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ABSTRACT

Nowadays, it is well-understood that the burning of foasdéll§ in electric power station has
a significant influence on the global climate due to greenb@ases. In many countries,
the use of cost-effective and reliable low-carbon eleityrienergy sources is becoming an
important energy policy. Among different kinds of clean eyyeresources- such as solar
power, hydro-power, ocean wave power and so on, wind powhbkeitastest-growing form
of renewable energy at the present time.

Moreover, adjustable speed generator wind turbines (AS$VES key advantages over
the fixed-speed generator wind turbines (FSGWT) in termgsd mechanical stress, im-
proved power quality, high system efficiency, and reducexlisiic noise. One important
class of ASGWT is the doubly-fed induction generator (DFM&ich has gained a signif-
icant attention of the electric power industry due to thelvantages over the other class
of ASGWT, i.e. fully rated converter-based wind turbinescBuse of increased integra-
tion of DFIG-based wind farms into electric power grids,sgtnecessary to transmit the
generated power from wind farms to the existing grids viagmaission networks without
congestion.

Series capacitive compensation of DFIG-based wind farm isc@nomical way to in-
crease the power transfer capability of the transmissimdionnecting wind farm to the
grid. For example, a study performed by ABB reveals thataasing the power trans-
fer capability of an existing transmission line from 1300 M@&/2000 MW using series
compensation is 90% less than the cost of building a newrressson line.

However, a factor hindering the extensive use of seriesatymcompensation is the

potential risk of sub- synchronous resonance (SSR). Thei§&Bondition where the wind
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farm exchanges energy with the electric network, to whigk @onnected, at one or more
natural frequencies of the electric or mechanical part efadbmbined system, comprising
the wind farm and the network, and the frequency of the exgbadrenergy is below the
fundamental frequency of the system. This phenomenon masecsevere damage in the
wind farm, if not prevented.

Therefore, this dissertation deals with the SSR phenonreaacapacitive series com-
pensated wind farm. A DFIG-based wind farm, which is cone@tb a series compensated
transmission line, is considered as a case study. The sigal stability analysis of the
system is presented, and the eigenvalues of the system tmieexh Using both modal
analysis and time-domain simulation, it is shown that th&teay is potentially unstable
due to the SSR mode.

Then, three different possibilities for the addition of S&knping controller (SSRDC)
are investigated. The SSRDC can be added to (1) gate-ceats®ries capacitor (GCSC),
(2) thyristor-controlled series capacitor (TCSC), or (310 rotor-side converter (RSC)
and grid-side converter (GSC) controllers. The first andbsdacases are related to the
series flexible AC transmission systems (FACTS) family, tredthird case uses the DFIG
back-to-back converters to damp the SSR. The SSRDC is ambigging residue-based
analysis and root locus diagrams. Using residue-basegisasiaihe optimal input control
signal (ICS) to the SSRDC is identified that can damp the SS&emathout destabilizing
other modes, and using root-locus analysis, the requinedgathe SSRDC is determined.
Moreover, two methods are discussed in order to estimategtieum input signal to the
SSRDC, without measuring it directly. In this dissertafidtATLAB/Simulink is used as
a tool for modeling and design of the SSRDC, and PSCAD/EMTB@sed to perform

time-domain simulation in order to verify the design praces

Vi
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CHAPTER1

INTRODUCTION

1.1 OVERVIEW AND LITERATURE REVIEW

Due to to the recent rapid penetration of wind power into tbevgr systems [1] - [9],
some countries in central Europe, e.g. Germany, have ruofauiitable sites for onshore
wind power projects, due to the high population density esthcountries. Moreover, it
has been found that the offshore wind power resources arb harger than onshore wind
power sources [3]. Therefore, offshore wind farms have atgpetential as large-scale
sustainable electric energy resources [10], [11]. Regetdlubly-fed induction generator
(DFIG) has gained significant attention of the electric powelustry in offshore wind
farms and renewable energy sources [1], [11] - [15].

However, in offshore wind farms, the distance between tmelwirbines and the shore
is much longer [15], [16] than that in onshore wind farms. rEfiere, unlike the onshore
wind farms - where the voltage level of the wind farm is usp#ile same as the voltage
level of the distribution system - higher voltage levelshwigliable and efficient transmis-
sion lines are required for the offshore wind farms to mizienihe power losses [3], [10].

Currently, there are numerous large offshore wind farmsadjpey throughout the world
[3], [10], [17]. Future projects in offshore wind farms wilé larger in size and further away
from the shore [3]. This requires defining new concepts ferttansmission system, in-
cluding transmission lines from the offshore wind farm te stnore and network integration
to the onshore power system. The transmission system ggtidnansmit the wind power

to the shore are high-voltage AC (HVAC) [3] or high-voltagEHVDC) [18] - [21]. The
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comparison of these two options has already been studietérature [22]. The HVAC
solutions are viable for distances up to 250 km, and witreserompensation, they may be
viable for distances longer than 250 km. [3].

In the deregulated power market, it is necessary to incribagsower transfer capability
of existing transmission lines at the lowest cost [23]. &Kdompensation is considered
to be a more economical solution to increase the power gawesfpability of an existing
transmission line compared to construction of new transimnslines [24] - [26] . Studies
shows that in order to increase the transmittable power ekesting transmission line, the
total cost of providing a capacitive series compensatiotihéotransmission line is much
less than the cost to build a new transmission line. As an plagna study performed
by ABB reveals that increasing the power transfer capabalitan existing transmission
line from 1300 MW to 2000 MW using series compensation is 98%6 than the cost of
building a new transmission line [23].

However, a factor hindering the extensive use of seriesatymcompensation is the
potential risk of sub- synchronous resonance (SSR) [268}, [@hich may cause severe
damage in the wind farm, if not prevented. The SSR in windih@lgenerator systems
is a condition where the wind farm exchanges energy with kbetric network, to which
it is connected, at one or more natural frequencies of theredeand mechanical part of
the combined system, comprising the wind farm and the né&tw®he frequency of the
exchanged energy is below the fundamental frequency ofysgters. Three different types

of SSR in DFIG wind farms have been identified in the literatid4] - [40]:
e Induction Generator Effect (SSIGE)
e Torsional Interactions (SSTI)
e Control Interactions (SSCI)

In case of the SSIGE, the magnitude of the equivalent rogisti@ce at the sub-synchronous

frequency.can.be negative, and if this negative resistarceees the sum of the resis-
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tances of the armature and of the network, there will be anadiveegative damping at the
sub-synchronous frequency, and consequently the sultwsymaus current would increase
with time [31], [34]. In SSTI, if the complement of the torsi@ natural frequency of the
drive-train shaft system of the DFIG wind turbine happenbéalose to the electric nat-
ural frequency of the electric network, the sub-synchr@touque components generated
by the sub-synchronous induced armature voltage can baisedt31], [34]. The nature
of the SSCI is different from SSIGE and SSTI, since in thistgh SSR, the DFIG wind
turbine controllers play the main role in creating the SS&ieed, the SSCI may occur as
a results of interaction between the series compensatettiedd network and the DFIG
wind turbine controllers [37] - [42].

Although the SSR analysis and damping in traditional powstesns are well-known
and have been extensively studied in the literature [269}, [23] this problem in series-
compensated wind farms requires more study and analysiparticular, after the SSR
event that occurred in the Electric Reliability Council axgs (ERCOT) in 2009 [37] -
[41], the wind power industry have become more interestethéenSSR studies. In the
ERCOT SSR event, a faulted line and subsequent outage irthverk caused the radially
connection of a large DFIG wind farm to the series compeosatetwork, resulting in a
fast generation of sub-synchronous frequency oscilldéaving some damages to both the
series capacitor and the wind turbine [37] - [41].

Series FACTS devices have been studied in literature for &3Rping in fixed-speed
wind turbine generator systems [44] - [47]. In [44] - [46]etaAuthors have investigated the
capability of the thyristor-controlled sereis capacifb€SC) in SSR damping in FSWTGS.
In [47], the static synchronous series compensator (SS8€héen used in a series com-
pensated self-excited induction generator based windfiarmitigating SSR and damping
power system oscillations.

Moreover, the application of shunt FACTS devices in SSR dagipas been studied in
literature [46], [48] - [55]. In [48] - [52], a static synchmous compensator (STATCOM) is
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presented to damp the SSR in a series compensated indgeti@nator (1G)-based wind
farm. In [46], [53], [54], a static var compensator (SVC) bagn employed in FSWTGS to
mitigate the SSR. Moreover, reference [55] studies the S8Rpthg using co-ordination
of super conducting magnetic energy storage (SMES) and STOM.

Some methods that have been employed in literature for S®RDatler design can be
summarized as follows: Karaagatal. [56] present a method for SSR damping in series
compensated wind farm by introducing an auxiliary SSR dagpbntroller (SSRDC) in
the reactive power control loop of the DFIG controller andhe reactive power control
loop of the high voltage DC (HVDC) onshore modular multideeonverter of offshore
wind farms. In [56], both transmission line current and srafssion line real power are
used as input control signals (ICS) to the SSRDC block, ardSBRDC block is com-
prised of a multi-stage lead-lag compensator. Trial-amdranethod using time-domain
simulation is used to tune the multi-stage lead-lag comguensLeonet al. [57] present
a damping control method to mitigate sub-synchronousactens (SSI) in DFIG wind
farms. In that paper, the SSRDC is designed using a multitinqulti-output state-space
method, and the ICSs to the SSRDC block are d-q axis curréntedFIG stator and
rotor windings.

Golshannavaet al. [58] propose application of unified power flow controller (£P)
for SSR damping in self-excited induction generator (SBbVa@3ed wind farms. In that
paper, two auxiliary SSRDCs are added to the UPFC contspldare to the shunt inverter
control system and the other to the series inverter conystesn. Only one signal, that
is, rotor speed is used as ICS to the SSRDC. The SSRDCs axt usimg trial-and-error
approach. EI-Mourset al. [50] and Golshannavaet al. [49] present damping control
algorithm for static synchronous compensator (STATCOMinitigate SSR in SEIG. In
[50] and [49], the rotor speed is used as ICS to the SSRDC block

Fariedet al. [33] study SSR damping in nearby turbine generators by maddf a

SSRDC to the controllers of the DFIG converters. For a steabirte generator, located
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close to a DFIG wind farm, with N multi-mass shaft sectioie SSRDC composed of
N channels, and the ICS for th#® channel is the rotor speed deviation of tffeshaft
section. In [33], the trial-and-error method is used to ttheeSSRDC parameters in each
channel. Leoret al. in [59] study SSR mitigation in nearby turbine generatoradglition

of a SSRDC to the converter controllers of a fully-ratedyfudited converter wind turbines.
In [59], a multi-input multi-output (MIMO) approach is uséd design the SSR damping
controller, and the inputs to the SSRDC block are the roteedpeviations of different

sections of the steam turbine.

1.2 OBJECTIVES ANDOUTLINE

This dissertation aims to study SSR damping in DFIG wind &rming three different
methods. The first method uses gate-controlled series itap&BCSC) for SSR damp-
ing. The GCSC, which consists of two anti-parallel GTOs @mted in parallel with a
fixed capacitor for each phase, is a FACTS device recentlpgs®d for controlling the
power flow in transmission lines [24], [60], [61]. In the GCS8e gate-turn-off (GTO) or
other gate commutated switches, e.g. gate commutatedtibry(GCT), are used to pro-
vide variable impedance for the transmission lines [24]likérthyristors, which are not
fully controllable switches, GTO’s can be turned on and ofgking them more control-
lable switches compared to thyristors [24]. In many sitwaiwhere a controllable series
compensator must be installed, the GCSC may be used ingtdaa DTCSC, possibly with
some advantages. A comparison of the sizing of the TCSC an&@®SC components,
when both the GCSC and the TCSC have the same maximum capatifiedance, shows
that the power rating of the GCSC capacitor is smaller thahahthe TCSC, especially for
power-flow control applications. Moreover, the thyristatwe in the TCSC needs to have
a higher current rating than the gate-commutated switchevial the GCSC. Finally, the
components of a GCSC designed for the same maximum compmnéatel of a TCSC

may have switches with a smaller rating and, naturally, atogds not needed. For this
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reason, unlike the TCSC, the GCSC is free of intrinsic irderasonance [60].

The second method uses thyristor controlled series capd€CSC) for SSR damping.
The TCSC, which consists of a thyristor-controlled rea¢iaZR) in parallel with a fixed
capacitor for each phase, is a later member of the first geoeraf FACTS devices [24].
This device enables the transmission companies to transbee power on the existing
transmission lines. For example, ABB manufactured the ai®first TCSC, installed at
Kayenta substation, Arizona in 1992. The TCSC increaseddpacity of the transmission
line by about 30%. By the end of year 2004, seven TCSCs haveibstalled worldwide
[62]. TCSC introduces a number of important benefits in thalieation of series com-
pensation like elimination of sub-synchronous resona®&R| risks, damping of active
power oscillations, post-contingency stability improwsrt) and dynamic power flow con-
trol [63]. The TCSC may present the problem of an internabmesice, which must be
avoided. This internal resonance also limits TCSC's ofregadrea [24].

The third method uses DFIG back-to-back converters for S&Rpihg. Although the
TCSC and GCSC are more flexible compared to a fixed-seriesitapf-SC) and can
provide other benefits to the power network [24], they are ahmmore expensive solution
than fixed series capacitor [24]. Moreover, the DFIG comrsrhave a configuration that
is similar to a STATCOM, a shunt FACTS device, whose SSR daqpapability has been
proven in wind farms [48], [52]. Therefore, in order to use #dvantages of FSC without
being concerned about the SSR, an auxiliary SSRDC is desameimplemented as part
of the DFIG converter controllers.

The SSR damping capability of each method is examined usgenealue analysis,
performed in MATLAB/Simulink, and time-domain simulatisnperformed in PSCAD /
EMTDC. An auxiliary SSRDC, if necessary, is designed forheaethod using residue-
based analysis and root-locus method. This dissertatiorgenized as follows.

Chapter 2 presents modal analysis of a DFIG-based series compensatddarm

using Matlab/Simulink. The model of the system includes adaturbine aerodynamics,
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a sixth-order induction generator, a second-order twosnsasft system, a fourth-order
series compensated transmission line, an eighth-ordarsate converter (RSC) and grid-
side converter (GSC) controllers, and a first-order DC-tmddel.

Chapter 3 focuses mainly on the identification and definition of the migpes of the
SSR that occur in DFIG wind farms, namely: (1) induction gata effect (SSIGE), (2)
torsional interactions (SSTI), and (3) control interaciSSCI).

Chapter 4 presents application and control of the gate-controllegseapacitor (GCSC)
for series compensation and sub-synchronous resonanBg (&8iping in doubly-fed in-
duction generator (DFIG)-based wind farms. A SSRDC is degigor this device using
residue-based analysis and root locus diagrams. Usimnduesiased analysis, the optimal
input control signal (ICS) to the SSRDC is identified that damp the SSR mode without
destabilizing other modes, and using root-locus analyfséstequired gain for the SSRDC
is determined.

Chapter 5 presents application and control of the thyristor-cotglseries capaci-
tor (TCSC) for series compensation and sub-synchronoumaese (SSR) damping in
doubly-fed induction generator (DFIG)-based wind farm&isTchapter includes model-
ing of the TCSC for SSR analysis, control of TCSC, eigenvaluaysis of a DFIG based
wind farm interfaced with a TCSC, and time-domain simulagion PSCAD to support the
eigenvalue analysis.

Chapter 6 studies the capability of the rotor-side converter (RSQ) grd-side con-
verter (GSC) controllers of the DFIG in SSR damping. The dije is to design a simple
proportional SSRDC by properly choosing an optimum inputtea signal (ICS) to the
SSRDC block so that the SSR mode becomes stable withoutadétgeor destabilizing
the other system modes. Moreover, an optimum point witrerRBC and GSC controllers
to insert the SSRDC is identified. Moreover, two methods &eudsed, in this chapter, in
order to estimate the optimum ICS, without measuring itaiye

Chapter 7 a gain-scheduling adaptive SSRDC is designed so that thegehaf the
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system dynamics with system operating point has less infeien the effectiveness of the
SSRDC.

Finally, Chapter 8 concludes the work and presents the future work.
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CHAPTER2

MODELING OF DFIG-BASED WIND TURBINE

This chapter presents a step-by-step modal analysis of @D&sed series compensated
wind farm using MATLAB/Simulink. The model of the system Iades a wind turbine
aerodynamics, a sixth-order induction generator, a seooter two-mass shaft system,
a fourth-order series compensated transmission line, girtheorder rotor-side converter

(RSC) and grid-side converter (GSC) controllers, and adirder DC-link model.

