sections.
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Figure5.11 Super-Capacitor-based virtual inertia; SupapaCitor directly connected to DC-link
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As mentioned previously, an important consideratidoout the direct connection of a Super-
Capacitor is the DC-link voltage. While Figure 54ows an almost constant voltage when using
DC/DC converter, even with a 600mF Super-Capackayure 5.11 depicts a 0.1 per unit voltage
fluctuation in the DC-link. Increasing the §o improve the frequency regulation or decreasing
Cscapto decrease the cost will result in higher fluttwas. Even with same amount af dr Cycapin

cases of severe disturbance, the DC-link voltagailigect to high variations.

5.2.3 Compatibility

Using virtual inertia on both the rotating mass dnel Super-Capacitor simultaneously presents no
theoretical problems, since they are two compleselyarate sources. Time domain simulation also
verifies this compatibility, as depicted in Figlrd.3.

Indeed, utilizing both sources at the same timg lead to a better solution. Using rotating mass
may allow for choosing smaller amounts of virtuaritia on the Super-Capacitor, thus lowering the
ratings of the Super-Capacitor, DC/DC converter &8C. On the other hand, using Super-

Capacitor-based virtual inertia may decrease sydgmndency on the DFIG initial rotating speed.
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5.2.4 Lower Diesel Droop Factor

While virtual inertia enhances frequency behauwotransient mode, the steady-state response of the
system controlled by a droop-based governor shilttiates widely, an undesirable trait. As
discussed, for better long-term performancg,skould be decreased, but lowering the i the
system without virtual inertia makes the systemtablg. For instance, without virtual inertia, the
system with K=1.25% becomes unstable in the case of an intaltislanding (see Figure 5.15). The
presence of virtual inertia can change the sitmadiod result in further decrease qof. Ikigure 5.14
shows the system with virtual inertia in which is as low as 0.33%. Clearly, not only is the gyste
stable, but the frequency fluctuation is much less.

The maximum frequency deviation in the system wKt+0.33% after t=10sec is less than
+0.06Hz, while with K=2.5% for a similar time period is more than 0.36Hzother words, it proves
the previous claim that virtual inertia can be ufmda better steady-state performance in addition

its main functionality of system stabilization.
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5.3 Discussion

In this chapter, real-time simulation is used tafyediscussions in the previous chapter. Wind spee
is assumed constant to avoid any confusion, anddbelts of this case verify the dependence of
rotating-mass-based virtual inertia on wind speeadl &uper-Capacitor-based virtual inertia

independency.

As well, a variable wind speed pattern is useprtmluce more practical simulations. Also shown
in this section is the relation between Super-Ciapac/oltage and microgrid frequency, the
advantages of utilizing DC/DC converter, the coniplity of rotating-mass-based and Super-

Capacitor-based virtual inertia, and their impattang-term frequency regulation.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

Since virtual inertia does not participate in powkaring, no mass energy storage device is needed.
This finding leads to economic advantages: eitherrbtating mass connected to the DFIG shaft or a

Super-Capacitor connected a back-to-back convB@elink could be used. Both of these sources are

discussed in detail.

The modification needed in conventional wind powerincorporate each of the sources was
explained. Eigen-value analysis was used to intteagusimplified model for a microgrid. This model
shows the advantages and disadvantages of eath swurce.

Although virtual inertia based on any of these sesrimproves the system stability, their impacts
are different. It was shown that while rotating-s¥isised virtual inertia does not need any new part
or de-rating, its performance is highly dependenD&1G rotating speed at the disturbance moment.
This rotating speed is a function of wind speedictviis notoriously unpredictable.

On the other hand, Super-Capacitor-based virteatia) which can improve system behavior much
more and is independent of wind speed, needs aticdd Super-Capacitor, a rerating of GSC, and
possibly a DC/DC convertor. Several formulae arafydims showing the relation of virtual inertia
and size of these elements were introduced.

Modifications needed to connect the Super-Capaditectly to the DC-link were discussed. It was
shown that, despite removing the cost factor ofGIIBC converter, lower reliability and fluctuating
DC-link voltage made this topology unpopular.

