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ABSTRACT

Nowadays, it is well-understood that the burning of fossil fuels in electric power station has

a significant influence on the global climate due to greenhouse gases. In many countries,

the use of cost-effective and reliable low-carbon electricity energy sources is becoming an

important energy policy. Among different kinds of clean energy resources- such as solar

power, hydro-power, ocean wave power and so on, wind power isthe fastest-growing form

of renewable energy at the present time.

Moreover, adjustable speed generator wind turbines (ASGWT) has key advantages over

the fixed-speed generator wind turbines (FSGWT) in terms of less mechanical stress, im-

proved power quality, high system efficiency, and reduced acoustic noise. One important

class of ASGWT is the doubly-fed induction generator (DFIG), which has gained a signif-

icant attention of the electric power industry due to their advantages over the other class

of ASGWT, i.e. fully rated converter-based wind turbines. Because of increased integra-

tion of DFIG-based wind farms into electric power grids, it is necessary to transmit the

generated power from wind farms to the existing grids via transmission networks without

congestion.

Series capacitive compensation of DFIG-based wind farm is an economical way to in-

crease the power transfer capability of the transmission line connecting wind farm to the

grid. For example, a study performed by ABB reveals that increasing the power trans-

fer capability of an existing transmission line from 1300 MWto 2000 MW using series

compensation is 90% less than the cost of building a new transmission line.

However, a factor hindering the extensive use of series capacitive compensation is the

potential risk of sub- synchronous resonance (SSR). The SSRis a condition where the wind
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farm exchanges energy with the electric network, to which itis connected, at one or more

natural frequencies of the electric or mechanical part of the combined system, comprising

the wind farm and the network, and the frequency of the exchanged energy is below the

fundamental frequency of the system. This phenomenon may cause severe damage in the

wind farm, if not prevented.

Therefore, this dissertation deals with the SSR phenomena in a capacitive series com-

pensated wind farm. A DFIG-based wind farm, which is connected to a series compensated

transmission line, is considered as a case study. The small-signal stability analysis of the

system is presented, and the eigenvalues of the system are obtained. Using both modal

analysis and time-domain simulation, it is shown that the system is potentially unstable

due to the SSR mode.

Then, three different possibilities for the addition of SSRdamping controller (SSRDC)

are investigated. The SSRDC can be added to (1) gate-controlled series capacitor (GCSC),

(2) thyristor-controlled series capacitor (TCSC), or (3) DFIG rotor-side converter (RSC)

and grid-side converter (GSC) controllers. The first and second cases are related to the

series flexible AC transmission systems (FACTS) family, andthe third case uses the DFIG

back-to-back converters to damp the SSR. The SSRDC is designed using residue-based

analysis and root locus diagrams. Using residue-based analysis, the optimal input control

signal (ICS) to the SSRDC is identified that can damp the SSR mode without destabilizing

other modes, and using root-locus analysis, the required gain for the SSRDC is determined.

Moreover, two methods are discussed in order to estimate theoptimum input signal to the

SSRDC, without measuring it directly. In this dissertation, MATLAB/Simulink is used as

a tool for modeling and design of the SSRDC, and PSCAD/EMTDC is used to perform

time-domain simulation in order to verify the design process.
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CHAPTER 1

INTRODUCTION

1.1 OVERVIEW AND L ITERATURE REVIEW

Due to to the recent rapid penetration of wind power into the power systems [1] - [9],

some countries in central Europe, e.g. Germany, have run outof suitable sites for onshore

wind power projects, due to the high population density in these countries. Moreover, it

has been found that the offshore wind power resources are much larger than onshore wind

power sources [3]. Therefore, offshore wind farms have a great potential as large-scale

sustainable electric energy resources [10], [11]. Recently, doubly-fed induction generator

(DFIG) has gained significant attention of the electric power industry in offshore wind

farms and renewable energy sources [1], [11] - [15].

However, in offshore wind farms, the distance between the wind turbines and the shore

is much longer [15], [16] than that in onshore wind farms. Therefore, unlike the onshore

wind farms - where the voltage level of the wind farm is usually the same as the voltage

level of the distribution system - higher voltage levels with reliable and efficient transmis-

sion lines are required for the offshore wind farms to minimize the power losses [3], [10].

Currently, there are numerous large offshore wind farms operating throughout the world

[3], [10], [17]. Future projects in offshore wind farms willbe larger in size and further away

from the shore [3]. This requires defining new concepts for the transmission system, in-

cluding transmission lines from the offshore wind farm to the shore and network integration

to the onshore power system. The transmission system options to transmit the wind power

to the shore are high-voltage AC (HVAC) [3] or high-voltage DC (HVDC) [18] - [21]. The
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comparison of these two options has already been studied in literature [22]. The HVAC

solutions are viable for distances up to 250 km, and with series compensation, they may be

viable for distances longer than 250 km. [3].

In the deregulated power market, it is necessary to increasethe power transfer capability

of existing transmission lines at the lowest cost [23]. Series compensation is considered

to be a more economical solution to increase the power transfer capability of an existing

transmission line compared to construction of new transmission lines [24] - [26] . Studies

shows that in order to increase the transmittable power of anexisting transmission line, the

total cost of providing a capacitive series compensation tothe transmission line is much

less than the cost to build a new transmission line. As an example, a study performed

by ABB reveals that increasing the power transfer capability of an existing transmission

line from 1300 MW to 2000 MW using series compensation is 90% less than the cost of

building a new transmission line [23].

However, a factor hindering the extensive use of series capacitive compensation is the

potential risk of sub- synchronous resonance (SSR) [26] - [33], which may cause severe

damage in the wind farm, if not prevented. The SSR in wind turbine generator systems

is a condition where the wind farm exchanges energy with the electric network, to which

it is connected, at one or more natural frequencies of the electric and mechanical part of

the combined system, comprising the wind farm and the network. The frequency of the

exchanged energy is below the fundamental frequency of the system. Three different types

of SSR in DFIG wind farms have been identified in the literature [34] - [40]:

• Induction Generator Effect (SSIGE)

• Torsional Interactions (SSTI)

• Control Interactions (SSCI)

In case of the SSIGE, the magnitude of the equivalent rotor resistance at the sub-synchronous

frequency can be negative, and if this negative resistance exceeds the sum of the resis-
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tances of the armature and of the network, there will be an overall negative damping at the

sub-synchronous frequency, and consequently the sub-synchronous current would increase

with time [31], [34]. In SSTI, if the complement of the torsional natural frequency of the

drive-train shaft system of the DFIG wind turbine happens tobe close to the electric nat-

ural frequency of the electric network, the sub-synchronous torque components generated

by the sub-synchronous induced armature voltage can be sustained [31], [34]. The nature

of the SSCI is different from SSIGE and SSTI, since in this type of SSR, the DFIG wind

turbine controllers play the main role in creating the SSCI;indeed, the SSCI may occur as

a results of interaction between the series compensated electrical network and the DFIG

wind turbine controllers [37] - [42].