2.1 POWER SYSTEM DESCRIPTION

The studied power system, shown in Figure. 2.1, is adapted ine IEEE first benchmark
model (FBM) for SSR studies [64]. In this system, a 100 MW Dfi&sed offshore wind
farm is connected to the infinite bus via a 161 kV series corsgieal transmission line
[65]. The 100 MW wind farm is an aggregated model of 50 windbitoe units, where each
unit has a power rating of 2 MW. In fact, a 2 MW wind turbine isstl up to represent
the 100 MW wind farm. This simplification is supported by sastudies [66], [67]. The

systems data are given in the Appendix.

2.2 FUNDAMENTAL CONCEPTS SMALL -SIGNAL STABILITY AND abcTo qd-FRAME

TRANSFORMATION

Small-Signal Stability

Small-signal stability is the ability of the power systemrnmintain stability when the

system is subjected to small disturbances [68]. The snwalls stability analysis of a
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Figure 2.1: One line diagram of the studied power systd®n.= transmission line re-
sistance,X_ = transmission line reactanc&; = transformer reactance{sys = system
impedanceXc = fixed series capacitok;y = transformer reactance in grid side converter
(GSC),Vs = generator’s terminal voltage, = line current,ig = GSC currentjs = stator
current,i; = rotor current [64].

power system can provide power system designers with viduaformation about the
inherent small-signal dynamic characteristics of the gaystem, which will help them in
the design process of the power system.

The behavior of any dynamic system, e.g., a power systembeaxpressed by a set

of n first order nonlinear ordinary differential equations aofws [68]:

x = f(x,u) (2.1)

wherex = [x1 X2 ...xn]T is called the state vector, and each elementsyi,@re called the
state variable. Also, the column vectot= [u; Uz ...u]" is the input to the dynamic system.
We might also be interested in the output variables, whichbsaexpressed in terms of

the state and the input variables as follows [68]:

y=g(x,u) (2.2)

wherey = [y1 y> ...ym]' is the vector of outputs, arg(x, u) is a vector of nonlinear func-

tions that relates the outputs to the inputs and the staiagbles.

10
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Figure 2.2: Block diagram of the state-space representatio

If the disturbances to the system are considered suffigisnihll, one can linearize the
differential equations 2.1 and 2.2 around the operatingtp@nd can express the system

dynamics in state-space form as follows:

Ax=AAx+BAu (2.3)

Ay =CAx+D Au (2.4)

whereA is the state matrix of sizex n, B is the input matrix of size x r , C is the output
matrix of sizem x n andD is the feed-forward matrix of sizenx r. The generic block

diagram of the state variables used in this paper is showigunré2.2.

Transformation from abcto qd Frame

In this work, in order to make the calculations easier, thplaseabcvariables are trans-

formed intogd variables using the following equation in matrix notatiéf].

fc?dOs = Kc?dOs fabes (2.5)
where
(?dOST = [fc?s fes fos) (2.6)
11
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Figure 2.3: Synchronously rotatingl frame with respect to the statabcframe.

faebcsT = [fgs ft?s fces] (2.7)

cosd cogb— %n) cog06+ %n)

2| . . 2, . 21
Kgaos = 3 | sin® sin(®— ) sin(®+ =) (2.8)
1 1 1
2 2 2
where f€ denotes voltage, current, flux linkage, or electric chaagel = ddit)e wherews

is the rotating synchronous frame frequency.

Figure 2.3 shows thgd-frame with respect to the statabcframe, whereg-axis is
leading thed-axis. Note that in this work, the synchronously rotatinfgrence frame has
been used, in which the reference frame rotates at the ieecangular velocity of the
air-gap rotating magnetic field generated by stator cusrahthe fundamental frequency,

i.e. We.

2.3 WIND-TURBINE AERODYNAMICS

The wind power can be calculated from the wind spdgds follows [70]:

12
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_ 0.5pTR?CpV,
- m
whereTy, is the wind powefN.m), V,, is the wind speedm/s), p is the air densitykgnt3),

T (2.9)

R is the rotor radius of the wind turbin@m), and wy, is the wind turbine shaft speed
(rad./s).

Also, Cp is the power coefficient of the blade given by:

R RC;¢
Cp= 0.5(A—Cf —0.020 — 2)e %% (2.10)
w

whereCs is the wind turbine blade design constant, &id the wind speed pitch angle
(rad.)
Also, A, is the wind speed tip-speed ratio defined by:

_ R

A= —— 2.11
0= (2.11)

2.4 A BRrRIEF OVERVIEW OF DFIG CONVERTER CONTROL METHODS

In this section, a short overview of rotor-side converteB@ and grid-side converter

(GSC) controllers is presented.

RSC

Usually, the RSC is used to control the electric torque (twrrspeed) of the DFIG and the
power factor at the stator terminals [71]. Different cohstategies of the RSC, including
vector control (VC) [72] - [74], direct torque control (DTCJ5] - [77], and direct power
control (DPC) [78] - [80] have been studied in literature.

In the VC method, the rotor currents are usually controllsthgl a rotating frame
aligned with the stator flux. The VC method controls the eledbrque, which is pro-

portional to the g-axis rotor current, through g-axis ctedmf the rotor current. Moreover,

13
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the reactive power in the machine can be controlled by tracki-axis component of the
rotor current [72] - [74].

In the DTC method, the rotor flux linkage magnitude and thetaletoque of the DFIG
are directly controlled. This direct control becomes feksby proper selection of the
inverter switching in the rotor side. In order to implemédrnistmethod, the flux and torque
feedbacks are needed, where the former is estimated usengpthr and stator current
vectors while the latter is estimated through the estimadtd flux and the measured rotor
currents.

The DPC method is similar to the DTC, but it considers thectfté both the stator
and rotor fluxes upon the real and reactive power of the stimideed, this method aims to
control directly the real and reactive power of the statoapplying appropriate machine

rotor vector voltage [77] - [80].

GSC

The main objective of the GSC is to regulate the DC-link vgdtand to permit real power
flow through the converter. For the GSC, the VC method is Waalopted [81], where
the reference frame is aligned with the grid-voltage vectadditionally, DPC method
has been implemented in literature to control the GSC, tiespin independent real and

reactive power flow in the converter [82].

Modeling of the DFIG Converter Controllers

Control loops for RSC and GSC presented in [83] - [85] are ihaned in this work. Both
RSC and GSC controllers are modeled. In order to achieve dfighency in the DFIG
wind farm, the maximum power point tracking (MPPT) is use@][8Figure 2.4 shows
the wind power versus wind turbine shaft speed in per univésious wind speeds with
indication of MPPT curve. To enforce operation on the MPPiveufor a given wind

speed/,,, the optimal reference power and optimal rotational speedltained. Note that

14
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Figure 2.4: Wind poweP,, (p.u.), wind turbine shaft speed, (p.u.), and wind speett,,
(m/s) relationship.
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Figure 2.5: A. RSC controllers. B. GSC controllers.

due to power converters ratings, it may not be practicalw@ags work on the MPPT cure.
In this case for a very low wind speeds, the DFIG operatesnabstl constant rotational
speed. On the other hand, when the wind speed increasestgbeakeeeds the turbine
torque rating, the DFIG will work in maximum constant tord8é].

The aim of the GSC and RSC are to enable the DFIG to work on theTWRrve. Note
that the converters are assumed to store no energy so thrdoises can be neglected, and
operate fast enough so that their dynamics can be negldatpde 2.5 show the block dia-
grams of the two controllers. In this paper, the RSC cordradl responsible for regulating

the electric torquele, and stator reactive powe®s. In steady state condition, neglecting
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Figure 2.6: GSC regulators in Simulink.
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Figure 2.7: Back-to-back converter between the DFIG andl gri

power losses, the wind torqu&, = %, is equal to electric torqude. Therefore, the ref-
erence torqueTy, can be calculated based on the valud tf, determined by the MPPT
shown in Figure 2.4 [83] . The value qf; depends on the chosen reactive power control
method which could be either fixed reactive power or unity @ofactor [83]. In this paper,
the latter method is chosen.

Moreover, the GSC is responsible for controlling the DU¢liroltage,Vpc, and the
induction generator’s terminal voltagé; [83]. The GSC and RSC controllers add eight
state variables to the system, due to the eight Pl contspliard their state variables are
defined as a vectokgrg. One loop of the RSC controllers implemented in Simulink is

represented in Figure 2.6. The other controllers have armstfucture.

Modeling of the DC-Link

In this work, the DC link capacitor dynamics is considerejufe 2.7 shows the back-to-

back converters between DFIG and grid which are separatedd®-link. The dynamics

16

www.manaraa.com



<D C*VDC — vDC
Divide

Figure 2.8: DC-link model in Matlab/Simulink.

of the DC-link can be expressed by a first order model as fal[8¥]:

d
—CVD(;—\(;?C =P +PF (2.12)

where the rotor side converter’'s (RSC) active pofeand the grid-side converter’s (GSC)

active powerpPy, are given as follows [69]:

Py = 0.5 (Vgg iqg+ Vdg idg) (2.14)

Modeling of the DC-link in Matlab/Simulink is shown in 2.8.dtce that after adding
Pr and Py, they are multiplied by the based pow&ase in order to obtain the power in
MW. This is necessary, as we have not considered per unieahthe DC-link, and all

values in this block are in actual physical values.

2.5 MODELING OF THEINDUCTION MACHINE

Using the information given in Section 2.2, the inductioncimae equations iabcframe
are transformed into the synchronously rotatijogframe. If the DFIG currents are selected
as the state variables, then the DFjmodel in per unit will be as follows, where the input

variables are the DFIG voltages [69]:
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where

Xic = AicXic +BicUig

. . . . . . T
Xic = ['qs'ds'Os Igr ldr lor

U = [VqudsVOs Vagr Vdr Vor

]T

(2.15)

(2.16)

(2.17)

whereigs, igs, iqgr, igr are the stator and rotor gd-axis curre(ysu.), Vgs, Vds, Vqr, Var are

the stator and rotor qd-axis voltaggsu.), andigs, ior, Vos, Vor are the stator and rotor zero

sequence current and voltage componépis. ), respectively.

The Apric and Bpgig matrices are defined as follows. We first define the matrices

given in Eq. 2.18 and Eqg. 2.19.

Rs

_ e
o Xss

0

%Xs S 0
Rs 0
0 Rs
0 0
0 0
Xss O
0 Xss
0O O
G p—
v O
0 Xm
0O O

0 %XM
—Gxy 0
0 0
R 0
X R
0 0

0 Xv O 0-
0 0 Xu O
Xs 0 0 O
0O Xr 0 O
0 0 Xy O
0 0 0 X
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Figure 2.9: DFIG model in Matlab/Simulink.

Then:
ApFig =~y -G 1-F (2.20)

Borig =Wy Gt (2.21)

In Eq. 2.18 and 2.19X, is the rotor leakage reactange.u.), Xs is the stator leakage
reactancep.u.), Xy is the magnetizing reactan¢p.u.), Xss= Xis+Xu (p.u.), X; equals
to X +Xw (p.u.), Ry is the rotor resistanc@p.u.), Rs is the stator resistandg.u.), uy, is
the base radian frequen¢sad./s), wy is the generator rotor speédhd. /s), andw is the
rotating synchronous frame frequencgd. /s).

Eq. 3.14 was implemented in Matlab/Simulink. The simulaggdtem is given in
Figure 2.9. As seen in this figure, the inputs to the systertharBFIGqd-frame stator and
rotor voltages. Also, the state variables are the D§tidrame stator and rotor currents, as
shown in Figure 2.9. Note that because we are considerindpadsd system, the stator
and rotor zero-sequence voltage componentsyvpeandvy,, are set to zero. Also, note
that the inputy to the system is the generator rotor speetrad. /s), which is provided

by the shaft equations, which will be explained in the nexis&gtion.
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2.6 MODELING OF SHAFT SYSTEM

The shaft of the wind turbine system can be represented byrtags system. The first mass
represents the low-speed turbine and the second massariwése high-speed generator,
and the two mass connections are modeled as spring and a darhpamotion equations

then can be expressed as 3 first order differential equatiqrex unit as follows [87]:

Xshaft = Ashaftxshaft+ BshaftUshaft (2-22)

where
Xshaft=[Gm @r Ttg]T (2.23)
Ushatt= [T Te 0] (2.24)

The Ashaft andBsha ft matrices are defined as follows:

(=Dt—Drg) Dig -1
2H; 2H; 2H;
Dtg (*thDtg) -1
Ashaft= | 2H, — 2Hy  2Fg (2.25)

Kig —Kigy O

o ;
7 0 O

Bshaft= | O 2_|%|g 0 (2.26)
0O 0 1

In the shaft equationsyy, is the turbi-ne shaft spée(qb.u.), wy is the generator rotor
speed p.u.), T, is the wind torque p.u.), Dy andD; are damping coefficient of generator
and turbing p.u.), Dyg is the damping coefficient between the two magges ), Kig is the
inertia constant of turbine and generatpru/rad.), andHg andH; are the inertia constants

of generator and turbins).
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Figure 2.10: The shaft system model in Matlab/Simulink.

In shaft equations, the state variables are wind turbinedsg@e generator rotor speed
wx, and internal torque of the two-mass syst&g Also, the inputs to the two-mass model
are wind torquel,, and electric torqude. The optimal value of the wind torque for any
given wind speed can be obtained using the MPPT curve sho®#inAlso, the value of

the electric torque can be calculated using the followingggign [69]:

Figure 2.10. represents the modeling of the shaft systemaithald/ Simulink. As seen
in this figure, the DFIG stator currents, i.@s, igs, and rotor currents, i.eiqr, igr, are
applied to the Matlab Function (fcn), to calculate electric torque using Eq. 2.27. Then
Eq. 3.17 is implemented in fcn blodkhat and Bshatt to create the shaft model. Also,
using this system, the state varialbbeis provided to the DFIG model, as seen in Figure

2.9 and 2.10.

2.7 MODELING OF TRANSMISSION LINE

The transformation explained in Section 2.2 is used to adnke transmission line equa-
tions fromabcframe toqd-frame. Considering the line current and voltage acrossdhe
pacitor as the state variables, the transmission line emsih qd-frame can be expressed

in the matrix form as follows [69]:
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>.(Tline = ATlineXTline + BTlineUTline (2.28)
where

XTline = [iql idl chVdc]T (2.29)

(Vgs—EBq) (Vas— Egd)

.
< < 0d (2.30)

UTIine: [

TheArjine andBrine Matrices are defined as follows:

ATIine = (2-31)

w 0 00
0O w 0O
Brline = (2.32)
0O 0 10
0O 0 01

whereiq andig) are the transmission line qd-axis currefpsu.), Vqc andvyc are the series
capacitor's qd-axis voltagg®.u.), R is the transmission line resistan@eu.), X, is the
transmission line reactan¢e.u.), Xc is the fixed series capacitgp.u.), Egq andEgq are
the infinite bus gd-axis voltagég.u.), anduy is the rotating synchronous frame frequency
(p.u.)

Since we are dealing with a three-phase balanced systermethesequence compo-

nents can be neglected. Whereupon, it can be observed fese g@guations that the state
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Figure 2.11: Transmission line model in Matlab/Simulink.

variables in the transmission line system ggeiig, Veg, andveg. The Simulink model of

the transmission line in a synchronously rotatijeframe is shown in Figure 2.11.

2.8 INTEGRATING THE MODELS

So far dynamic equations of the whole system shown in Figurendve been presented.
However, more algebraic equations are needed for integrafieach element, which will
be explained in this section. By applying KCL at the commoimpof the stator, GSC, and

transmission line (see Figure 2.7), the first equation casbit@ined as follows:

lg = ls+liine (2.33)

This equation gives:

igg =lIgs+ig and lyg = igs+ial (2.34)

In this work, the transformer in GSC-side of the generataoissidered lossless, and
its dynamics is neglected. Considering this, the secondtemucan be derived by apply-
ing a KVL starting from GSC and ending to the common point & #tator, GSC, and

transmission line (see Figure 2.7) as follows:
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Figure 2.12: RSC and GSC controllers, DC-link, and algebexqguations in Mat-
lab/Simulink.

Performing some algebraic manipulations in this equatidir@sult in:
Vqs: ng—th |dg VdS: Vdg+th |qg (236)

Figure 2.12 shows the GSC and RSC controllers and DC-linkatindatlab/Simulink.
Also, the mentioned algebraic equations are implementé@amverter currents” block
and “Algebraic equations” fcn , as it can be observed in Feduf2.