It was also discussed that while virtual inertislmot participate directly in long-term power and
frequency regulation, it can influence the steadyesperformance of the system by decoupling the
steady-state and transient control parameters.rétiea analyses and time domain simulation were

used to verify the thesis’s claims.

6.2 Future Work

Further study could involve the impact of virtuaértia on grid-connected microgrids that spend most
of their time in this mode. As well, the respongevictual inertia to disturbances (e.g., switching)

needs to be studied, as does the impact of suttirlgigices in the islanding mode of operation
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To make the system more realistic, an unbalancetsywith harmonics should be considered.
Unbalancing and harmonics may have several effattPLL, which is used as the core of virtual
inertia. The compatibility of several DG units ugivirtual inertia is yet another area that requires
more research.

Unlike real inertia, which is constant, virtual iti@ can be easily changed and lead to optimized

performance. Adaptive virtual inertia is also aterasting concept that warrants further investagati

54



Appendix A
DFIG State-Space

By definingT" as (4.1.3) and replacing. Dy its linearized representation, the DFIG stgiace
equations could be shown as (4.1.4) to (4.1.8).

- (Ls + Lm) 0 I-m 0
= 0 - (Ls + Lm) 0 I-m
o-L, 0 (L, +L,) 0
0 -L, 0 (L, +Ly) (A1)
Yo = Ay X * Busara| 0 |+ By | o |+ By [ + B [AT ]
dfig fig dfig vsdfig Av vr,dfig AV w,dfig m,dfig m
ds dr (A.Z)
AP, = o X + Do % [+ Dy | S0 [ 4D, g [A]+ Dy gtiq [AT, )
r dfig delg vsdfig Av vr,dfig AV w, dfig Wi tm,dfig m
ds dr
(A.3)
_Aiqs_
JAVIPN
deig = Ailqr
Ai'y,
ey (A.4)
I R —a(tLy) 0 Wl 0
r %(Ls+|—m) _Rs _%Lm 0 r 0
Ajf' — 0 - (% - a%)l-m er (% - a'f')(l-r + Lm) A‘//Idro
ig ' '
(%_a%)l-m 0 _(%_@)(erl-l-m) Rr _Awdro
L
I - 2HII:Gl [l dro | qro | ds0 |qso] 0 |
(A.5)

If DFIG is connected to the network via reactangge ten the relation between thg w, and j is
described by (A.6).

VSq _ 0 _%LN i><q + I-N 0 i ixq + Vba (A 6)
Vea| | @bl 0 Ixd O LyJdt]ixa] [Vog |

Without loss of generality, (A.6) could be repraseinas (A.7).
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0 -aly 0 OfAi,] [Ly 0 0 0] [Aig
Veq | _ | anly 0 0 O Ag| |0 Ly O 0]d|Aig|, [V
Vg 0 0 0 0fAW, 0 0 0 O|dt|Ai'y | |V (A7)
0 0 0 OfAiy 0 0 0 0] |[Aiy
By replacing vin (4.1.1) with the right side of (A.7), new eqioats will be derived.
DFIG
R
\%
S VB
_(Ls+Lm+LN) 0 I-m 0
[ pow = 0 Thsrleth O o (A.8)
L 0 (Lr+Lm) 0
0 -Ly 0 (L, +Ly)
I -R _%(L5+Lm+LN) 0 apl, 0 |
- ay(Ls* L+ Ly) -R ~@ly 0 - 0
A= e 0 —(@ - @)Ly R, (@-a)+Ln) | " Mg
(b - @)Ly 0 —(ay—a)(L + L) R, AT
I _z:sel[ldro _Iqu _IdsD Iqsﬂ] 0 ]
(A.9)

On the other hand, by introducing matrices,seand B, as shown below, and replacing the

derivative term in (A.8) with its equivalents; mow can be defined based on a DFIG state-space

model.
0 -wly 0 0 O] Ly, 0 0 0 0]
aply 0O 000 0 Ly 000
Ews=| O 0O 00 0] Ey=|O 0 00O
0 0 00O 0O O O0O0O
0 0 0 0O 0O 0O O0O00O