Although the SSR analysis and damping in traditional power systems are well-known

and have been extensively studied in the literature [26] - [29], [43] this problem in series-

compensated wind farms requires more study and analysis. Inparticular, after the SSR

event that occurred in the Electric Reliability Council of Texas (ERCOT) in 2009 [37] -

[41], the wind power industry have become more interested inthe SSR studies. In the

ERCOT SSR event, a faulted line and subsequent outage in the network caused the radially

connection of a large DFIG wind farm to the series compensation network, resulting in a

fast generation of sub-synchronous frequency oscillationleaving some damages to both the

series capacitor and the wind turbine [37] - [41].

Series FACTS devices have been studied in literature for SSRdamping in fixed-speed

wind turbine generator systems [44] - [47]. In [44] - [46], the authors have investigated the

capability of the thyristor-controlled sereis capacitor (TCSC) in SSR damping in FSWTGS.

In [47], the static synchronous series compensator (SSSC) has been used in a series com-

pensated self-excited induction generator based wind farmfor mitigating SSR and damping

power system oscillations.

Moreover, the application of shunt FACTS devices in SSR damping has been studied in

literature [46], [48] - [55]. In [48] - [52], a static synchronous compensator (STATCOM) is
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presented to damp the SSR in a series compensated induction-generator (IG)-based wind

farm. In [46], [53], [54], a static var compensator (SVC) hasbeen employed in FSWTGS to

mitigate the SSR. Moreover, reference [55] studies the SSR damping using co-ordination

of super conducting magnetic energy storage (SMES) and STATCOM.

Some methods that have been employed in literature for SSRD controller design can be

summarized as follows: Karaagacet al. [56] present a method for SSR damping in series

compensated wind farm by introducing an auxiliary SSR damping controller (SSRDC) in

the reactive power control loop of the DFIG controller and inthe reactive power control

loop of the high voltage DC (HVDC) onshore modular multi-level converter of offshore

wind farms. In [56], both transmission line current and transmission line real power are

used as input control signals (ICS) to the SSRDC block, and the SSRDC block is com-

prised of a multi-stage lead-lag compensator. Trial-and-error method using time-domain

simulation is used to tune the multi-stage lead-lag compensator. Leonet al. [57] present

a damping control method to mitigate sub-synchronous interactions (SSI) in DFIG wind

farms. In that paper, the SSRDC is designed using a multi-input multi-output state-space

method, and the ICSs to the SSRDC block are d-q axis currents of the DFIG stator and

rotor windings.

Golshannavazet al. [58] propose application of unified power flow controller (UPFC)

for SSR damping in self-excited induction generator (SEIG)based wind farms. In that

paper, two auxiliary SSRDCs are added to the UPFC controllers, one to the shunt inverter

control system and the other to the series inverter control system. Only one signal, that

is, rotor speed is used as ICS to the SSRDC. The SSRDCs are tuned using trial-and-error

approach. El-Moursiet al. [50] and Golshannavazet al. [49] present damping control

algorithm for static synchronous compensator (STATCOM) tomitigate 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 addition of a

SSRDC to the controllers of the DFIG converters. For a steam turbine generator, located
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close to a DFIG wind farm, with N multi-mass shaft sections, the SSRDC composed of

N channels, and the ICS for theith channel is the rotor speed deviation of theith shaft

section. In [33], the trial-and-error method is used to tunethe SSRDC parameters in each

channel. Leonet al. in [59] study SSR mitigation in nearby turbine generators byaddition

of a SSRDC to the converter controllers of a fully-rated fully rated converter wind turbines.

In [59], a multi-input multi-output (MIMO) approach is usedto design the SSR damping

controller, and the inputs to the SSRDC block are the rotor speed deviations of different

sections of the steam turbine.

1.2 OBJECTIVES AND OUTLINE

This dissertation aims to study SSR damping in DFIG wind farms using three different

methods. The first method uses gate-controlled series capacitor (GCSC) for SSR damp-

ing. The GCSC, which consists of two anti-parallel GTOs connected in parallel with a

fixed capacitor for each phase, is a FACTS device recently proposed for controlling the

power flow in transmission lines [24], [60], [61]. In the GCSC, the gate-turn-off (GTO) or

other gate commutated switches, e.g. gate commutated thyristor (GCT), are used to pro-

vide variable impedance for the transmission lines [24]. Unlike thyristors, which are not

fully controllable switches, GTO’s can be turned on and off,making them more control-

lable switches compared to thyristors [24]. In many situations where a controllable series

compensator must be installed, the GCSC may be used instead of the TCSC, possibly with

some advantages. A comparison of the sizing of the TCSC and the GCSC components,

when both the GCSC and the TCSC have the same maximum capacitive impedance, shows

that the power rating of the GCSC capacitor is smaller than that of the TCSC, especially for

power-flow control applications. Moreover, the thyristor valve in the TCSC needs to have

a higher current rating than the gate-commutated switch valve in the GCSC. Finally, the

components of a GCSC designed for the same maximum compensation level of a TCSC

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

The second method uses thyristor controlled series capacitor (TCSC) for SSR damping.

The TCSC, which consists of a thyristor-controlled reactor(TCR) in parallel with a fixed

capacitor for each phase, is a later member of the first generation of FACTS devices [24].

This device enables the transmission companies to transfermore power on the existing

transmission lines. For example, ABB manufactured the world’s first TCSC, installed at

Kayenta substation, Arizona in 1992. The TCSC increased thecapacity of the transmission

line by about 30%. By the end of year 2004, seven TCSCs have been installed worldwide

[62]. TCSC introduces a number of important benefits in the application of series com-

pensation like elimination of sub-synchronous resonance (SSR) risks, damping of active

power oscillations, post-contingency stability improvement, and dynamic power flow con-

trol [63]. The TCSC may present the problem of an internal resonance, which must be

avoided. This internal resonance also limits TCSC’s operating area [24].

The third method uses DFIG back-to-back converters for SSR damping. Although the

TCSC and GCSC are more flexible compared to a fixed-series capacitor (FSC) and can

provide other benefits to the power network [24], they are a much more expensive solution

than fixed series capacitor [24]. Moreover, the DFIG converters have a configuration that

is similar to a STATCOM, a shunt FACTS device, whose SSR damping capability has been

proven in wind farms [48], [52]. Therefore, in order to use the advantages of FSC without

being concerned about the SSR, an auxiliary SSRDC is designed and implemented as part

of the DFIG converter controllers.

The SSR damping capability of each method is examined using eigenvalue analysis,

performed in MATLAB/Simulink, and time-domain simulations, performed in PSCAD /

EMTDC. An auxiliary SSRDC, if necessary, is designed for each method using residue-

based analysis and root-locus method. This dissertation isorganized as follows.

Chapter 2 presents modal analysis of a DFIG-based series compensatedwind farm

using Matlab/Simulink. The model of the system includes a wind turbine aerodynamics,
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a sixth-order induction generator, a second-order two-mass shaft system, a fourth-order

series compensated transmission line, an eighth-order rotor-side converter (RSC) and grid-

side converter (GSC) controllers, and a first-order DC-linkmodel.

Chapter 3 focuses mainly on the identification and definition of the main types of the

SSR that occur in DFIG wind farms, namely: (1) induction generator effect (SSIGE), (2)

torsional interactions (SSTI), and (3) control interactions (SSCI).