Considering the modeling of the system shown in Figure 2i&rgin this section, the
entire DFIG system is a 23 order and can be expressed as:

X = f(X,U,t) (2.37)

24

www.manharaa.com



where

X = [XiG Xehaft XTline Vdc Xgal " (2.38)

Here, the modeling of the entire system is completed, andnifigidual models ex-
plained above are integrated, and the entire system is hantedaved in the computer as
“DFIG” to compose a DFIG-based wind farm connected to a s&idenpensated transmis-
sion line. Out of 22 state variables, 3 state variables datagkto the shaft system, 6 state
variables belong to the DFIG model, 4 state variables aegaelto the transmission line, 1

state variable is for the DC-link, and 8 state variables nmtdeRSC and GSC controllers.

2.9 CALCULATION OF THE SYSTEM EIGENVALUES

Matlab/Simulink can estimate the state-space maticd3 C, andD in a linearized ap-
proximation using small perturbations in the states andtspp numerically calculate the
partial derivatives [88]. For the developed model in Mat&imulink, after providing the
initial values of each state, the eigenvalues of the systemolatained using the following

commands in Matlab:

<< {A B C D} = linmod ('DFIG’); Eigenvalues-= eig(A); (2.39)

2.10 SUMMARY

This chapter has presented a step-by-step comprehengiv@aap on modal analysis of
a series compensated DFIG-based wind farm in Matlab/Sivkul 6th order model has
been used for the DFIG including stator and rotor dynamied,a3d, 4th, and 5t order
models have been applied for the drive train two-mass malddeoshaft system, series
compensated transmission line, and the DC-link, respalgtifAlso, the dynamics of the
both grid-side converter (GSC) and rotor-side convert&@Rrcontrollers have been con-

sidered, which adds 8 more orders to the system. The preserddels have been sup-
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ported by the corresponding Simulink blocks in order to tiereaders to better under-
stand the modeling process, which provides a useful urateistg of the grid-connected

series compensated DFIG wind farm’s inherent dynamics.

26

www.manharaa.com




CHAPTER3
SERIESCOMPENSATION AND SSR ANALYSIS IN
DFIG-BASED WIND FARMS: DEFINITIONS AND PROBLEM

IDENTIFICATION

This chapter focuses mainly on the identification and dédimibf the main types of the
SSR that occur in DFIG wind farms, namely: (1) induction geta effect (SSIGE or
simply SSR in this work), (2) torsional interactions (SSThd (3) control interactions
(SSCI). Regarding the SSIGE, first a simple definition of t&&GE is given; then, using
eigenvalue analysis and time-domain simulations, it iswhitat the DFIG wind farm can
be highly unstable due to the SSIGE; finally, the impact ofd\speed and compensation
level variations on the SSIGE is explained. Regarding thE SiBst a descriptive definition
is given,; then, the real world possibility of the SSTI in DRNEnd farm is studied; finally,
the impact of the stiffness coefficient and compensatioel kariations on this type of SSR
is investigated. Regarding the SSCI, since it may be codfugth the SSIGE, a simple

definition of the SSCI and its mechanism in DFIG wind farm anespnted.

3.1 SRIESCOMPENSATION BASICS

In order to briefly explain this phenomenon, a simple losste®-machine system, where
the sending point and receiving points voltages are asstionealve the same magnitude,
is considered as shown in Figure 3.1. (A). In this figure, tfiectéive transmission line

impedance considering the series capacitor is obtaineullaws:
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Figure 3.1: (A) A simple lossless series compensated twehima system. (B) Variation
of transmission real power of line and injected reactive @oly series capacitor versus
angled, for different values of compensation levels.

Xetf=XL—Xc (3.1)

The series compensation level (or also called the degreerigsscompensationd is
defined as:
Xc

K:X— 0<K<1 or 0%<K <100% (3.2)
L

Substitution of Eq. 3.2 in Eqg. 3.1 will result in:

Xeft = (1-K)X_ (3.3)

If we assume in Figure 3.1. (A) th&teng = Vies =V, then the line current and real

power are derived as follows [24]:

. 0
||_ - mSW]E (34)

P= Pmaé sind (3.5)
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wherePyaxis defined as:

V2
Pmax= X, (3.6)

Additionally, the injected reactive power to the line by gexies capacitor can be de-

rived as [24]:

Qe = Praxg g2 _KK)Z (1- cosd) 3.7)

Figure 3.1. (B) represents the real poweaind the reactive pow&)c versusd, for dif-
ferent values of series compensation levels. In this figure,assumed tha@yax is equal
to 1 p.u.. It can be observed that the transmissible real power ofitieeHl increases, as
it is expected from Eq. 3.5, when the series compensatia@l kevncreases. Likewise,
the injected reactive power by the series capa&}goincreases, wheK increases. There-
fore, the basic idea about series compensation is to cantel portion of the inductive
impedance of a transmission line using the capacitive irapeel of the series capacitor.
This reduces the total inductive reactance of the transomsme, as if the line has been

physically shortened.

3.2 INDUCTION GENERATOR EFFECT (SSIGE)
The general expression of the stator current in a series ensaped WTGS can be defined

as [89]:

i (t) = Asin(ost + @) + Be ' sin(wnt + @) (3.8)

wherews the electric fundamental frequency asglis the natural frequency of the electric

network, and it can be obtained as [89]:
W KXe
2n fn="Ts V 5 X (3.9)
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X, Xig+Xp+ X7+ X Xc

r

~J s Electrical frequency
/‘ fn corresponding to the rotating
\ speed.

C C
() + f Positive and negative
—Jn

components of electric natural
frequency.

(

Figure 3.2: Equivalent circuit of the system under sub-Byogous and super-synchronous
frequencies.

Rotor

whereK = % is the compensation leveXe = X +X1 (p.u.), 3 X is the entire inductive
reactance seen from the infinite lysu.), f, is the natural frequency of the electric system
(Hz), andfs is the frequency of the systefhlz).

Figure 3.2 shows the equivalent circuit of the DFIG wind toéounder sub-and-super-
synchronous frequencies. This figure also shows the stéttie gositive and negative
components of the electric natural frequency with regarthécelectrical frequency corre-
sponding to the rotating speed. At sub-synchronous and sypehronous frequencies,
the slip is given by, andS,, respectively, as follows:
fn— fm _ fa+ fm

fn = fn

The super-synchronous slip, i.& in Eq. 3.10, is always a positive value, and con-

S = (3.10)

sequently,% in Figure 3.2 is a positive value. Thus, the DFIG wind farmtabse at this
frequency. On the other hand, the sub-synchronous slipSi.en Eq. 3.10, is a negative
number since the electric natural frequenty, is less than the electric frequency corre-
sponding to the rotating speef,. If the magnitude of the equivalent rotor resistance, i.e.

% <. 0,.exceeds.the.sum.of the resistances of the armature andttherk, there will be a
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negative resistance at the sub-synchronous frequenctyhasdb-synchronous current will
increase with time. This phenomenon is called Inductioneeaior Effect (IGE), which

only involves rotor electrical dynamics [64], and is ternasdSSIGE in this work.

SSIGE Modes and Participation Factors

Participation factor is a measure of the relative partiggweof ji" state variable in théh
mode of the system. The magnitude of the normalized padtiicip factors for an eigen-

value,A;, is defined as [68]:

|Wii || i |

Pjii = 5
> Wikl | Pyl
k=1

(3.11)

wherePj; is the participation facton is the number of modes or state variables, #ahd
@ are right and left eigenvectors, respectively.

Table 3.1 and 3.2 show the eigenvalues and participatidgariaof the system when the
wind speed is 7 m/s and the compensation level is 75%. In tabses, larger participation
factors in each column are bolded. By looking at these talilee can readily find the
participation of each state variable in system modes. Famgie, based on Table 3.1
and using participation factors relatedXg10, one can see that this mode is associated
primarily to theigs, igr, and DC link voltageypc. Also, using Table 3.1 it can be observed
that wm and rotor-side converter PI-D have a high participation imde1112. In 3.2,
A13 to A2» are non-oscillatory and stable modes, and one can easilyHengarticipation
of each state variables on these modes by looking at this.talilese modes will not be

further discussed.

Identification of System Modes

In this section, the nature of mod®s», Az 4, Ase, A7 g is identified.
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Table 3.1: The system modes and participation factors ats&9%s compensation and 7 m/s wind speed (Part I)

A2 A34 Ase A7s A9 10 A112
0.128+j131.913 | -5.506+ j617.197 | -9.911+ j99.969 | -0.922+ j5.999 | -875.428+ j4217.869 | -0.115+ j0.524
g-axis stator curreriys 0.2791 0.2210 0.2783 0.0031 0.3435 0.0102
d-axis stator currenitss 0.2081 0.1755 0.2057 0.0971 0.09770 0.0280
zero-seq. stator curreigs 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
g-axis rotor currenty 0.2790 0.2027 0.2907 0.0034 0.1319 0.0115
d-axis rotor currenty, 0.2082 0.1610 0.2172 0.1117 0.0830 0.0321
zero-seq. rotor currengr 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
g-axis cap. voltagerg 0.0069 0.0671 0.0016 0.0030 0.0003 0.0008
d-axis cap. voltagerq 0.0066 0.0689 0.0015 0.0000 0.0000 0.0002
g-axis line currentyq 0.0050 0.0487 0.0014 0.0000 0.0717 0.0003
d-axis line currenty 0.0056 0.0544 0.0017 0.0056 0.0051 0.0016
rotor speedzr 0.0007 0.0000 0.0015 0.3097 0.0000 0.0594
turbine speedom 0.0000 0.0000 0.0000 0.0668 0.0000 0.3131
torqueig 0.0000 0.0000 0.0000 0.3849 0.0000 0.0167
DC-link voltagevpc 0.0000 0.0002 0.0000 0.0000 0.2613 0.0000
RSC-PI-A 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001
RSC-PI-B 0.0000 0.0000 0.0000 0.0002 0.0000 0.0783
RSC-PI-C 0.0000 0.0000 0.0000 0.0000 0.0000 0.0019
RSC-PI-D 0.0000 0.0000 0.0000 0.0145 0.0000 0.4388
GSC-PI-A 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
GSC-PI-B 0.0000 0.0000 0.0000 0.0000 0.0058 0.0000
GSC-PI-C 0.0000 0.0000 0.0000 0.0000 0.0000 0.0064
GSC-PI-D 0.0003 0.0000 0.0000 0.0000 0.0001 0.0001
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Table 3.2: The system modes and participation factors atS&9%s compensation and 7 m/s wind speed (Part I1).

A13 A4 A1s A6 A17 Aig A9 A20 A21 A22

-2151.368 | -114.749 | -97.842 | -0.500 | -0.0143 | -0.002 | -19.929 | -20.800 | -0.000 | -0.000
g-axis stator currerits 0.2381 0.0344 0.0005 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
d-axis stator currenitss 0.1482 0.2785 0.0689 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
zero-seq. stator curreigs 0.0000 0.0000 0.0000 | 0.0000 | 0.0000 | 0.0000 | 1.0000 | 0.0000 | 0.0000 | 0.0000
g-axis rotor currenty, 0.2223 0.0334 0.0003 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
d-axis rotor curremg, 0.2214 0.2866 0.0714 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
zero-seq. rotor currengr 0.0000 0.0000 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 1.0000 | 0.0000 | 0.0000
g-axis cap. voltagerg 0.0001 0.0035 0.0010 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
d-axis cap. voltagey 0.0015 0.0013 0.0009 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
g-axis line currenty 0.0002 0.0006 0.0009 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
d-axis line currentiy 0.0980 0.0094 0.0029 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
rotor speedxsy 0.0000 0.0000 0.0000 | 0.0000 | 0.0001 | 0.0001 | 0.0000 | 0.0000 | 0.0128 | 0.0461
turbine speedsm, 0.0000 0.0000 0.0000 | 0.0000 | 0.0008 | 0.0005| 0.0000 | 0.0000 | 0.0612 | 0.2198
torque-ig 0.0000 0.0000 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
DC-link voltagevpc 0.0430 0.0082 0.0154 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
RSC-PI-A 0.0000 0.0000 0.0000 | 0.0000 | 0.0003 | 0.0003 | 0.0000 | 0.0000 | 0.2264 | 0.7340
RSC-PI-B 0.0000 0.0000 0.0000 | 0.0000 | 0.0107 | 0.0047 | 0.0000 | 0.0000 | 0.6949 | 0.0000
RSC-PI-C 0.0000 0.0000 0.0000 | 0.0000 | 0.0193 | 0.9804 | 0.0000 | 0.0000 | 0.0025 | 0.0000
RSC-PI-D 0.0000 0.0001 0.0000 | 0.0000 | 0.0071 | 0.0006 | 0.0000 | 0.0000 | 0.0000 | 0.0000
GSC-PI-A 0.0000 0.0000 0.0000 | 0.9999 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
GSC-PI-B 0.0011 0.0525 0.7099 | 0.0001 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
GSC-PI-C 0.0000 0.0000 0.0000 | 0.0000 | 0.9614 | 0.0132 | 0.0000 | 0.0000 | 0.0019 | 0.0000
GSC-PI-D 0.0258 0.2911 0.1275 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
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Identification of SSR and SupSR Modes

Table 3.1 shows that modasg > andAs 4 are primarily associated wiflys, igs, iqr, andigy.

With the frequency of 20.9947 Hz (or 131.913 rad./s) Aggwith the frequency of 98.23

Hz (or 617.197 rad./s) are the SSR and super-synchronopSEunodes (Mode 1 and
Mode 2), respectively. This can be verified using Eq. 3.9, reHg is calculated to be
around 39 Hz. Given the synchronously rotating referenaend;, the complementary the
SSR and SupSR frequencies dge- f, = 21 Hz andfs+ f,, = 99 Hz, which matches the
frequency ofA1 > andAz 4. Table 3.1 also shows that the SSR mode at 75% compensation
and 7 m/s wind speed is unstable as the real part of this mqutesigve, while the SupSR

mode is stable.

Identification of Electromechanical Mode

In order to identify the nature of this mode, Table 3.3 shdws mode for different wind
speeds and series compensation levels. In this table, threwp shaft turbine speed and
corresponding frequency related to each wind speed is alea gsing MPPT plot shown
in Figure 2.4. It is seen that the frequency of this mode isigkd with the change of the
wind speed, while changing the compensation level hastshgbact on this mode. It can
be observed that the frequency of this mode is the compliangof the frequency of shaft
turbine speed. For example, for the wind speed equal to 7md/s@npensation level equal
to 75 %, the frequency of this mode is 99.84./s or 15.9 Hz, and its complementary
is calculated to be 44.1 Hz (60159 = 44.1 Hz). This frequency coincides with the
frequency of the shaft turbine, i.e. 45 Hz. This can also h@ieg to other wind speeds;
thus, this mode is related to wind speed change, and theref@chanical dynamics. Also,
using Table 3.1, it is observed thed s is mostly associated withys andigs, iqr, andigy.
Therefore, this mode is related to both mechanical andredattlynamics and is called

electromechanical mode (Mode 3).

34

www.manaraa.com



Table 3.3:A5 ¢ at different wind speeds and compensation levels.

7m/s
(0.75 p.u./45 Hz)

8 m/s
(0.85 p.u./51 Hz)

9m/s
(0.95 p.u./57 Hz)

75%

-9.911+ j99.969

-4.909+ |62.445

-1.889+ j28.791

80%

-12.7674+ j99.942

-5.498+ j62.995

-2.123+j29.335

90%

-18.475+ j95.501

-7.330+ j64.531

-2.704+ j30.553

Identification of Shaft Mode

From Table 3.1, it is observed that the generator rotor speethd the mechanical torque
between two masse$g, have the highest participation Ny g. Therefore A7 g is related

to the shaft mode (Mode 4). The shaft mode has low-frequemyt 0.954 Hz (or 5.999
rad./s), and this mode at the present operating conditiataisle. This mode might be

unstable if the series compensation level becomes too Wigich will cause SSTI.

Calculation of the SSIGE Mode for Different Operating Points of the

DFIG

Table 3.4 shows the eigenvalues of the sub-synchronousaese (SSR) and super - syn-
chronous resonance (SupSR) modes of the system shown ireRdgufor different series
compensation levels and wind speeds. As seen in this thiBl§3R and SupSR modes are
a function of these two variables: (1) the wind sp¥gdnd (2) the compensation leu€l
On the one hand, at a constant wind speed, when the compmniese| increases, the sta-
bility of the SSR mode decreases while the stability of theSS mode slightly increases.
Table 3.4 shows that the SSR mode is unstabl¥for 7 m/sandK = 55%,K = 60%, and
K = 65%.