I ] ] ] (A.10)
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V, 1 O} Vg
|:Vsq} = (E:Lvs + EZVSAHﬂW)delg + (E2vsBC§\cllvf|g |:0 1:|)|:Vb :| 2vs nre mlg|: } + E2vs \?v,ec;l%lig[Aw] + E2v r:r?\évflg[A ]
dr

sd

(A.11)
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Appendix B
RSC State-Space

0 0 Ky 00-10 o(L n
+
Asc=|0 0 O 1Bdfig,rsc: 00 0 -1 0P &0 o
O O 0 LdebO
00 0 O 0 (B.1)
_ 1 _
K perqsO K pvrvdi) 0 - %L
Vd250 +Vq250 Vd250 +Vq250 K &,{.2 EnL +L ) 0
B = 0 0 B =0 - OPT% O\*=s m Bv =0
VSrsc ’ virsc vV 2 ’ DC,rsc
VqSO Viso L dbo 0 B2
Vo +Veso  Video +Vero 0 0 (B.2)
00 -K, 0 0
— Kir 0 Kerivr — 2K K L. +L
Crsc_ 0'5VDC0 0 K 0 ’ Ddfig,rsc_o'SVDCO 00 0 —K pr OPT%a)rO( S m)
ir pr
LdebO
(B.3)
0 LT
K pr K perqSO K pr K perdsO a)OL
Dvsrsc = 05Vpco V2, +V2 V2, +V2 ) Dvbrsc = 0.5Vpco > (B4)
ds0 0 qs0 ds0 0 qs0 _ KerOPT%wrZO(Ls + Lm)
Lo
5 _ {O.SM q,o}
vDC,rsc —
05M 40 (B.5)
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Appendix C
GSC State-Space

0 0 0 0
0 0 0 0
Kgq 0 0 0
'%Sc: O |<igd 0 0
VDO:)Kp(.}<igq O VDCOKic 0
2L, 2L
O VDCOKpJ<igq 0 _VDCDKic
_ 2, 2,
i | cdo I qco
0 0
K pgql cdo K pgql cqo
Bvbgsc = 0 0
2-"\/DCOKpng cd0 2-'-VDCOKpng cd0
2L, 2L,
i 0 0
(C.2)

Vi Vao
0 0
-1- Kigcydm Kigcqu
0 -1
VDCDKic(Kpc+ K p(Kigc}/dm) _ _VDCOKic(Xs + K pKig(}/th)
2, 2,
2L, 2L,
- r 0 )
-1 0
0 0
_| o _1 0
’ BvDC,gsc - 05M 400 ’ Ba),gsc - t 0
B LS -1 cdo
O.5M qCO i I cq() |
i - L

Cgsc: lO 00O VbqO Vde] ' Dvbgsc = ll cq0 chOJ ’ DvDC,gsc = O: Dwgsc =0
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Appendix D

The model details

Table D.1 The model loads

I|\_1§:1de CorreBsrl)J(;ndlng P(KW) Q(KVAR)
LP1 4 47.50 15.61
LP2 5 2565.0 843.06
LP3 6 289.75 95.24
LP4 7 152 49.96
LP5 8 517.75 170.18
LP6 8 194.75 64.01
LP7 2 7155.0 2566.71
LP8 2 3348.8 1100.7
LP9 3 1071.75 621.95

Table D.2 The model connections
From To R(Q) X(€)
1 2 1.096 2.710
2 3 0.232 0.573
3 4 1.277 3.157
4 5 0.066 0.089
5 6 0. 675 0.909
6 7 0.567 0.764
7 8 0.738 0.993
4 LP1 1.500 0.680
5 LP2 1.631 2.706
6 LP3 0.853 1.148
7 LP4 0.663 0.582
8 LP5 0.884 1.190
8 LP6 0.817 0.718
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DG1 Parameters :

DFIG :

2.5MVA, V=690V, R=0.01pu, X=0.1pu, R=0.01pu, %X=0.1pu, X;=3pu, Number of poles=4,
®,=1800rpm.