Chapter 4presents application and control of the gate-controlled series capacitor (GCSC)

for series compensation and sub-synchronous resonance (SSR) damping in doubly-fed in-

duction generator (DFIG)-based wind farms. A SSRDC is designed for this device using

residue-based analysis and root locus diagrams. Using residue-based analysis, the optimal

input control signal (ICS) to the SSRDC is identified that candamp the SSR mode without

destabilizing other modes, and using root-locus analysis,the required gain for the SSRDC

is determined.

Chapter 5 presents application and control of the thyristor-controlled series capaci-

tor (TCSC) for series compensation and sub-synchronous resonance (SSR) damping in

doubly-fed induction generator (DFIG)-based wind farms. This chapter includes model-

ing of the TCSC for SSR analysis, control of TCSC, eigenvalueanalysis of a DFIG based

wind farm interfaced with a TCSC, and time-domain simulations in PSCAD to support the

eigenvalue analysis.

Chapter 6 studies the capability of the rotor-side converter (RSC) and grid-side con-

verter (GSC) controllers of the DFIG in SSR damping. The objective is to design a simple

proportional SSRDC by properly choosing an optimum input control signal (ICS) to the

SSRDC block so that the SSR mode becomes stable without decreasing or destabilizing

the other system modes. Moreover, an optimum point within the RSC and GSC controllers

to insert the SSRDC is identified. Moreover, two methods are discussed, in this chapter, in

order to estimate the optimum ICS, without measuring it directly.

Chapter 7 a gain-scheduling adaptive SSRDC is designed so that the change of the
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system dynamics with system operating point has less influence on the effectiveness of the

SSRDC.

Finally, Chapter 8 concludes the work and presents the future work.
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CHAPTER 2

MODELING OF DFIG-BASED WIND TURBINE

This chapter presents a step-by-step modal analysis of a DFIG-based series compensated

wind farm using MATLAB/Simulink. The model of the system includes a wind turbine

aerodynamics, a sixth-order induction generator, a second-order two-mass shaft system,

a fourth-order series compensated transmission line, an eighth-order rotor-side converter

(RSC) and grid-side converter (GSC) controllers, and a first-order DC-link model.

2.1 POWER SYSTEM DESCRIPTION

The studied power system, shown in Figure. 2.1, is adapted from the IEEE first benchmark

model (FBM) for SSR studies [64]. In this system, a 100 MW DFIG-based offshore wind

farm is connected to the infinite bus via a 161 kV series compensated transmission line

[65]. The 100 MW wind farm is an aggregated model of 50 wind turbine units, where each

unit has a power rating of 2 MW. In fact, a 2 MW wind turbine is scaled up to represent

the 100 MW wind farm. This simplification is supported by several studies [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 system tomaintain stability when the

system is subjected to small disturbances [68]. The small-signal stability analysis of a
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Figure 2.1: One line diagram of the studied power system.RL = transmission line re-
sistance,XL = transmission line reactance,XT = transformer reactance,Xsys = system
impedance,XC = fixed series capacitor,Xtg = transformer reactance in grid side converter
(GSC),Vs = generator’s terminal voltage,iL = line current,ig = GSC current,is = stator
current,ir = rotor current [64].

power system can provide power system designers with valuable information about the

inherent small-signal dynamic characteristics of the power system, which will help them in

the design process of the power system.

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

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

ẋ= f (x,u) (2.1)

wherex = [x1 x2 ...xn]
T is called the state vector, and each elements, i.e.xi , are called the

state variable. Also, the column vectoru= [u1 u2 ...ur ]
T is the input to the dynamic system.

We might also be interested in the output variables, which can be expressed in terms of

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

y= g(x,u) (2.2)

wherey = [y1 y2 ...ym]
T is the vector of outputs, andg(x,u) is a vector of nonlinear func-

tions that relates the outputs to the inputs and the state variables.
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Figure 2.2: Block diagram of the state-space representation.

If the disturbances to the system are considered sufficiently small, one can linearize the

differential equations 2.1 and 2.2 around the operating points and can express the system

dynamics in state-space form as follows:

∆ẋ= A ∆x+B ∆u (2.3)

∆y=C ∆x+D ∆u (2.4)

whereA is the state matrix of sizen×n , B is the input matrix of sizen× r , C is the output

matrix of sizem×n andD is the feed-forward matrix of sizem× r. The generic block

diagram of the state variables used in this paper is shown in Figure 2.2.

Transformation from abcto qd Frame

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

formed intoqd variables using the following equation in matrix notation [69].

f e
qd0s = Ke

qd0s f e
abcs (2.5)

where

f e
qd0s

T = [ f e
qs f e

ds f e
0s] (2.6)
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Figure 2.3: Synchronously rotatingqd frame with respect to the statorabc-frame.

f e
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(2.8)

where f e denotes voltage, current, flux linkage, or electric charge,andθ =
dωe

dt
, whereωe

is the rotating synchronous frame frequency.

Figure 2.3 shows theqd-frame with respect to the statorabc-frame, whereq-axis is

leading thed-axis. Note that in this work, the synchronously rotating reference frame has

been used, in which the reference frame rotates at the electrical angular velocity of the

air-gap rotating magnetic field generated by stator currents at the fundamental frequency,

i.e. ωe.

2.3 WIND-TURBINE AERODYNAMICS

The wind power can be calculated from the wind speedVw as follows [70]:
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Tω =
0.5ρπR2CPV2

w

ωm
(2.9)

whereTω is the wind power(N.m),Vω is the wind speed(m/s), ρ is the air density(kgm−3),

R is the rotor radius of the wind turbine(m), and ωm is the wind turbine shaft speed

(rad./s).

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

CP = 0.5(
RCf

λw
−0.022θ−2)e−0.225

RCf
λω (2.10)

whereCf is the wind turbine blade design constant, andθ is the wind speed pitch angle

(rad.)

Also, λω is the wind speed tip-speed ratio defined by:

λω =
ωmR
Vω

(2.11)

2.4 A BRIEF OVERVIEW OF DFIG CONVERTER CONTROL METHODS

In this section, a short overview of rotor-side converter (RSC) and grid-side converter

(GSC) controllers is presented.

RSC

Usually, the RSC is used to control the electric torque (or rotor speed) of the DFIG and the

power factor at the stator terminals [71]. Different control strategies of the RSC, including

vector control (VC) [72] - [74], direct torque control (DTC)[75] - [77], and direct power

control (DPC) [78] - [80] have been studied in literature.

In the VC method, the rotor currents are usually controlled using a rotating frame

aligned with the stator flux. The VC method controls the electric torque, which is pro-

portional to the q-axis rotor current, through q-axis channel of the rotor current. Moreover,
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the reactive power in the machine can be controlled by tracking d-axis component of the

rotor current [72] - [74].

In the DTC method, the rotor flux linkage magnitude and the electric toque of the DFIG

are directly controlled. This direct control becomes feasible by proper selection of the

inverter switching in the rotor side. In order to implement this method, the flux and torque

feedbacks are needed, where the former is estimated using the rotor and stator current

vectors while the latter is estimated through the estimatedrotor flux and the measured rotor

currents.