On the other hand, at a constant series compensation leleh the wind speed in-
creases, the stability of both the SSR and SupSR modes sexeBased on Table 3.4, for
K = 65% andv,, = 7 m/sthe SSR mode is highly unstable, but wh&pnincreases, while

K is kept constant, the stability of the SSR mode increasaseXample, folK = 65% and
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Table 3.4: The SSR and SupSR modes of the system at diffeliedt speeds/,, and

compensation levels.

Vo (M/8)K (%) SSR Mode SupSR Mode
7-50 -1.8784+j140.7799| -5.1561+ j608.9960
7-55 +1.2126+ j128.5545| -5.2253+ j620.39633
7 -60 +5.9289+ j118.8507| -5.2812+ j631.2477
7-65 +9.6991+ j112.3237| -5.3158+ j641.5941
8-55 -3.7739+ j128.5441| -5.9986+ j622.5840
8- 60 -2.3818+j116.5455| -6.1252+ j633.4910
8-65 -0.4696+ j104.8237| -6.1877+ j643.7831
9-55 -6.8362+ j122.7589| -6.8150+ j623.2366
9-60 -5.5889+ 115.9793 | -7.0351+ j637.6388
9-65 -3.7165+ j105.3277| -7.1718+ j646.5196

Vw =8m/s& 9 m/s, the SSR mode is stable.

Impact of Compensation Level Variations on the Stability ofthe

SSIGE

As mentioned in Section 3.2, the stability of SSIGE depemdisath wind speed and com-
pensation level. This section describes why increasingtimepensation level decreases
the stability of the SSR mode. In order to explain this fagpacific example- where wind
speed is kept constant\é = 7 m/s, while the compensation level changes- is used. Using
MPPT curve shown in Figure 2.4, the electrical frequencyeasponding td/, = 7 m/sis

45 Hz Note that, the value of the rotor resistance of the DFIG uisehis work isR, =
0.00549p.u., as it can be found in the Appendix.

Table 3.5 shows the rotor resistances under sub-and-sypehronous frequencies for
the aforementioned case. Note that if Table 3.4 is used tuledé f,,, since the models
are built in ad — g synchronous reference frame, the computed frequencidsecd8R
and SupSR modes, given in Table 3.4, &e- f, and fs + f,, respectively. From Table
3.5, it can be easily observed that by increasing the conapienslevel, larger negative

resistances are provided to the network, which decreagestalility of the SSR mode.
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Table 3.5: Rotor resistance under SSR and SupSR frequenioésthe wind speed is kept

constant aV, = 7 m/s (45 Hz) and the compensation level changes.

Ry R

K (%) || fnHz — —
(%) n S S

50% || 37.59| -0.0278| 0.00249

55% || 39.54| -0.0397| 0.00256
60 % || 41.08| -0.0576| 0.00262
65% || 42.12| -0.0803| 0.00265

The reason is that at a constant wind speed, or con$tanihcreasing the compensation
level increases the electric natural frequency of the systeEherefore, the absolute value
of the DFIG slipS; under SSR frequency given in Eq. 3.10 decreases, providomg m

negative rotor resistanc% to the system. This decreases the stability of the SSR mode.

Impact of Wind Speed Variations on the Stability of SSIGE

In order to explain the impact of wind speed variations onstadility of the SSR and
SupSR modes, a specific example - where the compensatidndéwpt constant aK =
65% while the wind speed changes - is used. Using the MPPE@&lmown in Figure 2.4,
the electrical frequencies corresponding to differentdépeeds are obtained. Table 3.6
shows the rotor resistances under sub-and-super-syrasdrequencies for this example.
As it can be observed from this table, by increasing the wpad, the SSR mode becomes
more stable. The reason is that by increasing the wind speddch, in other words,
is equivalent to increasing the electrical frequency apoading to wind speefd, - the
absolute value of the DFIG sl increases, providing less negative rotor resist%cm

the system. This increases the stability of the SSR mode.

Time-Domain Simulation in PSCAD/EMTDC

In order to confirm the eigenvalue analysis provided in T&8Xe time domain simulations

in.PSCAD/EMTIDC are performed. Figures 3.3 through 3.5 sHev & terminal voltage
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Table 3.6: Rotor resistance under SSR and SupSR frequencgscompensation level is
kept constant & = 65% (f, = 42.12 HZ) and wind speed changes.

Vi (M/9) || fmHZ % g
7 45 | -0.0803| 0.0026
8 51 | -0.0260| 0.0024
9 57 | -0.0155| 0.0023

(a): Vw =7 ml/s, K=55%
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T T T T
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1 1 1 1
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(b): Vw =7 mls, K= 60%

. T T T T
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(0): v, =7 mis, K = 65%
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v, (pu)

Vg (pu)

oo B N W

Figure 3.3: Terminal voltage wher, = 7 m/sand (a)K = 55% (b)K = 60% (c)K =
65% .

Vs for different wind speeds and compensation levels. Noteiththe given simulation
results, the system is first started with a lower series cosggen level at which the wind
farm is stable, i.e K = 50%, and then at = 0.5 s, the compensation level is increased.

The following conclusions can be drawn from the simulatiesults:

1. At lower wind seed, e.gV, = 7 m/s, whenK increases, the stability of the SSR

mode decreases, as seen in Figure 3.3.

2. The frequency of the oscillations using Figures 3.3 - thyeugh - (c) are obtained
about 20Hz, 1818 Hz, and 1785 Hz for K = 55%, K = 60% andK = 65%,
respectively. These frequencies validate the frequerab&sined using eigenvalue

analysis for these cases given in Table 3.4.
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(a): v,=8 m/s, K = 55%
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Figure 3.4: Terminal voltage whén, = 8 m/sand (a)K = 55% (b)K = 60% (c)K =
65% .
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Figure 3.5: Terminal voltage whén, = 9 m/sand (a)K = 55% (b)K = 60% (c)K =
65% .

3. From Figures 3.4 and 3.5, it is observed that increasiagaimd speed stabilizes
the SSR mode, as expected from Table 3.6. Additionallyefigsires show that at
a constant wind speed, increasing the compensation lexeledses the stability of

the SSIGE mode, as discussed in reference to Table 3.5.
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Figure 3.6: Structure of a typical drive-train mod#],; = The torque applied to thig,
mass from(i + 1), mass,T; = external torque applied g, mass,d; = torsional angle of
the iyn, mass H; inertia constant of thg, mass,D; = damping coefficient of thg, mass,
Kii—1 = stiffness coefficient betweep, and(i — 1), masses.

3.3 TORSIONAL INTERACTIONS (SSTI)

In order to analyze the SSTI, it is better first to define thsitaral frequencies of a DFIG
wind turbine drive-train model. A common way is to represt rotor as a number of
discrete masses connected together by springs defined pirtaand stiffness coefficient.
Figure 3.6 shows the structure of a typical WTGS drive-tramdel. The equation of the

ith mass motion can be expressed as [90]:

dA do;
2Hi—d:0i :-|-i+Ti7i+1—-|-i,i_1—Did—t' (3.12)
where
Ti,j =Kij- (8§ — &) (3.13)
do;
5 =@~ o =00 (3.14)

If N discrete masses are considered, using Egs. 3.12 througjre3sét of Al differen-
tial equations can be obtained, which in a state-spaceidéeartake the following form

[90]:

X = AX+BU (3.15)
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whereX andU are the state variables vector and the input torque veespgectively.
Using the state matriR, the eigenvalues of the drive-train system are a set of caxnpl

conjugate pairs of the form [90]:

Niir1 = —Ciwni + joniy/1— P (3.16)

where(; andwy; are the damping ratio and undamped natural frequency ofitheass.

As a general case, a rotor wilhmasses hal modes, wher& — 1 modes represent
the torsional modes of oscillation, and one remaining megeasents the oscillation of the
entire rotor against the power system.

Using Eq. 3.16, the torsional natural frequency ofithenass can be obtained as [90]:

i/1-2?
Chiy 14 (3.17)

foi =
mi 2_'_[
If generator rotor oscillates at a torsional natural freguye fii, this phenomenon in-

duces armature voltage component in the generator at inetpsegiven by [91]:

If fem is close tofy, which is the electric natural frequency due to series corsgton
and is given by Eq. 3.9, the sub-synchronous torques gexkebst this sub-synchronous
induced armature voltage can be sustained. This energwaegetbetween the electric part
of the DFIG wind farm and its mechanical part is callemsional I nteraction, and it is

termed as SSTI in this work.

Does SSTI Occur in Wind Farms?

In this section, we answer to the question: “Does SSTI oacwrind farms?”. The fre-
quency of shaft torsional modes is a strong function of thadtsttiffness coefficient, i.e.

Ki,j in Figure 3.6. The values df; j in wind turbines are much smaller compared to
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the values found in steam, hydro, and diesel turbines. Tiiealvalue ofK; ; reported
in the literature is much less than p0u. Torque/rad. [90], while the values oK; ; for
the different sections of a typical steam turbine reportefbd] are in the range 19 - 70
p.u. Torque/rad..

The low shaft stiffness coefficient in wind turbine driveitr leads to low torsional
natural frequencies, which are in the range of B5 Therefore, based on the definition
given for SSTI, in order to cause the SSTI in a wind farm, trexteic natural frequency
of the network should be in the range of 55432. In order to obtain such a large electric
natural frequency in the network, a very high series comgigms level is needed, while
in practice, the series compensation is normally not latgan 70% - 75% for reasons
such as load balancing with parallel paths, high fault eurrand the possible difficulties
of power flow control [24]. Hence, the SSTI may not be a conaeiWTGS. However, for
the sake of completeness of the current work, the impactatt stiffness coefficientk; |

and series compensation leebn the SSTI mode is studied.

Impact of Shaft Stiffness Coefficients Variations on the Sthility of

SSTI

The studied WTGS shown in Figure 2.1 is composed of two ma#dsegenerator and the
turbine, and the stiffness coefficient between the turbimthe generator is callef g.
Also, the value of the stiffness coefficient in the studiestsgn in this paper i&; g = 0.15
p.u. Torque/rad.. With thisK; g, for Vi, = 9 m/sandK = 55%, the shaft torsional mode is
calculated a&tqrsional = —3.2396+ j4.6767, and this mode is stable. Usivghsional the
torsional natural frequency is calculated to be less thirz.1Therefore, in order to cause
the SSTI in the system with the curreiitg, f, has to be about 5Bz, which requires a
very large compensation level.

Figure 3.7 shows the SSR and torsional modes as a functitwe stiffness coefficient,

K: g, WhenV, = 9 m/sandK = 55%. As seen in this figure, by increasikigg, as soon as
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Figure 3.7: SSR and torsional modes versus the stiffnedfiaest, K; g, whenV,, = 9
m/sandK = 55% : (a) Imaginary part{z) (b) Real part.

the frequency of the torsional mode becomes close to thedrery of the SSR mode, the

torsional mode becomes unstable.

Impact of Series Compensation Level Variations on the Stabty of

SSTI

In order to cause the SSTI in the wind farm, the valu&gf is increased from QA5 to

50 p.u. Torque/rad.. Figure 3.8 shows the SSR and torsional modes as a function of
compensation level whén, = 9m/s. As seen in Figure 3.8 as long as the torsional natural
frequency is not close to the SSR mode, the shaft mode isest@bice the frequency of

these modes become close to each other, the shaft mode ==gnstable

Time-Domain Simulation of SSTI in PSCAD/EMTDC

In order to show the SSTI in the WTGS, time-domain simulaionPSCAD/EMTDC are
performed. Figure 3.9 shows the system response inclublmgptsional torque between
masses |&IIT; g, wind turbine speedy, the electric torqude, and IG terminal voltag¥,

whenV,, = 9 m/sandK changes. Note that in the given simulation results, theegy$s
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Figure 3.8: SSR and torsional modes versus series compangatel, K, whenV,, = 9
m/s: (a) Imaginary partkiz) (b) Real part.

first started with a lower series compensation leiek 20%, and then dt= 2.5 sandt =
8 s, the compensation level is increasedte= 50% andK = 55%, respectively. In these

simulations K¢ g = 50 p.u. Torque/rad.. The following conclusions can be drawn from

the simulation results:

1. The wind farm is stable at lower compensation levelswieenK = 20% andK =
50%, as expected from Figure 3.8. However, when the compendavel increases
to 55%, the SSTI occurs in the WTGS, and the wind farm goesablestue to the

unstable torsional mode.

2. Even when the torsional mode is stable at lower compenskavels, i.e. whelK =
20% andK = 50%, the SST-TI is very lightly damped. This is due to the that the
damping ratio of the torsional mode is very small even atdtuesnpensation levels,

i.e. 0.5% and 014% forK = 20% andK = 50%, respectively.

3. Therefore, in some cases, depending on system parapntbeetsrsional interaction
mode may have a low damping ratio and an SSR damping comtrodlg be desir-

able.
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Time (s)

Figure 3.9: The SSTI whewt, = 9 m/sand compensation level changes at different times:
(@) Tig (p.u.) (b) ax (p.u.) (¢) Te (p.u.) (d) Vs (p.u.).

3.4 CONTROL INTERACTIONS (SSCI)

Sub-synchronous control interactions (SSCI) are mainky uthe interactions between
DFIG wind turbine controllers and the series compensattsinission line, to which the
wind farm is connected. Unlike the beforementioned SSRaytiee SSCI does not have
well-defined frequencies of concern due to the fact that teguiency of oscillations in

SSCI depends not only on the configuration of the series cosgted transmission line
and induction generator parameters, but also on the witnteiicontroller configuration

and parameters [37] - [41]. Moreover, the oscillations edusy the SSCI may grow faster
compared to previously mentioned SSR type, since the undamgxillation in SSCI com-

pletely depends on the electrical and controller inteoastj which have a smaller time
constant.

The SSCI has come into prominence since the ERCOT event & 310 - [41]. A

faulted. line and.subseguent outage in the network causega [FIG wind farm to be-
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Figure 3.10: The mechanism of the SSCI in WTGS.

come radially connected to the series compensation nefwesulting in rapidly increasing
of sub-synchronous frequency oscillations leading to dgerta both the series capacitor
and the wind turbine [37] - [41]. The SSCI system can be sifigglias shown in Fig-
ure 3.10. According to this figure, as mentioned earlier,rdeson for the SSCI is the

interaction between the DFIG controllers and the netwoekteic natural frequency.

3.5 EXISTING AND PLANNED SERIES COMPENSATEDWIND FARMS

In 2005 [92], [93], the public utility commission of TexasYET) developed a plan to build
2300 miles of new 345 kV transmission lines to accommodat@eerease of 11553 MW
of wind energy in West Texas. Some of the transmission lingise plan were designed to
have 50% series compensation. In Figure 3.11, a sectioreddldcttric reliability council
of Texas (ERCOT) grid is shown, where a 200 MW DFIG wind farrodanected to Bus 2.
The nominal voltage in all buses is 138 kV, except for buse%@,2vhere the transformers
increase the voltage level from 138 kV to 345 kV. The serieamensation capacitors are
located on the Bus 13-Bus 16 transmission line and on the BeBus 16 transmission
line, with compensation levels from 50% to 80%. The thickegréne in Figure 3.11 is the

worst case scenario in terms of susceptibility to SSR, whBmther lines in the network
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Figure 3.11: Single line diagram of a part of ERCOT grid, vehar200 MW DFIG wind
farm is connected to the Bus 2 [37],[40].

I

Bus13

are open, and thereby, the wind farm is radially connectedd®series compensated lines
via Bus 2, Bus 3, Bus 8, Bus 13, Bus 16 and Bus 15. In the ERCOtef€009 [37] -
[41], a faulted line and subsequent outage in the networkexha large DFIG wind farm
to become radially connected to the series compensatiovoniet In this case, the power
network shown in Figure 3.11 is reduced to a radial singlehimee-infinite bus network.

This event resulted in rapidly increasing of sub-synchusfoequency oscillations leading
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Figure 3.12: Single line diagram of the 54 mile 345 KV Wilnta(WLM)- Lakefield
Generating station (LFD) transmission line connected @oxnd farm [57], [94].

to damage to both the series capacitor and the wind turbifie [81]. Note that this case
of a wind farm radially connected to series-compensatestnission lines is similar to the
system studied in this paper shown in Figure 2.1. This shbesptactical relevance of the
research presented in this work.

Additionally, with rapid increase of wind power energy inusleern Minnesota and
South Dakota, the Xcel Energy Inc. has planned (or alreagyeimented) series compen-
sation in several transmission lines, including a 150-MW®®wind farm connected to a
60% series compensation of 54 miles 345 kV Wilmarth (WLM) kéfeld Generating sta-
tion (LFD) transmission line, as seen in Figure 3.12 [574][A switching event around
the series compensated transmission line connected tofanmdand combustion turbine
generation resulted in growing unstable sub-synchronscdiations [57].