RSC controller :

Kpi=Kqd=0.5, Kg=Kiq=30, K,,=0.628.

GSC Power controller:

J=250,00=377, Ky=120, K;=500,K,(s) = 503:5 .

DG2 Parameters:

Synchronous Generator:

2.5MVA, V,=11KV, R=0.0036pu, %=1.56pu, X;=0.29pu, X’d=0.17pu, ¥=1.07pu, X;=0.035pu,
X" ¢=0.17, X=0.055pu, T{=0.035s, T'¢=0.037s, H=15s.

AVR Parameters: k=400, T,=0.02

Diesel Turbine: Total time constant is almost 450ms

61



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

Bibliography

E. Carpaneto, G. Chicco, A, Prunotto, “ Reliabilty Reconfigurable Distribution Systems
Including Distributed Generation9th International Conference on probabilistic Methapplied
to Power Systems, KTH, Stockholm, Sweden, Jung, 2306 ,pp. 1-6.

M. H. Nehrir, C. Wang, S. R. Guda, “Alternative Egye Distributed Generation: Need for Multi-
Source Operation’38th North America Power Symposium, NAPS 20p6547-551.

M. Shahabi, M. R. Haghifam, M. Mohamadian and S.Nabavi-Niaki, "Microgrid Dynamic
Performance Improvement Using a Doubly Fed Indactind Generator,1EEE Transactions
on Energy Conversigmwol. 24, pp. 137-145, 2009.

M. H. J. Bollen, Y. Sun, G. W. Ault, “Reliabilityfdistribution Networks With Der Including
Intentional Islanding”|nternational Conference on Future Power Systet85 pp. 1-6.

Y. Mohamed and E. F. EI-Saadany, "Adaptive Decéinrd Droop Controller to Preserve Power
Sharing Stability of Paralleled Inverters in Dibtried Generation Microgrids,1EEE
Transactions on Power Electroniagl. 23, pp. 2806-2816, 2008.

F. Katiraei, M. R. Iravani and P. W. Lehn, "Smadirmal dynamic model of a micro-grid
including conventional and electronically interfdcedistributed resources,'Generation,
Transmission & Distribution, IETol. 1, pp. 369-378, 2007.

S. K. Mazumder, K. Acharya and M. Tahir, ""Wirelésontrol of spatially distributed power
electronics," inTwentieth Annual IEEE Applied Power Electronics feoence and Exposition,
APEC,2005, pp. 75-81 Vol. 1.

A. Tuladhar, H. Jin, T. Unger and K. Mauch, "Palatiperation of single phase inverter modules
with no control interconnections,” ifwelfth Annual Applied Power Electronics Confereaod
Exposition, 1997. APEC '97 Conference Proceedihg87, pp. 94-100 vol.1.

N. Pogaku, M. Prodanovic and T. C. Green, "ModegliAgalysis and Testing of Autonomous
Operation of an Inverter-Based MicrogritBEEE Transactions on Power Electronies|. 22, pp.
613-625, 2007.

A. Tuladhar, H. Jin, T. Unger and K. Mauch, "Cohwbparallel inverters in distributed AC
power systems with consideration of the line impwaaeffect," inThirteenth Annual Applied
Power Electronics Conference and Exposition, APE& Conference Proceedings998, pp.
321-328 vol.1.

[11] M. Griffiths and C. Coates, "Behavior of microgriitisthe presence of unbalanced loads," in

Power Engineering Conference, AUPEC. Australasiaiversities, 2007, pp. 1-5.
62



[12] F. Katiraei and M. R. Iravani, "Power Managemema@gies for a Microgrid With Multiple
Distributed Generation Units/EEE Transactions on Power Systemsl. 21, pp. 1821-1831,
2006.

[13] K. De Brabandere, B. Bolsens, J. Van den Keybudyéyte, J. Driesen and R. Belmans, "A
Voltage and Frequency Droop Control Method for Rardnverters,” IEEE Transactions on
Power Electronicsyol. 22, pp. 1107-1115, 2007.