The DPC method is similar to the DTC, but it considers the effect of both the stator

and rotor fluxes upon the real and reactive power of the stator. Indeed, this method aims to

control directly the real and reactive power of the stator byapplying appropriate machine

rotor vector voltage [77] - [80].

GSC

The main objective of the GSC is to regulate the DC-link voltage and to permit real power

flow through the converter. For the GSC, the VC method is usually adopted [81], where

the reference frame is aligned with the grid-voltage vector. Additionally, DPC method

has been implemented in literature to control the GSC, resulting in 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 considered in this work. Both

RSC and GSC controllers are modeled. In order to achieve highefficiency in the DFIG

wind farm, the maximum power point tracking (MPPT) is used [83]. Figure 2.4 shows

the wind power versus wind turbine shaft speed in per unit forvarious wind speeds with

indication of MPPT curve. To enforce operation on the MPPT curve, for a given wind

speedVω, the optimal reference power and optimal rotational speed are obtained. Note that
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Figure 2.5: A. RSC controllers. B. GSC controllers.

due to power converters ratings, it may not be practical to always work on the MPPT cure.

In this case for a very low wind speeds, the DFIG operates at almost constant rotational

speed. On the other hand, when the wind speed increases so that it exceeds the turbine

torque rating, the DFIG will work in maximum constant torque[86].

The aim of the GSC and RSC are to enable the DFIG to work on the MPPT curve. Note

that the converters are assumed to store no energy so that their losses can be neglected, and

operate fast enough so that their dynamics can be neglected.Figure 2.5 show the block dia-

grams of the two controllers. In this paper, the RSC controller is responsible for regulating

the electric torque,Te, and stator reactive power,Qs. In steady state condition, neglecting
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Figure 2.6: GSC regulators in Simulink.

Figure 2.7: Back-to-back converter between the DFIG and grid.

power losses, the wind torque,̄Tω = P̄ω
ω̄m

, is equal to electric torque,Te. Therefore, the ref-

erence torque,T∗
e , can be calculated based on the value ofT̄∗ω determined by the MPPT

shown in Figure 2.4 [83] . The value ofQ∗
s depends on the chosen reactive power control

method which could be either fixed reactive power or unity power factor [83]. In this paper,

the latter method is chosen.

Moreover, the GSC is responsible for controlling the DC-link voltage,VDC, and the

induction generator’s terminal voltage,Vs [83]. The GSC and RSC controllers add eight

state variables to the system, due to the eight PI controllers, and their state variables are

defined as a vectorXRG. One loop of the RSC controllers implemented in Simulink is

represented in Figure 2.6. The other controllers have similar structure.

Modeling of the DC-Link

In this work, the DC link capacitor dynamics is considered. Figure 2.7 shows the back-to-

back converters between DFIG and grid which are separated bya DC-link. The dynamics
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Figure 2.8: DC-link model in Matlab/Simulink.

of the DC-link can be expressed by a first order model as follows [87]:

−CvDC
dvDC

dt
= Pr +Pg (2.12)

where the rotor side converter’s (RSC) active powerPr , and the grid-side converter’s (GSC)

active power,Pg, are given as follows [69]:

Pr = 0.5 (vqr iqr +vdr idr) (2.13)

Pg = 0.5 (vqg iqg+vdg idg) (2.14)

Modeling of the DC-link in Matlab/Simulink is shown in 2.8. Notice that after adding

Pr andPg, they are multiplied by the based power,Sbase, in order to obtain the power in

MW. This is necessary, as we have not considered per unit value for the DC-link, and all

values in this block are in actual physical values.

2.5 MODELING OF THE INDUCTION MACHINE

Using the information given in Section 2.2, the induction machine equations inabc-frame

are transformed into the synchronously rotatingqd-frame. If the DFIG currents are selected

as the state variables, then the DFIGqd model in per unit will be as follows, where the input

variables are the DFIG voltages [69]:
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ẊIG = AIGXIG+BIGUIG (2.15)

where

XIG = [iqs ids i0s iqr idr i0r ]
T (2.16)

UIG = [vqs vds v0s vqr vdr v0r ]
T (2.17)

whereiqs, ids, iqr, idr are the stator and rotor qd-axis currents(p.u.), vqs, vds, vqr, vdr are

the stator and rotor qd-axis voltages(p.u.), andi0s, i0r , v0s, v0r are the stator and rotor zero

sequence current and voltage components(p.u.), respectively.

The ADFIG andBDFIG matrices are defined as follows. We first define the matrices

given in Eq. 2.18 and Eq. 2.19.

F =





































Rs
ωe
ωb

XSS 0 0 ωe
ωb

XM 0

−ωe
ωb

XSS Rs 0 −ωe
ωb

XM 0 0

0 0 Rs 0 0 0

0 (ωe−ωr)
ωb

XM 0 Rr 0 (ωe−ωr)
ωb

Xrr

−
(ωe−ωr)

ωb
XM 0 0 −

(ωe−ωr)
ωb

Xrr Rr 0

0 0 0 0 0 Rr





































(2.18)

G=













































Xss 0 0 XM 0 0

0 Xss 0 0 XM 0

0 0 Xls 0 0 0

XM 0 0 Xrr 0 0

0 XM 0 0 Xrr 0

0 0 0 0 0 Xlr













































(2.19)
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Figure 2.9: DFIG model in Matlab/Simulink.

Then:

ADFIG =−ωb ·G
−1 ·F (2.20)

BDFIG = ωb ·G
−1 (2.21)

In Eq. 2.18 and 2.19:Xlr is the rotor leakage reactance(p.u.), Xls is the stator leakage

reactance(p.u.), XM is the magnetizing reactance(p.u.), Xss= Xls+XM (p.u.), Xrr equals

to Xlr +XM (p.u.), Rr is the rotor resistance(p.u.), Rs is the stator resistance(p.u.), ωb is

the base radian frequency(rad./s), ωr is the generator rotor speed(rad./s), andωe is the

rotating synchronous frame frequency (rad./s).