Moreover, in [95], ABB Inc. has performed a “Dakotas Wind Asenission Study”
to investigate the transmission line capacity for up to 50&/ Mf new wind generation

planned to be located at seven different sites. The resyé&ated that the peak wind gen-
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erated power cannot be delivered because the uncompenisatechission line exhibited
congestion. The report suggests that providing 35% and E0#ésscompensation for the
existing transmission lines can increase the level of wiadegation that can be exported.
The ABB Inc. report also states that special studies musib®mned in order to avoid
the SSR in the system.

In addition, [96] discusses technical requirements folikerconnection to Bonneville
Power Administration (BPA), in Pacific Northwest, transsiis grid, including series
compensation to transmit wind power energy. Also, [97] gigereport regarding rein-
forcement of transmission lines of Alberta Electric Syst@®perator (AESO) using series

compensation. Some of these lines are connected diredtigivectly to wind farms.

3.6 SUMMARY

In this chapter, three possible SSRs in DFIG wind farms iidlg induction generator
effect (SSIGE), torsional interactions (SSTI), and canimteractions (SSCI) are briefly
explained, and impact of some wind farms parameters on 8®Bs are investigated using
eigenvalue analysis and time-domain simulations in PSEGMIDC.

Regarding the SSIGE, the following conclusions can be drawn

1. The SSIGE may happen when the equivalent rotor resistar® sub-synchronous
frequency, which can be a negative value, exceeds the sum pbsitive resistances

of the armature and the network.

2. At lower wind speeds and higher compensation levels, tissipility of the SSIGE

in DFIG becomes higher.

3. The SSIGE is not related to the mechanical part of the syatel is a purely electri-

cal phenomenon.

Regarding the SSTI, the following conclusions can be drawn:
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1. The SSTI may happen if the complement of one of the torsiwataral frequencies

of the drive-train turbine system is close to the electriiral frequency.

2. Because of the low-shatft stiffness coefficient in WTG8,35TI may not be a con-

cern.
Regarding the SSCI, the following conclusions can be drawn:

1. The SSCI is an interaction between the DFIG wind turbingratiers and the series

compensated transmission line, to which the wind farm igatlydconnected.
2. The SSCI does not have well-defined frequencies of concern

3. The oscillations caused by the SSCI may grow faster comaparSSIGE and SSTI.
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CHAPTERA4
SSR DAMPING USING GATE - CONTROLLED SERIES

CAPACITOR(GCSC)

This chapter presents application and control of the gateraolled series capacitor (GCSC)
for series compensation and sub-synchronous resonan€® (&®nping in doubly-fed
induction generator (DFIG)-based wind farms. The GCSC igw series FACTS de-
vice composed of a fixed-capacitor in parallel with a pair mti-parallel gate-commuted
switches. The wind farm is equipped with a GCSC to solve thalility of the wind farm
resulting from the SSR mode, and a SSR damping controlldR[&T is designed for this
device using residue-based analysis and root locus diagfdeing residue-based analysis,
the optimal input control signal (ICS) to the SSRDC is idiadi that can damp the SSR
mode without destabilizing other modes, and using roatdcanalysis, the required gain
for the SSRDC is determined. Matlab/Simulink is used as Aftmonodeling and design,

and PSCAD/EMTDC is used for time-domain simulations.

4.1 GCSC: SRUCTURE AND CONTROL

Flexible AC transmission systems (FACTS) are defined as la-payver electronic based
system and other static equipment controlling one or setr@r@smission systems to im-
prove their controllability and power transfer capabil@#]. Generally, high-power elec-
tronic devices include a variety of diodes, transistot&a@i controlled rectifier (SCR), and
gate-turn-off thyristors (GTO) [98]. Unlike the convermial thyristors or SCRs, GTOs are

fully controllable, and they can be turned on and off by tlygite. Nowadays, SCRs and
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C
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GCSC

Figure 4.1: Single line configuration of the GCSky = voltage across the GCSG, =
transmission line’s currentgg = GCSC capacitor curren¥.q = fixed capacitance of the
GCSC.

high power GTOs are widely used for FACTS controllers. Gaietrolled series capacitor
(GCSC) is a family of series FACTS devices that uses GTO begtichat can be turned on
and off by its gate [24].

This section describes the GCSC principles of operationegged harmonics, and its
application for series compensation and SSR damping in Bfd§ed wind farms, includ-

ing power scheduling and SSR damping controller design.

Principle of Operation and Generated Harmonics

A GCSC (one per phase), as shown in Figure 4.1, is composedigéacapacitor in
parallel with a pair of GTOs. The switch in the GCSC is turrditht the angldg3, measured
from the peak value of the line current. Figure 4.2 showsitteedurrent, capacitor voltage
and the GTOs pulses waveform. As seen in this figure, the GTi@lswe closed, when

Veg(t) is equal to zero. The effective capacitance of the GCSC sy [24]:

_ R oy sina — X905 g
Xe = —2(2y—sin2) = —2(5-sind) (4.1)

wherey is the the angle of the advancg&,s the hold off angle, anictq is the fixed
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Figure 4.2: Line current,(t), capacitor voltage/g(t), and switching function of the
GCSC.3 = GCSC's turn-off angley = the angle of the advancet/2 — 8), d = hold off

angle t— 2B = 2y)

capacitance of the GCSC. Ahanges from ®to 18C°, X varies from 0 toXcg.

The voltage across the GCSC contains odd harmonics, iniaaldit the fundamental
components. The harmonic analysis of the GCSC and some dsethaeduce the har-
monic levels have already been studied in literature [24],[[100]. In [99], it has been
shown that the maximum total harmonic distortion (THD) of BCSC voltage, when a
single GCSC module is used, is about 4.5%. However, in pacthulti-module GCSCs
(MGCSC), which use smaller GCSC modules in series so thét madule compensates
part of the total required series compensation level, aed usorder to obtain the required
power rating for the GCSC. Using this configuration, the THidgrated by the GCSC can
be reduced down to 1.5% [99]. In this method, the voltage o &CSC module still con-
tains all the harmonic components of the single GCSC modulieywith lower magnitude
[37], [99], [100].

Another method for reducing harmonic levels in the GCSCaggtis using multi-pulse
arrangements [99]. In this method, transformers are useydct the GCSC voltage into
the transmission line, and the transformers windings aneected in such a way that some
lower order harmonics (LOH) of the GCSC voltage are cancelgd Using this method,

the THD of the GCSC voltage could be reduced to less than Q.8486h is an acceptable
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Figure 4.3: Block diagram of the GCSC controller.

level of THD level in high-voltage power systems and FACT®lajations [99]. More
details of the harmonic analysis of the GCSC can be foundih [99], [100].

GCSC Modeling and Control

The operation of the GCSC is modeled as a variable capakiitvassumed that the desired
value of the GCSC reactance is implemented within a well ddftrme frame, i.e. a delay.
The delay can be modeled by a first order lag as shown in Fig®ewhich will add
one more order to the system. In Figure 4X8gcis determined by the power scheduling
controller (PSC). In [28], [30] a power controller has besedifor the GCSC to damp SSR
and power oscillation; however, as shown later, this powetroller may not be adequate
to damp the SSR. Therefore, an auxiliary SSRDC, as showrgur&#.3 should be added

to the GCSC controller to enable it to damp the SSR.

Power Scheduling Controller (PSC)

The block diagram of the GCSC’s PSC control is shown in Figude In this figure T,

is the time constant of first order low pass filter associatéll the measurement of the
line current. In this controller, the measured line currgnts compared to a reference
currentl®, and the erroAl is passed through a lead controller and a proportionagiate

(PI) regulator.
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Figure 4.4: Block diagram of the GCSC power scheduling asietr (PSC).

The MPPT curve and the chosen reactive power control sirdteghe transmission
line, i.e., fixed Var flow or fixed power factor, are used to abtael". If the power losses
are ignored, the optimum input wind povﬂ%, which can be obtained using MPPT curve
for different wind speeds, is equal to the desired deliveead power to the transmission
line, B in (p.u.). Also, depending on the chosen reactive power controlegjyafor the
transmission line, i.e. fixed Var flow or fixed power factog ttesired reactive power of the
transmission line, i.eQ; (p.u.), can be determined. Then, the transmission line reference

line current can be calculated as follows:

VRO 4.2)

I = Ve
A modal analysis at different operating points of the winahrfas performed when the
GCSC model with PSC is added to the system. Figure 4.5 complaeereal part of the
Mode 1 and 2 at different compensation levels and differantivepeeds for two cases:
a) when the DFIG wind farm is compensated only with a seriesdfizapacitor b) when
the DFIG wind farm is compensated with a GCSC without SSRDE anly with a PSC.
As seen in this figure, using only the PSC in GCSC not only de¢®€nable this device
to stabilize the Mode 1, but also it decreases the dampingaafeML. This shows that an

auxiliary SSRDC is needed to enable the GCSC to damp the SSR.
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(a): wind speed 7 m/s
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(b): wind speed 9 m/s
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Figure 4.5: Real part of Mode 1 and 2 when wind speed is (a) (/& m/s with GCSC
and fixed capacitor in line.
Sub-Synchronous Resonance Damping Controller (SSRDC)

In order to enhance the SSR damping, an auxiliary contrigli@dded to the GCSC control
system with an appropriate input control signal (ICS), asshin Figure 4.3. The question
is how an appropriate ICS should be selected. This questianswered in the following

sections.

4.2 |ICS SLECTION AND SSRDC [ESIGN

ICS Selection Using Residues

The residues corresponding to SSR and SupSR modes foredifféSs are computed. If
the state-space model and transfer function of the simglatisingle-output are defined as

[68]:

X = AX+BU (4.3)
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Y =CX (4.4)

Yis) o< R
U(s) _i;s—)\i

Then for a complex roak;, the residudr; is a complex number, which can be consid-

G(s)=C(SI-A)"1B= (4.5)

ered as a vector having a certain direction, and can be esquies [68]:

R =CW®B (4.6)

In a root locus diagrani; is representation of the direction and speed of the closed
loop eigenvalue\¢; which leaves the polga;. The effect of the residues in selecting ICS
can be described as follows. Suppose that dynamics of @&hegedues are ignored, except
one specific eigenvalug,. This means that the open-loop transfer function of theesyst

has only one pole, which can be represented as:

_ R
S—Aa

Ga(s) 4.7)

Using Eq. 4.7, the closed-loop system with a gain controKgg, is represented as

follows:
Gy _ R

Finally, using Eqg. 4.8 the root of the closed-loop and thdt shithe eigenvalues, i.e.

Gea(s) (4.8)

AAgp, can be represented using Egs. 4.9 and 4.10, as follows:

)\ca = )\a - KgcRa (4-9)

ANsh = —KgcRa (4.10)

Eg. 4.10 shows that the residue influences the closed-la&iprayroot, by determining
the direction and speed of it. If the magnitude of the residl&ge enough, then a smaller

gain.is.needed for the feedback control system.
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Figure 4.6: Residues of the SSR mode withas ICS.
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Figure 4.7: Residues of the SSR mode wijtlas ICS.

Figure 4.6 through Figure 4.8 show the residues of the SSEBap8R modes at differ-
ent operating conditions of the wind farm, when I, andVg are used as ICS. Figure 4.6
shows that wheiy is selected as ICS, the residue magnitude of the SSR modeait sm
Therefore, if this signal is being used as ICS, a larger gdliroer needed for the feedback
control. In addition, as Figure 4.6 shows, the residues®88R and SupSR modes are in
an opposite direction, which will increase the difficultytbé controller design. The reason
is that a simple proportional controller chosen to incredemmping of the SSR mode will
decrease the damping of the SupSR mode, verifyingdhas not an optimum choice for

ICS. Therefore, this signal will not be further considered.
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Figure 4.8: Residues of the SSR mode Wit as ICS.

Figure 4.7 shows that when is selected as ICS, the residue magnitude of the SSR
mode is rather large, and therefore, a smaller feedbackigageded to stabilize the SSR
mode. However, since the residues of the SSR and SupSR modleis icase point in
opposite directions, stabilizing the SSR mode via a feekligat will decrease the SupSR
mode damping. This shows that the line current may not be amom parameter as ICS.
This signal as ICS will be further analyzed in the next sectio

Finally, Figure 4.8 shows the residue of the SSR and SupSRsaden/qis selected
as a ICS. This figure exhibits two facts: first, it shows that #6R and SupSR modes are
in the same direction; second, the magnitude of the residueedarge enough. These
properties will make the design of the feedback control $nsp that a small gain will be
enough to force both the SSR and SupSR modes to move to trentbfnake the system

stable. In the next sections, bdthandV,g are studied in more detail as two potential ICSs.

Root Locus Analysis

The analysis presented by residue-based method is versiagd toot locus analysis. As
represented in Figure 4.9 fdy as ICS, when the gain increases, the SSR and SupSR
modes will move in opposite direction, as we expected frosidrees analysis. In addition,

the maximum damping ratio for SSR mode is obtained 3%, anddhresponding gain in
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Figure 4.9: Root locus diagram of the SSR mode Withas ICS. The + sign indicates the
locations of the roots corresponding to the indicated g&dg,
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Figure 4.10: Root locus diagram of the SSR mode Wi#has ICS. The + sign indicates
the locations of the roots corresponding to the indicated, ¢&..

this case is about 0.282, as indicated in Figure 4.9. Fogtiis the corresponding SupSR

mode will move toward the right hand side of the root locugychan, but will not pass the

imaginary axis, and the system is still stable.

Figure 4.10 represent the root locus diagram of the systeanW is as ICS. This

figure shows that when the gain increases, both the SSR ar8RSoq@des move to the

left hand side of the root locus plane. In this case, in ordédrave 5% damping ratio for

SSR mode, the gain is computed 0.598, as indicated in Figdi@ 4~or this gain, the

corresponding SupSR mode will move toward the left hand sidke root locus diagram

and become more stable.
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Figure 4.11: Comparing dynamic response of the electrgusmwithout SSRDC and with
SSRDC (L andVg as ICS) (a) simulation time from= 0 stot = 4 s(b) simulation time
fromt =0.9stot =1.9s.

In conclusion, root locus diagram and residues analysidteepresented in Section
4.2 show that both, andVcg could be used as ICS; however, using the latter, a larger
damping ratio can be obtained, and also, both the SSR andRSup8es can be stabilized

simultaneously by use of the proposed procedure.

4.3 TiME DOMAIN SIMULATION OF GCSC MMPENSATEDDFIG

In this section, the time domain simulation of the DFIG wiradnh is presented to ver-
ify the analysis presented in Section 4.2. The system islabed for different scenarios,
namely, the wind farm compensated by the GCSC with no SSRPpénttoop), the wind
farm compensated by the GCSC dpdas ICS to the SSRDQ,( as ICS), and the wind
farm compensated by the GCSC ang as ICS to the SSRDC/{g as ICS). In the simu-
lation study, initially, the compensation level is regelhtat 50% and then at= 1 s, the
compensation level is changed to 75%. The dynamic respafsies wind farm including

electric torqueTg, terminal voltagé/s, and DC link voltagd/pc are plotted in Figure 4.11
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Figure 4.12: Comparing dynamic response of the terminahgel without SSRDC and
with (IL andV¢g as ICS) (a) simulation time fromh= 0 stot = 20 s (b) simulation time
fromt =0.9stot =19s.

through Figure 4.13, respectively.

Figure 4.11 shows the electric torqligof the system for three cases. As Figure 4.11.
(a) shows, the wind farm is unstable due to the SSR mode wieeB@EC is not equipped
with SSRDC. The wind farm equipped by the GCSC and SSRDC vititerd_ or Vcg as
ICSs can effectively damp out the SSR mode and stabilizeysie®. Figure 4.11. (b)
shows that wheNg is used as ICS, both SSR and SupSR modes are mitigated faster c
pared to the case whepis used as ICS. This confirms the analysis presented in 8ectio
4.2 that usingd, as ICS decreases the damping of the SupSR mode, and thatxheuna
damping ratio for the SSR mode is limited to less than 3%. Ailainbehavior can be
observed using Figure 4.12 Figure 4.13, where the termuoitdgeVs and DC link voltage
Vpc are plotted, respectively.

Finally, in order to show that the control system guaranteesunity power factor,
Figure 4.14 compares the power factor of the system whem V4 are used as ICS. As
seen in this figure, the control system is able to maintainuthiey power factor for the

wind farm using both ISCs. Once again, usig as ICS provides better SSR and SupSR
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damping for the system compared to wheins used as ICS.