[14] R. Majumder, A. Ghosh, G. Ledwich and F. Zare, 'Lleharing and power quality enhanced
operation of a distributed microgridRenewable Power Generation, IBMQl. 3, pp. 109-119,
20009.

[15] R. Majumder, A. Ghosh, G. Ledwich and F. Zare, B8itg analysis and control of multiple
converter based autonomous microgrid,” IFEEE International Conference on Control and
Automation, ICCA,2009, pp. 1663-1668.

[16] Tzung-Lin Lee and Po-Tai Cheng, "Design of a Newog@ative Harmonic Filtering
Strategy for Distributed Generation Interface Coters in an Islanding Network,TEEE
Transactions on Power Electroniasl. 22, pp. 1919-1927, 2007.

[17] U. Borup, F. Blaabjerg and P. N. Enjeti, "Sharirfgnonlinear load in parallel-connected
three-phase converterdEEE Transactions on Industry Applicationsl. 37, pp. 1817-1823,
2001.

[18] J. M. Guerrero, L. G. de Vicuna, J. Matas, M. Qlastind J. Miret, "A wireless controller to
enhance dynamic performance of parallel invertarglistributed generation systems$EEE
Transactions on Power Electroniasl. 19, pp. 1205-1213, 2004.

[19] J. M. Guerrero, J. Matas, Luis Garcia de Vicuna,Qdstilla and J. Miret, "Decentralized
Control for Parallel Operation of Distributed Gesigon Inverters Using Resistive Output
Impedance,TEEE Transactions on Industrial Electroniagl. 54, pp. 994-1004, 2007.

[20] Xuan Zhang, Jinjun Liu, Ting Liu and Linyuan Zhd# novel power distribution strategy
for parallel inverters in islanded mode microgrih"Applied Power Electronics Conference and
Exposition (APEC), Twenty-Fifth Annual IEEE)10, pp. 2116-2120.

[21] F. A. Bhuiyan and A. Yazdani, "Multimode Control @afDFIG-Based Wind-Power Unit for
Remote Applications,IEEE Transactions on Power Deliverngl. 24, pp. 2079-2089, 2009.

[22] T. Bhattacharya and L. Umanand, "Negative sequearepensation within fundamental
positive sequence reference frame for a stiff mgnid generation in a wind power system using

slip ring induction machineElectric Power Applications, IEWol. 3, pp. 520-530, 2009.
63



[23] Wang Qi, Chen Xiao-hu, Fei Wan-min and Ji Yan-ch&tudy of brushless doubly-fed
control for VSCF wind power generation system cate@ to grid," inThird International
Conference on Electric Utility Deregulation and Rasturing and Power Technologies, DRPT,
2008, pp. 2453-2458.

[24] B. H. Chowdhury, H. T. Ma and N. Ardeshna, "Thellgmae of operating wind power plants
within a microgrid framework," irPower and Energy Conference at lllinois (PEAR10, pp.
93-98

[25] L. Sovannarith and N. Hoonchareon, "Stability ofe timicro-grid with wind power
generation," inlEEE International Conference on Sustainable Enefggchnologies, ICSET,
2008, pp. 1087-1092.

[26] M. Fazeli, G. M. Asher, C. Klumpner and Liangzhovigo, "Novel Integration of DFIG-
Based Wind Generators within Microgrid$EEE Transactions on Energy Conversion). 26,
pp. 840-850, 2011.

[27] C. Abbey and G. Joos, "Supercapacitor Energy Seof@g\Wind Energy ApplicationsJEEE
Transactions on Industry Applicationsyl. 43, pp. 769-776, 2007.

[28] Y. M. Atwa and E. F. El-Saadany, "Reliability Evation for Distribution System With
Renewable Distributed Generation During Islandedi&of Operation,|EEE Transactions on
Power Systemspl. 24, pp. 572-581, 2009.

[29] Y. M. Atwa, E. F. ElI-Saadany and A. -. Guise, "Syphdequacy Assessment of Distribution
System Including Wind-Based DG During Different Madof Operation,lJEEE Transactions on
Power Systemspl. 25, pp. 78-86, 2010.