Eq. 3.14 was implemented in Matlab/Simulink. The simulatedsystem is given in

Figure 2.9. As seen in this figure, the inputs to the system arethe DFIGqd-frame stator and

rotor voltages. Also, the state variables are the DFIGqd-frame stator and rotor currents, as

shown in Figure 2.9. Note that because we are considering a balanced system, the stator

and rotor zero-sequence voltage components, i.e.v0s andv0r , are set to zero. Also, note

that the inputωr to the system is the generator rotor speed in(rad./s), which is provided

by the shaft equations, which will be explained in the next subsection.
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2.6 MODELING OF SHAFT SYSTEM

The shaft of the wind turbine system can be represented by two-mass system. The first mass

represents the low-speed turbine and the second mass represents the high-speed generator,

and the two mass connections are modeled as spring and a damper. The motion equations

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

Ẋsha f t= Asha f tXsha f t+Bsha f tUsha f t (2.22)

where

Xsha f t= [ω̄m ω̄r Ttg]
T (2.23)

Usha f t= [T̄ω Te 0]T (2.24)

TheAsha f t andBsha f t matrices are defined as follows:

Asha f t=



















(−Dt−Dtg)
2Ht

Dtg
2Ht

−1
2Ht

Dtg
2Hg

(−Dt−Dtg)
2Hg

−1
2Hg

Ktgωb −Ktgωb 0



















(2.25)

Bsha f t=



















1
2Ht

0 0

0 1
2Hg

0

0 0 1



















(2.26)

In the shaft equations,̄ωm is the turbine shaft speed(p.u.), ω̄r is the generator rotor

speed(p.u.), T̄ω is the wind torque(p.u.), Dg andDt are damping coefficient of generator

and turbine(p.u.), Dtg is the damping coefficient between the two masses(p.u.), Ktg is the

inertia constant of turbine and generator(p.u/rad.), andHg andHt are the inertia constants

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

In shaft equations, the state variables are wind turbine speedωt , generator rotor speed

ωr , and internal torque of the two-mass systemTtg. Also, the inputs to the two-mass model

are wind torqueTω and electric torqueTe. The optimal value of the wind torque for any

given wind speed can be obtained using the MPPT curve shown in2.4. Also, the value of

the electric torque can be calculated using the following equation [69]:

Te = 0.5 XM (iqs idr − ids iqr) (2.27)

Figure 2.10. represents the modeling of the shaft system in Matlab/Simulink. As seen

in this figure, the DFIG stator currents, i.e.iqs, ids, and rotor currents, i.e.iqr, idr, are

applied to the Matlab Function (fcn),Te, to calculate electric torque using Eq. 2.27. Then

Eq. 3.17 is implemented in fcn blockAsha f t andBsha f t to create the shaft model. Also,

using this system, the state variableωr is provided to the DFIG model, as seen in Figure

2.9 and 2.10.

2.7 MODELING OF TRANSMISSION L INE

The transformation explained in Section 2.2 is used to convert the transmission line equa-

tions fromabc-frame toqd-frame. Considering the line current and voltage across theca-

pacitor as the state variables, the transmission line equations inqd-frame can be expressed

in the matrix form as follows [69]:
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ẊT line= AT lineXT line+BT lineUTline (2.28)

where

XT line= [iql idl vqc vdc]
T (2.29)

UTline= [
(vqs−EBq)

XL

(vds−EBd)

XL
0 0]T (2.30)

TheATline andBT line matrices are defined as follows:

AT line=



























−RL
XL

−ω̄e
−1
XL

0

ω̄e
−RL
XL

0 −1
XL

XC 0 −ω̄e 0

0 XC ω̄e 0



























(2.31)

BTline =



























ωb 0 0 0

0 ωb 0 0

0 0 1 0

0 0 0 1



























(2.32)

whereiql andidl are the transmission line qd-axis currents(p.u.), vqc andvdc are the series

capacitor’s qd-axis voltages(p.u.), RL is the transmission line resistance(p.u.), XL is the

transmission line reactance(p.u.), XC is the fixed series capacitor(p.u.), EBq andEBd are

the infinite bus qd-axis voltages(p.u.), andω̄e is the rotating synchronous frame frequency

(p.u.)

Since we are dealing with a three-phase balanced system, thezero sequence compo-

nents can be neglected. Whereupon, it can be observed from these equations that the state
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Figure 2.11: Transmission line model in Matlab/Simulink.

variables in the transmission line system arei lq, i ld, vcq, andvcd. The Simulink model of

the transmission line in a synchronously rotatingqd-frame is shown in Figure 2.11.

2.8 INTEGRATING THE MODELS

So far dynamic equations of the whole system shown in Figure 2.1 have been presented.

However, more algebraic equations are needed for integration of each element, which will

be explained in this section. By applying KCL at the common point of the stator, GSC, and

transmission line (see Figure 2.7), the first equation can beobtained as follows:

Ig = Is+ Iline (2.33)

This equation gives:

iqg = iqs+ iql and idg = ids+ idl (2.34)

In this work, the transformer in GSC-side of the generator isconsidered lossless, and

its dynamics is neglected. Considering this, the second equation can be derived by apply-

ing a KVL starting from GSC and ending to the common point of the stator, GSC, and

transmission line (see Figure 2.7) as follows:

23



Figure 2.12: RSC and GSC controllers, DC-link, and algebraic equations in Mat-
lab/Simulink.

Vg−Vs= jXtg Ig (2.35)

Performing some algebraic manipulations in this equation will result in:

vqs= vqg−Xtg idg vds= vdg+Xtg iqg (2.36)

Figure 2.12 shows the GSC and RSC controllers and DC-link model in Matlab/Simulink.

Also, the mentioned algebraic equations are implemented in“Converter currents” block

and “Algebraic equations” fcn , as it can be observed in Figure 2.12.

Considering the modeling of the system shown in Figure 2.1 given in this section, the

entire DFIG system is a 22nd order and can be expressed as:

Ẋ = f (X,U, t) (2.37)
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where

X = [XT
IG XT

sha f t X
T
T line vdc XT

RG]
T (2.38)

Here, the modeling of the entire system is completed, and theindividual models ex-

plained above are integrated, and the entire system is namedand saved in the computer as

“DFIG” to compose a DFIG-based wind farm connected to a series compensated transmis-

sion line. Out of 22 state variables, 3 state variables are related to the shaft system, 6 state

variables belong to the DFIG model, 4 state variables are related to the transmission line, 1

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

2.9 CALCULATION OF THE SYSTEM EIGENVALUES

Matlab/Simulink can estimate the state-space matricesA, B, C, andD in a linearized ap-

proximation using small perturbations in the states and inputs to numerically calculate the

partial derivatives [88]. For the developed model in Matlab/Simulink, after providing the

initial values of each state, the eigenvalues of the system are obtained 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 comprehensive approach on modal analysis of

a series compensated DFIG-based wind farm in Matlab/Simulink. A 6th order model has

been used for the DFIG including stator and rotor dynamics, and a 3rd, 4th, and 1st order

models have been applied for the drive train two-mass model of the shaft system, series

compensated transmission line, and the DC-link, respectively. Also, the dynamics of the

both grid-side converter (GSC) and rotor-side converter (RSC) controllers have been con-

sidered, which adds 8 more orders to the system. The presented models have been sup-
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ported by the corresponding Simulink blocks in order to helpthe readers to better under-

stand the modeling process, which provides a useful understanding of the grid-connected

series compensated DFIG wind farm’s inherent dynamics.
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CHAPTER 3

SERIESCOMPENSATION AND SSR ANALYSIS IN

DFIG-BASED WIND FARMS: DEFINITIONS AND PROBLEM

IDENTIFICATION

This chapter focuses mainly on the identification and definition of the main types of the

SSR that occur in DFIG wind farms, namely: (1) induction generator effect (SSIGE or

simply SSR in this work), (2) torsional interactions (SSTI), and (3) control interactions

(SSCI). Regarding the SSIGE, first a simple definition of the SSIGE is given; then, using

eigenvalue analysis and time-domain simulations, it is shown that the DFIG wind farm can

be highly unstable due to the SSIGE; finally, the impact of wind speed and compensation

level variations on the SSIGE is explained. Regarding the SSTI, first a descriptive definition

is given; then, the real world possibility of the SSTI in DFIGwind farm is studied; finally,

the impact of the stiffness coefficient and compensation level variations on this type of SSR

is investigated. Regarding the SSCI, since it may be confused with the SSIGE, a simple

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

3.1 SERIES COMPENSATION BASICS

In order to briefly explain this phenomenon, a simple lossless two-machine system, where

the sending point and receiving points voltages are assumedto have the same magnitude,

is considered as shown in Figure 3.1. (A). In this figure, the effective transmission line

impedance considering the series capacitor is obtained as follows:
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Figure 3.1: (A) A simple lossless series compensated two-machine system. (B) Variation
of transmission real power of line and injected reactive power by series capacitor versus
angleδ, for different values of compensation levels.