4.4 SUMMARY

This chapter has proposed application, modeling, and cboitthe gate-controlled series
capacitor, a series FACTS device, for transmission linegmmeation and SSR mitigation
in DFIG-based wind farms using modal analysis. In order &bitize the SSR mode, a
series FACTS device, i.e. GCSC, replaces with the fixed seapacitor. Using residue-
based analysis, three different signals namely, genematimr speedy, line current, and
voltage across the GCS{g4 are examined in order to find the optimal input control signal
(ICS) to the GCSC’s SSR damping controller (SSRDC).

The residue-based analysis shows that the rotor speed anmgtimum ICS for the
SSRDC for two reasons: first, a very large gain is needed s\dase, and second, it is
not possible to simultaneously increase the damping of 88fR and SupSR modes. Also,
even though the residue-based analysis for the line cuaehtS predicts that a smaller

gain.is needed to damp the SSR mode, the SupSR mode’s stailécreased in this case,
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indicating that this signal may not be an optimum ICS. Th&dtes-based analysis for the
voltage across the GCSC, however, predicts that this sicaraincrease the stability of
both the SSR ans SupSR modes, simultaneously.

In addition, using root-locus diagrams, the required gailamp the SSR mode is
computed for both line current and voltage across the GCSIC&s. The results show
that, unlike the line current as ICS, using voltage acrossstries capacitor as ICS can
guarantee the damping of the SSR mode- without sacrificie@tipSR mode’s stability-
verifying what was expected from the residue-based arsalysiso, the maximum SSR
damping ratio, when the voltage across the GCSC is used g3d63%% more compared
to that of the line current. Finally, time-domain simulatis used to verify the design

process using residue-based analysis and root-locusadiagr
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CHAPTERD
SSR AMPING USING THYRISTOR- CONTROLLED SERIES

CAPACITOR(TCSC)

In this chapter, the thyristor-controlled series capadit@€SC) is used for series compen-
sation and sub-synchronous resonance (SSR) damping iydi@ebinduction generator
(DFIG)-based wind farms. The SSR damping capability of tlegice is examined using
eigenvalue analysis, performed in MATLAB/SIMULINK, andrte-domain simulations,

performed in PSCAD/EMTDC.

5.1 THYRISTOR-CONTROLLED SERIES CAPACITOR

In the TCSC, by controlling the firing angte of the thyristors, the parallel LC filter can
be tuned, making the impedance of the TCSC controllableurEi.1 shows the single
line configuration of a TCSC which can be applied to each ofttinee phases. Figure
5.2 shows typical waveforms of the TCSC including line, @atoa and thyristor currents
(iL(t), icT(t) andi_T(t)), capacitor voltageveT), and corresponding firing pulse§ (and
To).

In the TCSC, if the value of the reactof, T, is sufficiently smaller than that of capac-
itor, Xc1, the TCSC can operate in on-off manner so that by changirfgiitg angle,q,
the inductance of the thyristor-controlled reactor (TCB) e changed. This enables the
TCSC to provide a continuously variable capacitor by cangegdart of theXet impedance
using the variable inductor, i.e. TCR [24]. Typically, thalwe ofX_ is chosen to be 10%
to 30% of the value of th&cT [24].
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Figure 5.2: TCSC capacitor voltage-((t)), line current {i (t)), capacitor and inductor
currents (c7(t) andi_t(t)), and TCSC switching pulse$;(andTy).

Figure 5.3 shows typical impedance of the TCSC in terms afdieingle ¢). As seen
in this figure, since the TCSC actually represents a tunaiglel LC circuit, in a normal
TCSC structure, in which the value &f 1 is smaller than that of the capacitd¢T, the
TCSC has two operating ranges around its parallel resoremeenamely inductive and
capacitive, as shown in Figure 5.3. Care must be taken, iardadavoid the resonance

area.

Modeling of TCSC for SSR Analysis

For the SSR studies, the TCSC is modeled as a variable induetctance in parallel with
a fixed capacitor, as shown in Figure 5.4. From this figurejrttactive reactance of the

TCSC can be obtained as follows:
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whereXtcsd ) is th desired value of the series compensation provideddy €5C.

(5.1)

In Chapter 2, we provided the modeling of the DFIG in qd-franmethis chapter, the
DFIG modeling is updated by adding the modeling of the TCS@é&osystem. The qd-
frame circuit of the TCSC including the transmission lingiigen in Figure 5.5 and Figure
5.6. Performing KVL and KCL in Figure 5.5 and Figure 5.6, oa® get the state-space

representation of the transmission line compensated bY@&C as follows:

XTIine = ATIineXTIine+ BTIineUTIine (5-2)
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Figure 5.5: Transmission line and the TCSC model in g-axis.

vCTq we

Figure 5.6: Transmission line and the TCSC model in d-axis.

XTline = [ilq i1ld VeTqVeTd iLTqiLTd] " (5.3)

(Vgs—Esq) (Vas— Esa)
XL XL

whereiq andijg are the transmission line gd-axis curre(psu.), vctq andvcrq are the

Urline = [ 000(0" (5.4)

TCSC qd-axis voltagegp.u.), andi_tq andi_tq are the TCSC inductor qd-axis currents

(p.u.).

The Arjine andBrine Matrices are defined as follows:
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ATIine = (5-5)

BTline = (5-6)

0O 0 0010

0O 0 0 O O 1

whereR_ is the transmission line resistangeu.), X, is the transmission line reactance

(p.u.), XcT is the fixed series capacitor reactance of the TGB@.), X_ T is the variable
inductive reactance of the TCS@.u.) that is controlled by the TCSC control looggq
and Egq are the infinite bus qd-axis voltagép.u.), andwe is the rotating synchronous

frame frequencyp.u.).

Control of TCSC

The basic control structure of the TCSC is shown in Figure Bhi& main part of the TCSC
control includes power scheduling control (PSC) and SSRpaagncontroller (SSRDC).

Moreover, for the SSR studies, modeling of the gate unit isequired, and it is adequate
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Figure 5.8: Bode plot of the TCSC reactance whkggsc= = 2.2 XcT.

to assume that the desired value of the TCSC reactance iglptbto the line within a
well-defined time frame, which can be modeled by a first ordgr &s seen in Figure 5.7.
The value ofTtcscis chosen to be 1fhs The PSC block diagram is based on a constant
power control, in which the measured line power is compaoeal teference real power,
which can be derived from the load flow information. The PS@ta is of Pl type with
dynamic compensation for improving the system response.

The control of the TCSC shown in Figure 5.7 also includes al3SRHowever, the
TCSC can damp the SSR even without a SSRDC. The reason isthaéa in Figure 5.8,
where the Bode plot of the TCSC reactance is showrXi@ysc = 2.2- Xct and compen-
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Table 5.1: Comparing the SSR mode of the system with FSC af8CTWhenv,, = 7 m/s
and compensation level changes.

K (%) FSC TCSC

50 | -1.8784+j140.7799| -1.5404+ j58.2021
55 | +1.2126+ j128.5545 -1.2710+ j54.5403
60 | +5.9289+ j118.8507| -0.9751+ j50.9856
65 | +9.6991+ j112.3237| -0.6533+ j47.5521

Table 5.2: Comparing the SupSR mode of the system with FST&8C whenv,, = 7
m/sand compensation level changes.

K (%) FSC TCSC

50 || -5.1561% j608.9960 | -1.3487+ j696.3008
55 || -5.2253% }620.39633| -1.4604+t [700.1166
60 | -5.2812+)631.2477 | -1.5634+ [703.8734
65 || -5.3158+ j641.5041 | -1.6542+ j707.5644

sation level is 60%, the TCSC is capacitive at 60 Hz, but ashibductive behavior at
the lower SSR frequencies. This means that for the same awapen level, the FSC
may exhibit a resonance at SSR frequencies, when the FSCitrapampedance can-
cels the transmission line inductive impedance, but the@ @fay not, because the TCSC
impedance is inductive at SSR frequencies. In the next@gaising eigenvalue analysis,

it is investigated whether or not the TCSC needs a SSRDC tpdaenSSR.

Eigenvalue Analysis of the System with TCSC

In this paper, the TCSC operatesigicsc= 2.2- Xc1. Table 5.1 and 5.2 compare the SSR
and SupSR modes of the system with FSC and TCSC, When7 m/sand compensation
level changes from 50% to 65%. As seen in Table 5.1, for thesaimpensation level, the
SSR frequencies are lower with the TCSC compared to FSC, ingetrat the resonance
frequency decreases for the same compensation level. idwlily, Table 5.1 shows that
the TCSC is able to damp the SSR mode, even without the SSRbB€eas the FSC has
an unstable SSR mode with positive real part for compensétwels of 55% or larger.

However, as seen in this table, the damping ratio of the SSRemwath TCSC is not
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Figure 5.9: Dynamic response of the system with FSC and T@&lectric torque (b)
terminal voltage (c) DC-link voltage.

large. Therefore, if larger damping ratio for the SSR modedgiired, a SSRDC should be
designed for the TCSC. On the contrary, Table 5.2 showsd¢batpared to the FSC, using
TCSC decreases the stability of the SupSR mode.

Time-Domain Simulation

Time-domain simulation of the TCSC - compensated DFIG isgméed in this section. In
the simulations, initially the compensation level is regat at 50%, at which the system

is stable, and then &t= 0.5 s, the compensation level is increased to 55%, which causes
instability because of the SSR mode in FSC. Figure 5.9 shosvdytnamic performance of
the system including electric torgde, terminal voltagé/s, and DC link voltagé/pc. As
seen in this figure, the TCSC has successfully damped the S8R amd has stabilized the
wind farm. However, as seen in Figure 5.9, damping time oftiger-synchronous mode

is much longer with the TCSC compared to FSC. The reason isitliiag the TCSC, the
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damping ratio of the SupSR mode decreases compared to theaSSbserved in Table

5.2.

5.2 SUMMARY

In this chapter the application of the TCSC for SSR dampirigfhG based winf farms has
been studied. Based on the discussions presented in the gepéollowing conclusions

can be drawn:

1. The TCSC is able to damp the SSIGE, even without a SSRDCelenwhen using
TCSC, the damping ratio of the SupSR mode decreases compaf&dL.

2. If relatively large values of SSR and SupSR damping ratoraquired, a SSRDC

must be added to the TCSC controller.
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CHAPTERG

SSR DAMPING USING DFIG CONVERTERS

This chapter deals with sub-synchronous resonance (SSRpidg using the rotor-side
converter (RSC) and grid-side converter (GSC) controliérhie DFIG. The objective is
to design a simple proportional SSR damping controller BSRoy properly choosing an
optimum input control signal (ICS) to the SSRDC block so tiat SSR mode becomes
stable without decreasing or destabilizing the other systedes. Moreover, an optimum
point within the RSC and GSC controllers to insert the SSR®@dentified. Three differ-
ent signals are tested as potential ICSs including rotoedsdene real power, and voltage
across the series capacitor, and an optimum ICS is identiigd) residue-based analysis
and root-locus method. Moreover, two methods are discussedler to estimate the op-
timum ICS, without measuring it directly. Matlab/Simulird&used as a tool for modeling
and design of the SSRDC, and PSCAD/EMTDC is used to perfarma-tiomain simula-

tion for design process validation.

6.1 DFIG GONVERTER CONTROLLERS

The SSR damping is achieved using an additional SSR dampimigatler (SSRDC) on
either the GSC or RSC, operating on a single input contrala@digCS) as illustrated in
Figure 6.1 and Figure 6.2. The SSRDC block is represente@yuré6.3, which is based
on proportional gaiikssrand washout filter. The value of tikgsgfor each ICS is obtained
using root-locus method such that 6% damping ratio is obthior the SSR mode. The
6% damping ratio is chosen arbitrarily, but the procedurelmaused for any desired value

of damping ratio. Moreover, a washout filter, which is a higisfilter, is included in the

74

www.manaraa.com



Input Control Signal (ICS)

i . C
Byse i i - e
i qr ..
. H ., 4
1 v
& K.+ K, qr vqr
— 2T
ldr ,
K Ly | 7 K v, vd
K+ | 74 K, + s _.<d' : >
sT, sT, \
. Dse Epsc 7 Frse
-------------- SSRDC -

Input Control Signal (1CS) | @, » P> Ve

Figure 6.1: RSC controllers

Input Control Signal (ICS) a,, P, N VC
J— SSRDCl-._

. C
Besc | i ~ G
i q8
* H V . v/
Lot - g Ko | qg
° sTy
i " )
Lag | 7 o o Ke | Vs Vag
8 sT,
. A
EGSC E ’ FGSC
-------------- SSRDC -
Input Control Signal (1cs) | @, » £r> Ve

Figure 6.2: GSC controllers

SSRDC block to eliminate the effect of the SSRDC on the stestiae operating condition.
Usually the value of the washout filter time constagtis chosen to be between 5 to 10
sec. In this work, = 5 sec [68].

There are a variety of options for the ICS, as shown in Figutea@d Figure 6.2. In

this work, rotor speedy, transmission line real powdt , and voltage across the series
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Figure 6.3: SSR damping controller block diagram.

compensatiolc are examined, and the optimum ICS is identified with the héfpsidue-

based analysis and root-locus diagrams, as explained metttesection.

6.2 ICSAND CONVERTER SELECTION FORSSRDC [ESIGN

In this section, using residue-based analysis and roafslocethod, an optimum input
control signal (ICS) to the SSRDC is introduced. The optimi@8 should enable the
SSRDC to damp the SSR without decreasing or destabiliziagpther system modes.
The SSRDC can be inserted at different points of the RSC ar@ ¢a8trollers, identified
as ArscFrsc and AgscFesc in Figure 6.1 and Figure 6.2. These insertion points are

examined to find out where the SSRDC could be introduced.

Controllability

The concept of controllability play an important role in ttiesign of control systems in
state-space. In a controllable system, it is possible tsfea the system at timtg from
any initial stateX;p to any other state using an unconstrained control vector finit
interval of time.

Consider the state-space equations fot"eorder linearized system, as follows:

X = AX+BU (6.1)
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This system is completely state controllable, if the magisen in Eq. 6.2 is of rank

[101].

Co=[B AB ... A" 1p] (6.2)

whereCois called the controllability matrix.

The controllability condition of the studied system in thisrk is tested, and the system
is completely controllable.

The importance of system controllability in this work is é&iped as follows. The
designed SSRDC is a simple proportional gain. Therefothgisystem is completely con-
trollable, then the variations of the designed SSRDC d&igr will affect all modes of the
system. This means that while trying to make the SSR modéestiabng the proportional
SSRDC, this gain will influence other system modes by makiegito move either to the

right or to the left in the root-locus diagram.

Analysis of Rotor Speed (x) as Input Control Signal

Table 6.1 (at the end of the current chapter) shows the residilthe SSR, SupSR, electro-
mechanical, and shaft modes whanis used as ICS and SSRDC is implemented at differ-
ent points of the RSC and GSC controllers, identified in Feguf and Figure 6.2 aksc-
Frsc andAgsc- Fesc From this Table, itis observed that with the SSRDC impletaeat
pointsArsc Brsc DrscOr Agsc a very large gain is needed to move the SSR mode from
the right-half-plane (RHP) to the left-half-plane (LHP&e the magnitude of the SSR
residues for these points is very small. Moreover, due togpsing directions of these
modes, at high gain the stability of other system modes magedse or even destabilize
the system.

These shortcomings are visualized using root-locus dimgteown in Figure 6.4, where
SSRDC withwy as ICS is implemented at poiAtsc Note thatx and+ signs in the root-

locus diagrams shown in this work indicate the open-loop @ased-loop system poles,
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Figure 6.4: Root locus diagram withy as ICS with SSRDC implemented in GSC con-
troller at pointAgsc
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Figure 6.5: Root locus diagram with, as ICS with SSRDC implemented in RSC con-
troller at pointFrsc

respectively. As seen in Figure 6.4, a very large SSR ganKisg= 10e*, can yield the
desired 6% damping ratio for the SSR mode; however, the Sup&ke becomes unstable
for this gain. Therefore, this signal cannot be used as |q®iats Arsg Brsc Drscor
Acsc

Usingwy as the ICS and placing the controller at the remaining pgihéssmaller gain
necessary to stabilize the SSR mode still causes destdluhizof the non-SSR modes.
This occurs because the residues of the SSR mode do not hegartie polarity as the

residues of the other modes, as should be clear from Tahl&6rExample, at poirirsc
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Figure 6.6: Root locus diagram wifg as ICS with SSRDC implemented in RSC con-
troller at pointDrsc

the residue of the SSR mode has opposite polarity comparatl tesidues of the other
modes given in Table 6.1. Conversely, when taldiagc as the control point, stabilizing
the SSR mode will result in decreasing the stability of theSR mode and the electro-
mechanical mode. The root locus for this control point, smowFigure 6.5, shows that, as
the SSR mode moves to the left and becomes stable, the SuplSReaglectro-mechanical
modes move to the right. In particular the electro-mectamode becomes unstable first,
whereas the SupSR mode moves only by a small amount. Thiowastxpected given the
larger amplitude of the electro-mechanical mode residu#@P) compared to the SupSR

mode residue (0381).