[30] Seon-Ju Ahn, Jin-Woo Park, II-Yop Chung, Seung-tiavi, Sang-Hee Kang and Soon-Ryul
Nam, "Power-Sharing Method of Multiple Distributéienerators Considering Control Modes
and Configurations of a MicrogridJEEE Transactions on Power Deliverypl. 25, no. 3, pp.
2007-2016, 2010.

[31] E. Omine, T. Senjyu, E. B. Muhando, A. Yona, H. i8ek T. Funabashi and A. Y. Saber,
"Coordinated control of battery energy storage esysand diesel generator for isolated power
system stabilization," ilEEE 2nd International Power and Energy ConfererfeECon,2008,
pp. 925-930.

[32] T. Senjyu, E. Omine, M. Tokudome, Y. Yonaha, T. &0o¥A. Yona and T. Funabashi,

"Frequency control strategy for parallel operatattdyy systems based on droop characteristics

64



by applying Ho control theory," inTransmission & Distribution Conference & Expositidksia
and Pacific,2009, pp. 1-4.

[33] Y. A. -. I. Mohamed and E. F. El-Saadany, "A Robbdkttural-Frame-Based Interfacing
Scheme for Grid-Connected Distributed Generatiorettrers," IEEE Transactions on Energy
Conversionyol. 26, no. 3, pp. 728-736, 2011.

[34] Y. Abdel-Rady Ibrahim Mohamed, E. F. El-Saadany Bhd&alama, "Adaptive Grid-Voltage
Sensorless Control Scheme for Inverter-Based biged Generation,/EEE Transactions on
Energy Conversionjol. 24, no. 3, pp. 683-694, 2009.

[35] K. Visscher and S. W. H. De Haan, "Virtual synctoos machines (VSG's) for frequency
stabilisation in future grids with a significantask of decentralized generation,”$martGrids
for Distribution, IET-CIRED. CIRED Semina&008, pp. 1-4.

[36] J. Driesen and K. Visscher, "Virtual synchronousegators,” inlEEE Power and Energy
Society General Meeting - Conversion and DelivenElectrical Energy in the 21st Century,
2008, pp. 1-3.

[37] M. P. N. van Wesenbeeck, S. W. H. de Haan, P. ¥amet K. Visscher, "Grid tied converter
with virtual kinetic storage," iPowerTech, IEEE Buchare&009, pp. 1-7.

[38] J. Ekanayake and N. Jenkins, "Comparison of thporese of doubly fed and fixed-speed
induction generator wind turbines to changes invoek frequency,"IEEE Transactions on
Energy Conversionjol. 19, pp. 800-802, 2004.

[39] Qing-Chang Zhong and G. Weiss, "Synchronvertergerbers That Mimic Synchronous
Generators,TEEE Transactions on Industrial Electronicsl. 58, pp. 1259-1267, 2011.

[40] J. Ekanayake, Lee Holdsworth and N. Jenkins, "@brdaf DFIG wind turbines,"Power
Engineeryol. 17, pp. 28-32, 2003.

[41] M. Torres and L. A. C. Lopes, "Virtual synchronayenerator control in autonomous wind-
diesel power systems," Electrical Power & Energy Conference (EPEC), IERBQ9, pp. 1-6.
[42] J. G. Slootweg, H. Polinder and W. L. Kling, "Dynanmodelling of a wind turbine with
doubly fed induction generator," iBower Engineering Society Summer Meeting, 2001EJEE

2001, pp. 644-649 vol.1.

[43] P. Krause, O. Wasynczuk, S. Sudhdtalysis of Electic Machinery and Drive System
Willy-IEEE Press, 2002.

[44] Se-Kyo Chung, "A phase tracking system for threasphutility interface invertersJEEE
Transactions on Power Electroniasl. 15, pp. 431-438, 2000.

65



[45] P. C. KundurPower System Stability and Contrlew York; Toronto: McGraw-Hill, 1994.
[46] Database of wind characteristics located at DTU,nrbark. [Online]. Available:

http://www.winddata.com

66