XLe f f = XL−XC (3.1)

The series compensation level (or also called the degree of series compensation)K is

defined as:

K =
XC

XL
0≤ K < 1 or 0%≤ K < 100% (3.2)

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

XLe f f = (1−K)XL (3.3)

If we assume in Figure 3.1. (A) thatVsend= Vres = V, then the line current and real

power are derived as follows [24]:

IL =
2V

(1−K)XL
sin

δ
2

(3.4)

P=
Pmax

(1−K)
sinδ (3.5)
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wherePmax is defined as:

Pmax=
V2

XL
(3.6)

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

rived as [24]:

QC = 2Pmax
K

(1−K)2(1−cosδ) (3.7)

Figure 3.1. (B) represents the real powerP and the reactive powerQC versusδ, for dif-

ferent values of series compensation levels. In this figure,it is assumed thatPmax is equal

to 1 p.u.. It can be observed that the transmissible real power of the line P increases, as

it is expected from Eq. 3.5, when the series compensation level K increases. Likewise,

the injected reactive power by the series capacitorQC increases, whenK increases. There-

fore, the basic idea about series compensation is to cancel out a portion of the inductive

impedance of a transmission line using the capacitive impedance of the series capacitor.

This reduces the total inductive reactance of the transmission line, as if the line has been

physically shortened.

3.2 INDUCTION GENERATOR EFFECT (SSIGE)

The general expression of the stator current in a series compensated WTGS can be defined

as [89]:

iL(t) = Asin(ωst+φ1)+Be−αt sin(ωnt +φ2) (3.8)

whereωs the electric fundamental frequency andωn is the natural frequency of the electric

network, and it can be obtained as [89]:

ωn

2π
= fn = fs

√

KXe

∑X
(3.9)
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Figure 3.2: Equivalent circuit of the system under sub-synchronous and super-synchronous
frequencies.

whereK = XC
Xe

is the compensation level,Xe = XL+XT (p.u.), ∑X is the entire inductive

reactance seen from the infinite bus(p.u.), fn is the natural frequency of the electric system

(Hz), and fs is the frequency of the system(Hz).

Figure 3.2 shows the equivalent circuit of the DFIG wind turbine under sub-and-super-

synchronous frequencies. This figure also shows the status of the positive and negative

components of the electric natural frequency with regard tothe electrical frequency corre-

sponding to the rotating speed. At sub-synchronous and super synchronous frequencies,

the slip is given byS1 andS2, respectively, as follows:

S1 =
fn− fm

fn
, S2 =

fn+ fm
fn

(3.10)

The super-synchronous slip, i.e.S2 in Eq. 3.10, is always a positive value, and con-

sequently,Rr
S2

in Figure 3.2 is a positive value. Thus, the DFIG wind farm is stable at this

frequency. On the other hand, the sub-synchronous slip, i.e. S1 in Eq. 3.10, is a negative

number since the electric natural frequency,fn, is less than the electric frequency corre-

sponding to the rotating speed,fm. If the magnitude of the equivalent rotor resistance, i.e.

Rr
S < 0, exceeds the sum of the resistances of the armature and the network, there will be a
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negative resistance at the sub-synchronous frequency, andthe sub-synchronous current will

increase with time. This phenomenon is called Induction Generator Effect (IGE), which

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

SSIGE Modes and Participation Factors

Participation factor is a measure of the relative participation of jth state variable in theith

mode of the system. The magnitude of the normalized participation factors for an eigen-

value,λi, is defined as [68]:

Pji =
|Ψ ji ||Φi j |

n
∑

k=1
|Ψ jk||Φk j|

(3.11)

wherePji is the participation factor,n is the number of modes or state variables, andΨ and

Φ are right and left eigenvectors, respectively.

Table 3.1 and 3.2 show the eigenvalues and participation factors of the system when the

wind speed is 7 m/s and the compensation level is 75%. In thesetables, larger participation

factors in each column are bolded. By looking at these tables, one can readily find the

participation of each state variable in system modes. For example, based on Table 3.1

and using participation factors related toλ9,10, one can see that this mode is associated

primarily to theiqs, idr, and DC link voltage,vDC. Also, using Table 3.1 it can be observed

that ω̄m and rotor-side converter PI-D have a high participation in modeλ11,12. In 3.2,

λ13 to λ22 are non-oscillatory and stable modes, and one can easily findthe participation

of each state variables on these modes by looking at this table. These modes will not be

further discussed.

Identification of System Modes

In this section, the nature of modesλ1,2, λ3,4, λ5,6, λ7,8 is identified.
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Table 3.1: The system modes and participation factors at 75%series compensation and 7 m/s wind speed (Part I)

λ1,2

0.128± j131.913

λ3,4

-5.506± j617.197

λ5,6

-9.911± j99.969

λ7,8

-0.922± j5.999

λ9,10

-875.428± j4217.869

λ11,12

-0.115± j0.524

q-axis stator current-iqs 0.2791 0.2210 0.2783 0.0031 0.3435 0.0102

d-axis stator current-ids 0.2081 0.1755 0.2057 0.0971 0.09770 0.0280

zero-seq. stator current-i0s 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

q-axis rotor current-iqr 0.2790 0.2027 0.2907 0.0034 0.1319 0.0115

d-axis rotor current-idr 0.2082 0.1610 0.2172 0.1117 0.0830 0.0321

zero-seq. rotor current-i0r 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

q-axis cap. voltage-vcq 0.0069 0.0671 0.0016 0.0030 0.0003 0.0008

d-axis cap. voltage-vcd 0.0066 0.0689 0.0015 0.0000 0.0000 0.0002

q-axis line current-ilq 0.0050 0.0487 0.0014 0.0000 0.0717 0.0003

d-axis line current-ild 0.0056 0.0544 0.0017 0.0056 0.0051 0.0016

rotor speed-̄ωr 0.0007 0.0000 0.0015 0.3097 0.0000 0.0594

turbine speed-̄ωm 0.0000 0.0000 0.0000 0.0668 0.0000 0.3131

torque-Ttg 0.0000 0.0000 0.0000 0.3849 0.0000 0.0167

DC-link voltage-vDC 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 at 75%series compensation and 7 m/s wind speed (Part II).