Analysis of Transmission Line Real Power B.) as Input Control Signal

Table 6.2 ((at the end of the current chapter)) shows thelwesi of the SSR, SupSR,
electro-mechanical, and shaft modes wiRens used as ICS and the SSRDC is imple-
mented at different points of RSC and GSC controllers. As se¢his Table, implemen-
tation of the SSRDC at poinrsg Brsc andDrscWill require a very large gain to move
the SSR mode from RHP to LHP since the magnitude of the SSRuesiis very small.

Moreover, even if this large gain is provided, the residdegb® SSR mode are in opposite

79

www.manaraa.com



600 T+
— L K... =89 -
2 400 0.06 SSRl A A
S 200f ! .
3 *o—t X
2
N Jooe——
E‘ P
g =
5 —200r .
= 0.06
= —400} .

-600f ;

-20 -15 -10 -5 0 5

Real (seconds™)

Figure 6.7: Root locus diagram wifh as ICS with SSRDC implemented in GSC con-
troller at pointDgsc

direction with the residues of the SupSR, electro-meclayand shaft modes, and there-
fore, itis expected that with an increasing SSR gain, theratiodes will move in opposite
directions.

This is evident from the root locus diagram shown in Figug @&here SSRDC with
P as ICS is implemented at poiblrsg As seen in this figure, although the SSR mode
becomes stable with a very large gain, Kesr= 4.8€>, this makes the electro-mechanical
mode unstable. Moreover, the SUupSR mode has a tendency te tmdtie RHP with
increasing the SSR gain. Therefore, this signal cannot Ipdeimented as ICS at points
Arsc Brsc andDrsc

For the other points of RSC and GSC controllers, GascthroughFrsc and Agsc
throughFgsg if B is used as ICS, a smaller SSR gain will be needed to move the SSR
mode from RHP to LHP, since the magnitude of the SSR residedarger compared to the
previous case. However, stabilizing the SSR mode in thesesoaill result in decreasing
the stability, or even destabilizing, the other system nsodéis is because, the residues of
the SSR mode does not have the same polarity as the other nasdgsown in Table 6.2.
For example, at poirfirsg the residue of the SSR mode has opposite polarity compared t

SupSR and electro-mechanical modes, as seen in Table 6.2.
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As another example, with SSRDC implemented at p@lagc stabilizing the SSR
mode deteriorates the stability of SupSR and electro-nmecAbmodes. Figure 6.7 repre-
sents the root-locus diagram of the system for this case.h8ws in this figure, to have
a 6% damping ratio for the SSR mode, a small SSR feedback gainkKssg= 8.9, is
needed; however, this can result in destabilizing the SupS8&e. Therefore, regardless of
the chosen insertion point for the SSRDC, the line real pddves not a good choice for

ICS and should not be used.

Analysis of Capacitor Voltage {/,c) as Input Control Signal

Table 6.3 (at the end of the current chapter) shows the residilthe SSR, SupSR, electro-
mechanical, and shaft modes whénis used as ICS and the SSRDC is implemented at
different points of RSC and GSC controllers. As seen in thisld, implementation of the
SSRDC at point®Arsc Brsc andDrsc will require a very large gain to move the SSR
mode from RHP to LHP since the magnitude of the SSR residuesyssmall. Moreover,
even if this large gain is provided to move the SSR mode to tHB-Lsince according to
Table 6.3, the residues of the SSR mode at these points apposibe direction with the
residues of the electro-mechanical mode- it is expectethh an increasing SSR gain,
the electro-mechanical mode will be destabilized.

For the other points of the RSC , i.€rsc Ersg andFrsg even if the magnitude
of the SSR residues corresponding to these points is latgleilising the SSR mode in
these cases will also result in decreasing the stabilitgven destabilizing, the electro-
mechanical mode, as the residues of the SSR mode and eteetizanical mode point in
opposite directions. This should be readily apparent up@ménation of the root-locus
diagram, shown in Figure 6.8, where the SSRDC Withas ICS is implemented at point
Ersc As seen in this figure, although the damping ratio of the S®Rebecomes 6% with
Kssg= 80.1, this makes the electro-mechanical mode unstable. Inesioa, all controller

insertion points on the RSC are not viable.
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Figure 6.8: Root locus diagram witlt as ICS with SSRDC implemented in RSC con-
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Figure 6.9: Root locus diagram witl as ICS with SSRDC implemented in GSC con-

troller at pointAgsc

However, when implementing the SSRDC at GSC controllertgpire. Agscthrough

Cesc except the residues of the shaft mode, all other residues giothe same direction

with the residues of the SSR mode, as seen in Table 6.3. Taigsstihat stabilizing the

SSR mode by increasing the SSR gain can also increase thigstdtthe SupSR mode

and electro-mechanical mode. This operation may destalitie shaft mode, though this

destabilization will not happen due to the much smaller nitage of the residues of this

mode. Figure 6.9 and Figure 6.11 confirm this predictiorhiBzng the SSR mode by in-

creasing the SSR gain has also increased the stability &utp&R and electro-mechanical
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Figure 6.10: Root locus diagram witly as ICS with SSRDC implemented in GSC con-
troller at pointBgsc
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Figure 6.11: Root locus diagram witly as ICS with SSRDC implemented in GSC con-
troller at pointCgsc

modes. Moreover, no unstable shaft mode was observed lBasiog the SSR gain.

For implementation of the SSRDC at poiridg;sc throughFgsc the residues of all
modes point at the same direction with that of the SSR modseas in Table 6.3. This
shows that by increasing the SSR gain, not only the SSR moliidevistabilized, but
also this will increase the stability of all other three med®&loreover, since the residue
magnitude of the SSR mode at these points are much largerazethfo that of the SSR
mode at point#gscthroughCssc a much smaller SSR gain will be required to stabilize

the system. Figure 6.12 - Figure 6.14 represent the rooislatagrams of the system
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Figure 6.12: Root locus diagram witly as ICS with SSRDC implemented in GSC con-
troller at pointDgsc
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Figure 6.13: Root locus diagram witly as ICS with SSRDC implemented in GSC con-
troller at pointEgsc

for the pointsDgsc throughFgsc respectively, where the required SSR feedback gains
to have 6% damping ratio for the SSR mode are indicated iretfigares. In conclusion
the optimal ICS is the capacitor voltage VC and the optimaticdler insertion points are

Dasc EsscandFgsc

6.3 TIME-DOMAIN SIMULATION OF THE WIND FARM WITH SSRDC
To validate the results of Section 6.2, the time-domain &atien of system shown in Fig-

ure 2.1 with the SSRDC is presented. PSCAD/EMTDC is usedrfoqme the simulations.
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Figure 6.14: Root locus diagram witly as ICS with SSRDC implemented in GSC con-
troller at pointFgsc

In the entire simulation results given in this work:

e Initially, the compensation level is regulated at 50%, vehidae system is stable, and
then att = 0.5 s, the compensation level is changed to 55%, where the system i

unstable without SSRDC, due to the SSR mode.

e The SSRDC gairKssrin the simulation is obtained using root-locus diagrams, as

mentioned before.

SSRDC Implemented in RSC Controllers

Figure 6.15 show the dynamic performance of the transmidgie real powelP. when
the SSRDC is implemented at RSC. Figures 6.15- a throughow #mat as soon as the
compensation level increases from 50% to 55% at0.5 s, regardless of which ICS is
used, the sub-synchronous and super-synchronous ascifi@ppear in the transmission
line real power, and these oscillations damp out in less @2s, but another oscillations
start to appear in the system dynamics making the wind farstaibte. The frequency of

these oscillations are in range of electro-mechanical njglg).
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Figure 6.15: Dynamic response of the transmission linepeakerP. when the SSRDC is
implemented at RSC

Indeed, the reason for the instability of the wind farm irstt@se is not the SSR mode,
butitis the unstable electro-mechanical mode. This was&egl from root-locus diagrams
shown in Figure 6.5, Figure 6.6, and Figure 6.8. These maid figures clearly show that
increasing the SSR gain, to make the SSR mode stable, cawesedettro-mechanical
mode to go unstable. Therefore, in spite of what kind of IC8sied, the SSRDC cannot

be implemented at RSC controllers.

SSRDC Implemented in GSC Controllers

Figures 6.16. -a and -b show the dynamic performance of #mstnission line real power
P when the SSRDC is implemented at GSC withandP, as ICSs. Figure 6.16. -a and
-b show that as soon as the compensation level increase&0%mo 55% at = 0.5 s, the

sub-synchronous and super-synchronous oscillationsaappehe transmission line real

power, but only the former damps out in less tha2B®, while the latter is sustained in the
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Figure 6.16: Dynamic response of the transmission linepeakerP. when the SSRDC is
implemented at GSC

system and makes the wind farm unstable.

In fact, the reason for the instability of the wind farm, wheariablesw, andP_ are
used as ICS, is not the SSR mode, but it is the SupSR mode. Hsexwpected from
root-locus diagrams shown in Figure 6.4 and Figure 6.7. @hest-locus figures clearly
show that by increasing the SSR gain to make the SSR mode stladISupSR mode goes
unstable. Thereforey andP_ cannot be used as ICSs, even when the SSRDC is installed
at GSC controllers.

Using ¢ as ICS with SSRDC implemented at GSC controllers, on therdthad,
can stabilize the wind farm, as illustrated in Figure 6.4.6.Fhis was expected from the

root-locus diagrams shown in Figure 6.9 through Figure 6.14
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Figure 6.17: Dynamic response of the DC link voltage when3Sks implemented\gsc,
Bgsc andCgsc (a). Simulation time fromh = 0.5stot = 40s. (b). Simulation time from
t=0.45stot=15s

Optimum Point for SSRDC Implementation in GSC Controllers with

Vc as ICS

Figure 6.17 shows the DC link voltad®c, when the SSRDC is implemented at points
Agsc Bgsc andCgsc As seen in this figure, the SSRDC has successfully dampeiiSRe
mode, and has made the wind farm stable, as expected fronto@a diagrams given in
Figure 6.9 through Figure 6.11. Figure 6.17 shows that impl&ing the SSRDC at points
AgscandBgscgives superior performance compared to implementing tiRCESatCssc

in terms of settling time.

Moreover, Figure 6.18 represents the DC link voltage, when the SSRDC is im-
plemented at point®gsc Egsc andFgsc in GSC controllers. As seen in this figure,
as expected from root-locus diagrams shown in Figures 6Higure 6.14, the SSRDC
has successfully attenuated the SSR mode and achieved avind tability. Figure 6.18
shows that implementing the SSRDC at poiDtssc and Egsc brings slightly better per-

formance compared to implementing the SSRDC at pdigtg in terms of settling time.
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Figure 6.18: Dynamic response of the DC link voltage when BGHRs implemented at
Dgsc Ecsc andFgsc (a). Simulation time fromt = 0.5stot = 40s. (b). Simulation
time fromt = 0.45stot =1.5s.
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Figure 6.19: Dynamic response comparison when SSRDC isemmgted aAgsc and
Dasc

This shows that the SSRDC can interchangeably be implemiettpointsDgsc Egsc
andFgsc

Furthermore, Figure 6.19 compares the DC link with the SSRI@emented at point
AgscandDgsc This figure shows that implementation of the SSRDC at dd#yccauses

much less overshoot and settling time in DC link voltage carad to when the SSRDC is
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Figure 6.20: Derivation of voltage across the series cépaasing gd-axis line currents
(Method A).

implemented at poiM\gssc This shows that implementation of the SSRD®atc Egsc

andFgscis a better option compared & s Besc andCesc

6.4 DISCUSSION OFFEASIBILITY OF SERIES CAPACITOR VOLTAGE ASICS

According to the discussion given in this work, the optimu@sito the SSRDC is the

voltage across the series capacidgf, However, in practical applications of the wind
farms, the voltage across the series compensation may agtkssible at the wind turbine
for local controls. The question is “can we derive the vaitagross the series capacitor
using local measurements?” Fortunately, the answer togtestion isYes Here two

methods are discussed to derive Yadrom a local measured signal.

Derivation from Line Currentin g—d (Method A)

The relation between the line current and series capaaittage ing— d frame in Figure

2.1 is as follows [69]:

gL = ——V, —|——Ev (6.4)
dL = XCq(: X dt dc -
Or in a matrix and Laplace form:
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Figure 6.21: Derivation of voltage across the series capagsing instantaneous line cur-
rent (Method B).

i iS @ V,
al JaX” X ac
= < (6.5)
_ @ 1
L X wpxco) LVec

Using Eg. 6.5, the series capacitor voltage ind frame can be obtained as:

Vo 1 W% iqL
= KtaHT () Wp e S (6.6)
Vdc S 1 ldL
where
s

T 2T o0

Figure 6.20 shows the block diagram used for the derivatimolbage across the series
capaciton/c from the line current . The notch filter in this figure is used to eliminate
the undamped natural frequency in tHe(s) transfer function located ab, = wWywe.
Moreover, in Figure 6.2KTta = wpXc. In case the exact value of tg is not known, this

gain can be used to tune the SSRDC in order to obtain the ssj8i8R damping ratio.

Derivation from Instantaneous Line Current (Method B)

The relationship between the instantaneous line curreshtcapacitor voltage is give as

follows:
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Figure 6.22: Transmission line real powRr obtained with: direct measurement \éf,
method A, and method B.

dve_ .
C (;tabc =IL—abc (6.8)

Eg. 6.8 shows that the capacitor voltage can be estimatedghrthe local current.
Figure 6.21 shows the block diagram used to estimate thagmlacross the capacitor.
The value oKy in Figure 6.21 is equal t%. Even in case the exact value of the series
capacitor is not known, the SSRDC can be tuned usifngo obtain the required SSR

damping ratio.

Simulation Results

In order to examine the effectiveness of method A and methawl &timating voltage
across the series capacitor, Figure 6.22 compares thertisgion line power with th¥/c

as ICS for the SSRDC. In this figurd; is obtained using direct measurement, method A,
and method B. As seen in this figure, both method A and B caresstully estimate the

voltage across the series capacitor.
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6.5 SUMMARY

In this chapter, SSR mitigation in DFIG-based wind farm gsiotor-side converter (RSC)
and grid-side converter (GSC) controllers is studied. Tdgaie the SSR, a SSRDC is
designed using residue-based analysis and root-locusothedimd the designed SSRDC
is implemented at different points of the RSC and GSC coet®l(see Figure 6.1 and
Figure 6.2) in order to identify the optimum points withirete controllers for the SSRDC
implementation. The residue-based analysis is used taifigem optimum input control
signal (ICS) to the SSRDC amongst three tested signals yageakrator rotor speed;,
line real powerP_, and voltage across the series capad#grand root-locus method is
used to compute the required SSRDC gain to stabilize the S&R mwvhile verifying the
residue-based analysis.

The optimum ICS and optimum point in RSC and GSC controllamikl enable the
SSRDC to stabilize the SSR mode, without destabilizing orekesing the stability of other
system modes. In summary, the following results can be dragarding the optimum

converter and ICS:

1. Using the SSRDC design method presented in this workand P can cause the
SupSR mode or the electro-mechanical mode (or even botheof tiogether) to
go unstable, when used to stabilize the SSR mode, regawfiéiss insertion point
chosen for the SSRDC implementation. It may be possiblecoessfully use these
signals for SSR stabilization, but a more complex compémsatould be required,
losing the simplicity of the proposed proportional conignl The investigation of

more complex compensation options is left as future work.

2. Neither of RSC controllers can be used to implement thelESRegardless of what
the ICS is.

3. All points of the GSC controllers can be used to implembat$SRDC, when the
ICS.isVe.
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4. With\¢ as ICS, implementation of the SSRDC at poidtsscthroughFgscrequires
a smaller SSR feedback gain compared¢gcthroughCssc

5. Time-domain simulation in PSCAD/EMTDC verifies the SSR@43ign process.
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Table 6.1: Residue of the SSR and SupSR, electro-mechaaizhshaft modes &, = 7 m/sandK = 55%: uwy as ICS.