λ13

-2151.368

λ14

-114.749

λ15

-97.842

λ16

-0.500

λ17

-0.0143

λ18

-0.002

λ19

-19.929

λ20

-20.800

λ21

-0.000

λ22

-0.000

q-axis stator current-iqs 0.2381 0.0344 0.0005 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

d-axis stator current-ids 0.1482 0.2785 0.0689 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

zero-seq. stator current-i0s 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 1.0000 0.0000 0.0000 0.0000

q-axis rotor current-iqr 0.2223 0.0334 0.0003 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

d-axis rotor currentidr 0.2214 0.2866 0.0714 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

zero-seq. rotor current-i0r 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 1.0000 0.0000 0.0000

q-axis cap. voltage-vcq 0.0001 0.0035 0.0010 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

d-axis cap. voltagevcd 0.0015 0.0013 0.0009 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

q-axis line current-ilq 0.0002 0.0006 0.0009 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

d-axis line current-ild 0.0980 0.0094 0.0029 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

rotor speed-̄ωr 0.0000 0.0000 0.0000 0.0000 0.0001 0.0001 0.0000 0.0000 0.0128 0.0461

turbine speed-̄ωm 0.0000 0.0000 0.0000 0.0000 0.0008 0.0005 0.0000 0.0000 0.0612 0.2198

torque-Ttg 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

DC-link voltage-vDC 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 modesλ1,2 andλ3,4 are primarily associated withiqs, ids, iqr, andidr.

With the frequency of 20.9947 Hz (or 131.913 rad./s) andλ3,4 with the frequency of 98.23

Hz (or 617.197 rad./s) are the SSR and super-synchronous (SupSR) modes (Mode 1 and

Mode 2), respectively. This can be verified using Eq. 3.9, where fn is calculated to be

around 39 Hz. Given the synchronously rotating reference frame, the complementary the

SSR and SupSR frequencies arefs− fn = 21 Hz andfs+ fn = 99 Hz, which matches the

frequency ofλ1,2 andλ3,4. 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 mode ispositive, while the SupSR

mode is stable.

Identification of Electromechanical Mode

In order to identify the nature of this mode, Table 3.3 shows this mode for different wind

speeds and series compensation levels. In this table, the optimum shaft turbine speed and

corresponding frequency related to each wind speed is also given using MPPT plot shown

in Figure 2.4. It is seen that the frequency of this mode is changed with the change of the

wind speed, while changing the compensation level has slight impact on this mode. It can

be observed that the frequency of this mode is the complimentary of the frequency of shaft

turbine speed. For example, for the wind speed equal to 7 m/s and compensation level equal

to 75 %, the frequency of this mode is 99.97rad./s or 15.9 Hz, and its complementary

is calculated to be 44.1 Hz (60− 15.9 = 44.1 Hz). This frequency coincides with the

frequency of the shaft turbine, i.e. 45 Hz. This can also be applied to other wind speeds;

thus, this mode is related to wind speed change, and therefore, mechanical dynamics. Also,

using Table 3.1, it is observed thatλ5,6 is mostly associated withiqs and ids, iqr, and idr.

Therefore, this mode is related to both mechanical and electrical dynamics and is called

electromechanical mode (Mode 3).
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Table 3.3:λ5,6 at different wind speeds and compensation levels.

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

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

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

75% -9.911± j99.969 -4.909± j62.445 -1.889± j28.791
80% -12.767± 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 speedω̄r and the mechanical torque

between two masses,Ttg, have the highest participation inλ7,8. Therefore,λ7,8 is related

to the shaft mode (Mode 4). The shaft mode has low-frequency,about 0.954 Hz (or 5.999

rad./s), and this mode at the present operating condition isstable. This mode might be

unstable if the series compensation level becomes too high,which will cause SSTI.

Calculation of the SSIGE Mode for Different Operating Points of the

DFIG

Table 3.4 shows the eigenvalues of the sub-synchronous resonance (SSR) and super - syn-

chronous resonance (SupSR) modes of the system shown in Figure 2.1 for different series

compensation levels and wind speeds. As seen in this table, the SSR and SupSR modes are

a function of these two variables: (1) the wind speedVω and (2) the compensation levelK.

On the one hand, at a constant wind speed, when the compensation level increases, the sta-

bility of the SSR mode decreases while the stability of the SupSR mode slightly increases.

Table 3.4 shows that the SSR mode is unstable forVω = 7 m/sandK = 55%,K = 60%, and

K = 65%.

On the other hand, at a constant series compensation level, when the wind speed in-

creases, the stability of both the SSR and SupSR modes increases. Based on Table 3.4, for

K = 65% andVω = 7 m/s the SSR mode is highly unstable, but whenVω increases, while

K is kept constant, the stability of the SSR mode increases. For example, forK = 65% and
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Table 3.4: The SSR and SupSR modes of the system at different wind speedsVω and
compensation levelsK.

Vω (m/s)-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

Vω = 8 m/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 depends on both wind speed and com-

pensation level. This section describes why increasing thecompensation level decreases

the stability of the SSR mode. In order to explain this fact, aspecific example- where wind

speed is kept constant atVω = 7 m/s, while the compensation level changes- is used. Using

MPPT curve shown in Figure 2.4, the electrical frequency corresponding toVω = 7 m/s is

45 Hz. Note that, the value of the rotor resistance of the DFIG usedin this work isRr =

0.00549p.u., as it can be found in the Appendix.

Table 3.5 shows the rotor resistances under sub-and-super-synchronous frequencies for

the aforementioned case. Note that if Table 3.4 is used to calculate fn, since the models

are built in ad− q synchronous reference frame, the computed frequencies of the SSR

and SupSR modes, given in Table 3.4, arefs − fn and fs + fn, respectively. From Table

3.5, it can be easily observed that by increasing the compensation level, larger negative

resistances are provided to the network, which decreases the stability of the SSR mode.

36



Table 3.5: Rotor resistance under SSR and SupSR frequencieswhen the wind speed is kept
constant atVω = 7 m/s (45Hz) and the compensation level changes.

K (%) fn Hz
Rr

S1

Rr

S2
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 constantfm, increasing the compensation

level increases the electric natural frequency of the system. Therefore, the absolute value

of the DFIG slipS1 under SSR frequency given in Eq. 3.10 decreases, providing more

negative rotor resistance
Rr

S1
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 on thestability of the SSR and

SupSR modes, a specific example - where the compensation level is kept constant atK =

65% while the wind speed changes - is used. Using the MPPT curve shown in Figure 2.4,

the electrical frequencies corresponding to different wind speeds are obtained. Table 3.6

shows the rotor resistances under sub-and-super-synchronous frequencies for this example.

As it can be observed from this table, by increasing the wind speed, the SSR mode becomes

more stable. The reason is that by increasing the wind speed -which, in other words,

is equivalent to increasing the electrical frequency corresponding to wind speedfm - the

absolute value of the DFIG slipS1 increases, providing less negative rotor resistance
Rr

S1
to

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 Table3.4, time domain simulations

in PSCAD/EMTDC are performed. Figures 3.3 through 3.5 show the IG terminal voltage
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Table 3.6: Rotor resistance under SSR and SupSR frequencieswhen compensation level is
kept constant atK = 65% (fn = 42.12Hz) and wind speed changes.