V= 7Tm/s— K =55%

wr as ICS

SSR Mode

SupSR Mode

Elec. Mech. Mode

Shaft Mode

Arsc

Crsc

Ersc

AGsc

Cesc

Ecsc

5.7922 11 /55 40

3.0766/ —57.4°

0.001Q/ — 40.6°

4.6968& °/ —57.7°

0.00067 —19.8°

0.0593/ —83.6°

4.2400e 18, - 10720

0.0387/1025°

4.097% 6,1384°

0.0001/1118°

0.0012/1211°

0.0104/73.8°

9.7227% 11/ _1526°

4.5807/107.6°

0.0017/1158°

4.6674 °/ —95.8°

0.000L/ —47.6°

0.0077/116.9°

2.9204 10/ —1565°

0.2223/ —154.6°

.0093/ — 85.4°

6.8484 %/ - 67.1°

4.23036,334°

0.0075/120.1°
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Table 6.2: Residue of the SSR and SupSR, electro-mechaaimhbhaft modes &, = 7 m/sandK = 55%: P_as ICS.

R asICS
Vi =T7m/s—K =55%
SSR Mode SupSR Mode Elec. Mech. Mode Shaft Mode
Arsc 9.8321e 9/ —335° | 3.449610,1583° | 1.2827% 8,/1257° | 45664 10/ —1488°

Crsc 5222481/32.6° 315041/ —1718° | 6043783/ —1546° 0.348Q/32.9°

Ersc 0.1712/49.3° 0.0033/ —1359° 0.2373/ —146.3° 0.0146-/1018°

96

Acsc 0.0131/33.2° 0.0974/ — 1625° 0.0027£2.5° 1.2946:7°/1204°

Cesc 0.1033/71.1° 0.9634/ — 15320 0.0196750.7° 8.0165& %/ —1388°

Ecsc 10.0817/7.3° 8.6672/15940 1.0198/ — 144.6° 0.0118/ —-521°
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Table 6.3: Residue of the SSR and SupSR, electro-mechaaichshaft modes &, = 7 m/sandK = 55%:\¢ as ICS

Vc as ICS
V= Tm/s— K =55%
SSR Mode SupSR Mode Elec. Mech. Mode Shaft Mode
ARrsc 58808 9/ -387°| 21628 10, _221°| 6.927669,/1258° | 1.3344 10,/ —1402°

Crsc 3120201/27.3° 19.7537/7.6° 327.271% —1545° 0.10167415°

Ersc 0.1023/44.1° 0.0020/435° 0.1281/ —146.3° 0.0042/110.7°

L6

Acsc 0.0078/27.2° 0.0611/16.9° 0.0014,1.8° 3.881%°,1289°

Cesc 0.0615/65.1° 0.6041/26.2° 0.01061/50.0° 2.3978 6,/ -1229°

Ecsc 45777/12.8° 6.2381/2.4° 2.1396730.8° 0.0144/ —184°
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CHAPTERY

GAIN - SCHEDULING ADAPTIVE SSRDC [ESIGN

The dynamics of the DFIG-based series compensated wind/anyras the operating point
conditions change. Two main sources of changes in the dysamhthe system come from
the wind spee®,, and the series compensation lelelIn this section, a gain-scheduling
adaptive SSRDC (GSA-SSRDC) is designed so that the SSR2Gdsffected by change

of the system dynamics.

7.1 GAIN - SCHEDULING ADAPTIVE SSRDC [ESIGN

Gain - Scheduling Adaptive Control

In many situations, it is known how changes in the operatong¢tions of a process affect
the dynamics of the process itself. Therefore, it is posdibladjust the parameters of the
controller as a function of the operating point conditiohsh® entire system in order to
maintain good control performance. This method is called-gaheduling adaptive (GSA)
control. The generic block diagram of a system, where thectffof parameter variations
are compensated by AGS is shown in Figure 7.1 [102]. The GS#rabenables the
control of a non-linear system by varying the parameters lifiesar controllers, so that
a desired response is obtained for the different operatimgt$ of the non-linear system
[102], [103]. GSA has the advantages, with respect to caivesl adaptive control, that
the controller parameters can be changed rapidly, as thatopge point changes. There
are several examples of application of GSA in literatured]1QL05] in system controls.

For example, in [104], GSA control is used for sensor lesgrobof induction machines.
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Figure 7.1: Generic block diagram of a gain-scheduled agapontrol.

Table 7.1: SSR modes of the system at different wind speég@sd compensation levels
K.

Vo (M/S)K (%) SSR Mode
7-50 -1.8784+j140.7799
7-55 +1.2126+ j128.5545
7-60 +5.9289+ j118.8507
7-65 +9.6991+ j112.3237
8-55 -3.7739+j128.5441
8- 60 -2.3818+j116.5455
8-65 -0.4696+ j104.8237
9-55 -6.8362+ j122.7589
9-60 -5.5889+ 115.9793
9-65 -3.7165+ j105.3277

Moreover, in [105], this method is used for control of griokoected inverters.

Variation of DFIG Operating Point

Table 7.1 shows the SSR mode of the system for different wpeeds and series compen-
sation levels. As seen in This table, changing the opergtoigts of the wind farm can
change the SSR mode’s frequency and damping. On the oneiharesing the compen-
sation level decreases the stability of the SSR mode. Ontttex band, as seen in Table
7.1, by increasing the wind speed, the stability of the SSRleriacreases. This can be

explained as follows:
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(a): Vw: 7 m/s, K =55%
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Figure 7.2: Electric torque &, = 7 m/sand: (a)K = 55% (b)K = 60% (a)K = 65%.

(a): Vw =8mls, K=55%

L
0.405 1 1.5 2 2.5
(b): Vw =8mls, K=60%
-0.55 T T T

0.40.5 1 15 2 2.5
(c): Vw =8mils, K=65%
_03 T T T T

_09 Il Il Il Il
0.5 3 6 9 115

Time (s)

Figure 7.3: Electric torque &, = 8 m/sand: (a)K = 55% (b)K = 60% (a)K = 65%.

Figure 7.2 through Figure 7.4 show time-domain simulatibthe system for different
series compensation levels and wind speeds. Theses figueslsat both wind speed and
compensation level influence the stability of the systemfyiag the eigenvalue analysis

given in Table 7.1.
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(a): Vw =9 m/s, K=55%
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Figure 7.4: Electric torque &, = 9 m/sand: (a)K = 55% (b)K = 60% (a)K = 65%.K
is series compensation level.

Vw =7 m/s, K changes from 55% to 60% — SSRDC at DGSC
-0.36

-0.41 ‘

-0.44rF

T, (p-u)

"
-0.481 !

-0.52

0.5 1 2 3 4
Time (s)

Figure 7.5: Dynamic response of the system to series compenshange from 50% to
60% at constant wind speed, 7 m/s, when SSRDC is implemeni2gsa

Adaptive SSRDC Design

Considering the series compensated DFIG-based wind farenrem-linear system, the
AGS method is a good way to compensate for variation in thedyos of the wind farm.
Using this method, it is possible to monitor the operatingditbon of the wind farm and
to adjust the parameters of the SSRDC.

Since in the DFIG series compensated wind farm both the wieeéd and series com-

pensation level change, the SSRDC designed for only onetipgpoint, e.g. wheN,,
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Table 7.2: Values of the SSRDC galssg for different wind speeds and series compen-
sation levels.

K=55%| K=60% | K=65%
Vwo=7m/s| 12.43 23.65 61.04
Vw=8m/s 6.47 7.23 8.41
Vw=9m/s 0.53 0.69 0.73

=7 m/s andK = 55%, may not be adequate to enhance the stability of the vairmd for
other operating points. For example, Figure 7.5. shows ldwtree torque of the system,
when the series compensation level increases first from 5@%5% att = 0.5 s, and then
from 55% to 60% at = 2.5 s, while the SSRDC is designed f¥, = 7 m/s andK =
55%. As seen in this figure, the designed SSRDCG/fpr= 7 m/s andK = 55% is unable
to stabilize the wind farm when the series compensatiorl lagesases at = 2.5 sfrom
55% to 60%. This shows that the values of the SSRDC gainKsgr should be adjusted
as a function of the the wind farm operating points.

In this work, the following steps are defined to design a gaineduling adaptive SS-

RDC (AGS-SSRDC) to the system.

1. Obtain the non-linear model of the series compensateGiialsed wind farm.

2. Linearize the non-linear system in (1) using “linmod” coand as explained in

Chapter 2.

3. Obtain the SSRDC gainKgsrfor different operating points of the wind farm, i.e.
different wind speed and compensation level, using thelmnts method explained
in previous chapters in order to create a table for #@igras a function of operating

point.

Table 7.2 gives the computdssrfor some selected wind spe®g and series com-
pensation level&. During wind farm operation, depending on the wind farm agiag

point, the SSRDC is adapted using the computed Kair
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(a): Electric torque when Vw =7 m/s and K changes
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Figure 7.6: Dynamic response of the system with adaptive-gelneduling SSRDC for,
= 7 m/sand different compensation levels.

Time-Domain Simulation of DFIG with AGS-SSRDC

The system shown in Figure 2.1 was simulated in PSACD/EMTD8 AGS-SSRDC de-
signed as explained in Section 7.1. In order to examine thestoess of the AGS-SSRDC,
the system was simulated while the operating point of thedviémm is varied including
step changes in series compensation |&vel wind speed/w. Figure 7.6 and Figure 7.7
represent the dynamic response of the system includingrielearqueTe, DC link voltage
Vpc, and terminal voltag®s when the wind speed is kept constant and the compensation
level is changed. These figures clearly show that adaptiegy#in of the SSRDC has
successfully sustained the stability of the wind farm evémemvthe operating point of the
wind farm is changed. The designed AGS-SSRDC was also tedted either only wind
speed, or even both wind speed and compensation level angethasimultaneously. The
obtained results show that the designed AGS-SSRDC is ragashst both wind speed

and compensation level variations.
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(a): Electric torque when Vw =8 m/s and K changes
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Figure 7.7: B. Dynamic response of the system with adagaie-scheduling SSRDC for
Vi, = 8 m/sand different compensation levels.

7.2 SUMMARY

The main sources of variation of the operating point in the@Bre wind speed varia-
tion and series compensation level change. The gain-stthg@aaptive method is a very
useful technique for reducing the effects of operating poondition variations. In this
chapter, the performance of the designed SSRDC in Chapsesf@iimized using the adap-
tive gain-scheduling method in order to handle the opeggtwint condition variations of
the wind farm. The results show that using gain-scheduldaptve method, the SSRDC

is less affected by variations of the operating point of teddarm.
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CHAPTERS8

CONCLUSION AND FUTURE WORK

8.1 PROBLEM

Worldwide rapid penetration of wind power into electric pavgrids makes it necessary for
the power utilities to transmit the generated wind powehuwit congestion. In addition,
the global trend towards a deregulated power market regjthe any solution to increase
the power transfer capability of an existing transmissiae be financially competitive.
In many cases, cost effective series compensation in@dhsetransmissible power of
an existing transmission line at a fraction of the cost argliired time to build a new

transmission line.

8.2 (CHALLENGES

However, a factor hindering the extensive use of seriesaityga compensation is the
potential risk of sub-synchronous resonance (SSR), whiaip cause severe damage in
the wind farm, if not prevented. For example, in 2009 a SSRiehappened in Electric
Reliability Council of Texas (ERCOT) electric grid, leadito damage to both the series

capacitor and the wind turbines.

8.3 SOLUTION

In order to take advantage of series compensation benefituw causing the SSR prob-
lem in power systems, properly designed power electromingrallers and FACTS devices

could be used. FACTS devices are required in order to suppassive integration of re-
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newable energy resources into the power networks. Alth&4giTS devices are flexible

and effective, they are an expensive solution. Therefaraecost-effective and alternative
solutions may also be considered in order to assure thetigfacse of series compensa-
tion in transmission lines without being concerned abotR 8&currence. For example, the
grid side converter (GSC) of a DFIG has a topology similahtat bf a static synchronous
compensator (STATCOM), yet exchanges both active andiveagbwer at fast speeds.
Therefore, the control capability of DFIG-based wind faimsitigating SSR through an

auxiliary damping controller at the GSC could be explored.

8.4 CONTRIBUTION
This work has:

1. Developed a comprehensive approach on small-signalistamalysis of a doubly-
fed induction generator (DFIG)-based series compensated farm using Mat-
lab/Simulink. The developed approach could be easily implated for the small
signal stability analysis of power systems with any comipyeX he developed model
could be used to obtain eigenvalues of the system and to delpsign controllers

using eigenvalue analysis method.

2. Proposed application and control of the gate-contra@kies capacitor (GCSC) as
new series FACTS device for series compensation and sutisymous resonance

(SSR) damping in wind farms.

3. Designed a novel SSR damping controller (SSRDC) for th&GQ@Qsing residue-
based analysis and root locus diagrams. Using residuellzasdysis, the optimal
input control signal (ICS) to the SSRDC is identified to daimp $SR mode without
destabilizing other modes, and using root-locus analyssréquired gain for the

SSRDC is determined
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4. Investigated the capability of the thyristor-contrdlkeries capacitor in SSR damp-

ing in DFIG-based wind farms.

5. Utilized the rotor-side converter (RSC) and grid-sidevaster (GSC) controllers of
the DFIG for SSR damping, without the need for inserting a F&Qlevice in the
line. The objective was to design a simple proportional S8Rming controller (SS-
RDC) by properly choosing an optimum input control sign&%) to the SSRDC
block so that the SSR mode becomes stable without decreassohestabilizing the
other system modes. In the design process, | also identifieéddroduced the opti-

mum point within the RSC and GSC controllers to insert the SGR

6. Proposed two new methods in order to estimate the optimpuot signal to the SS-
RDC without measuring it directly. These two proposed méshoake the proposed

methods in my dissertation more effective and applicableahworld applications.
7. Optimized the performance of the proposed controllersyusdaptive controller.
8. Validated the designed controllers using detailed titoeain simulations in both

Matlab/ SimPowerSystems and PSCAD/EMTDC.

8.5 HRJUTURE WORK

Research is an evolving and endless process, and in thisgsdbe following future works

are suggested:
1. Building a scaled-down prototype of the GCSC.

2. Investigating the effect of other series and shunt FAC&\8a@s such as STATCOM,
SSSC, UPFC, ect. on SSR damping in wind farms, and compammgdst and

performance of those devices with the proposed methods.

3. Designing a SSRDC for the presented devices using othgroa® such as pole-

placement method.

107

www.manaraa.com



4. Studying the application of the presented FACTS devit&sn-voltage ride-through

(LVRT) enhancement in wind farms.

Moreover, developing more advanced power electronic t@olgmes for the wind farms
is desired. The state-of-the-art configurations and rolggwer electronics in the wind
turbine system show that the behavior and performance af wirbines can be signifi-
cantly improved by introducing more advanced power el@itreechnologies. By proper
controls and grid regulations, it is possible for the winahfa to act like conventional power
plants and actively contribute to the frequency and voltagerol in the grid system, thus
making the wind energy more suitable for the integratioo iiie power grid. Therefore,
developing more advanced power electronic technologigb&wind farms in order to en-
hance the grid integration and compatibility of the windrigrin power systems is desired,
so that lower energy cost, higher reliability, and bettéd grtegration are obtained for the
wind farms.

Finally, studying the connection of offshore wind farmshe grid using high-voltage
dc (HVDC) transmission lines could be another future workue@o environmental and
social aspects, the offshore wind farms are larger in sidd@rated further away from the
shore. If the distance is too long or the grid to which theluffe wind farm is connected
is weak, the HVDC transmission system might be a more s@itabtl feasible solution
than the conventional high-voltage ac (HVAC) transmissidmoreover, various studies
have shown that above a certain critical distance, the HVPbo becomes the most
appropriate option since it reduces the cable losses, alsesaeactive power requirements,
and improves power system stability. Therefore, extenthegurrent research toward the
HVDC technology, for connection of offshore wind farms te tihansmission systems, is

suggested.
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APPENDIXA

THE UNDER STUDY POWER SYSTEM PARAMETERS

Table A.1: Parameters of the single 2 MW and 100 MW aggregatdd. Values are in

(p.u.), unless it is mentioned.

Base Power 2MW 100MW
Based voltage\ ) 690V 690V
Xis 0.09231 0.09231
Xir 0.09955 0.09955
Xm 3.95279 3.95279
Rs 0.00488 0.00488
R 0.00549 0.00549
Xig 0.3 (0.189mH) | 0.3 (0.189/5amH)
DC-link base voltage 1200V 1200V
DC-link capacitor 14000uF 50*14000uF

Table A.2: Parameters of the network and shaft system. ¥altein(p.u.).

R.[[ 0.02 [ X_ [ 050 X [ 0.14] Xeys || 0.06
He |[4.295 | Hg || 0.95 | Dyg || 1.5 | Kig || 0.15
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