Vω (m/s) fm Hz
Rr

S1

Rr

S2
7 45 -0.0803 0.0026
8 51 -0.0260 0.0024
9 57 -0.0155 0.0023
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Figure 3.3: Terminal voltage whenVω = 7 m/s and (a)K = 55% (b)K = 60% (c)K =
65% .

Vs for different wind speeds and compensation levels. Note that in the given simulation

results, the system is first started with a lower series compensation level at which the wind

farm is stable, i.e.K = 50%, and then att = 0.5 s, the compensation level is increased.

The following conclusions can be drawn from the simulation results:

1. At lower wind seed, e.g.Vω = 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 - (a) -through - (c) are obtained

about 20Hz, 18.18 Hz, and 17.85 Hz for K = 55%, K = 60% andK = 65%,

respectively. These frequencies validate the frequenciesobtained using eigenvalue

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

3. From Figures 3.4 and 3.5, it is observed that increasing the wind speed stabilizes

the SSR mode, as expected from Table 3.6. Additionally, these figures show that at

a constant wind speed, increasing the compensation level, decreases 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 model.Ti,i+1 = The torque applied to theith
mass from(i +1)th mass,Ti = external torque applied toith mass,δi = torsional angle of
the ith mass,Hi inertia constant of theith mass,Di = damping coefficient of theith mass,
Ki,i−1 = stiffness coefficient betweenith and(i −1)th masses.

3.3 TORSIONAL INTERACTIONS (SSTI)

In order to analyze the SSTI, it is better first to define the torsional frequencies of a DFIG

wind turbine drive-train model. A common way is to representthe rotor as a number of

discrete masses connected together by springs defined by damping and stiffness coefficient.

Figure 3.6 shows the structure of a typical WTGS drive-trainmodel. The equation of the

ith mass motion can be expressed as [90]:

2Hi
d∆ωi

dt
= Ti +Ti,i+1−Ti,i−1−Di

dδi

dt
(3.12)

where

Ti, j = Ki, j · (δ j −δi) (3.13)

dδi

dt
= ωi −ωr = ∆ωi (3.14)

If N discrete masses are considered, using Eqs. 3.12 through 3.14, a set of 2N differen-

tial equations can be obtained, which in a state-space description take the following form

[90]:

Ẋ = AX+BU (3.15)
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whereX andU are the state variables vector and the input torque vector, respectively.

Using the state matrixA, the eigenvalues of the drive-train system are a set of complex-

conjugate pairs of the form [90]:

λi,i+1 =−ζiωni ± jωni

√

1−ζ2
i (3.16)

whereζi andωni are the damping ratio and undamped natural frequency of theith mass.

As a general case, a rotor withN masses hasN modes, whereN−1 modes represent

the torsional modes of oscillation, and one remaining mode represents the oscillation of the

entire rotor against the power system.

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

fmi =
ωni

√

1−ζ2
i

2π
(3.17)

If generator rotor oscillates at a torsional natural frequency, fmi, this phenomenon in-

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

femi = fs± fmi (3.18)

If femi is close tofn, which is the electric natural frequency due to series compensation

and is given by Eq. 3.9, the sub-synchronous torques generated by this sub-synchronous

induced armature voltage can be sustained. This energy exchange between the electric part

of the DFIG wind farm and its mechanical part is calledTorsional Interaction, 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 occur in wind farms?”. The fre-

quency of shaft torsional modes is a strong function of the shaft stiffness coefficient, i.e.

Ki, j in Figure 3.6. The values ofKi, j in wind turbines are much smaller compared to
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the values found in steam, hydro, and diesel turbines. The typical value ofKi, j reported

in the literature is much less than 10p.u. Torque/rad. [90], while the values ofKi, j for

the different sections of a typical steam turbine reported in [64] are in the range 19 - 70

p.u. Torque/rad..

The low shaft stiffness coefficient in wind turbine drive-train leads to low torsional

natural frequencies, which are in the range of 1-5Hz. Therefore, based on the definition

given for SSTI, in order to cause the SSTI in a wind farm, the electric natural frequency

of the network should be in the range of 55-59Hz. In order to obtain such a large electric

natural frequency in the network, a very high series compensation level is needed, while

in practice, the series compensation is normally not largerthan 70% - 75% for reasons

such as load balancing with parallel paths, high fault current, and the possible difficulties

of power flow control [24]. Hence, the SSTI may not be a concernin WTGS. However, for

the sake of completeness of the current work, the impact of shaft stiffness coefficientsKi, j

and series compensation levelK on the SSTI mode is studied.

Impact of Shaft Stiffness Coefficients Variations on the Stability of

SSTI

The studied WTGS shown in Figure 2.1 is composed of two masses, the generator and the

turbine, and the stiffness coefficient between the turbine and the generator is calledKt,g.

Also, the value of the stiffness coefficient in the studied system in this paper isKt,g = 0.15

p.u. Torque/rad.. With thisKt,g, for Vω = 9 m/sandK = 55%, the shaft torsional mode is

calculated asλTorsional=−3.2396± j4.6767, and this mode is stable. UsingλTorsional, the

torsional natural frequency is calculated to be less than 1Hz. Therefore, in order to cause

the SSTI in the system with the currentKt,g, fn has to be about 59Hz, which requires a

very large compensation level.

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

Kt,g, whenVω = 9 m/s andK = 55%. As seen in this figure, by increasingKt,g, as soon as
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Figure 3.7: SSR and torsional modes versus the stiffness coefficient, Kt,g, whenVω = 9
m/s andK = 55% : (a) Imaginary part (Hz) (b) Real part.

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

torsional mode becomes unstable.

Impact of Series Compensation Level Variations on the Stability of

SSTI

In order to cause the SSTI in the wind farm, the value ofKt,g is increased from 0.15 to

50 p.u. Torque/rad.. Figure 3.8 shows the SSR and torsional modes as a function of

compensation level whenVω = 9 m/s. As seen in Figure 3.8 as long as the torsional natural

frequency is not close to the SSR mode, the shaft mode is stable. Once the frequency of

these modes become close to each other, the shaft mode becomes unstable

Time-Domain Simulation of SSTI in PSCAD/EMTDC

In order to show the SSTI in the WTGS, time-domain simulations in PSCAD/EMTDC are

performed. Figure 3.9 shows the system response including the torsional torque between

masses I&IITt,g, wind turbine speedωt , the electric torqueTe, and IG terminal voltageVs,

whenVω = 9 m/s andK changes. Note that in the given simulation results, the system is
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Figure 3.8: SSR and torsional modes versus series compensation level,K, whenVω = 9
m/s: (a) Imaginary part (Hz) (b) Real part.

first started with a lower series compensation level,K = 20%, and then att = 2.5 sandt =

8 s, the compensation level is increased toK = 50% andK = 55%, respectively. In these

simulations,Kt,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 levels, i.e.whenK = 20% andK =

50%, as expected from Figure 3.8. However, when the compensation level increases

to 55%, the SSTI occurs in the WTGS, and the wind farm goes unstable due to the

unstable torsional mode.

2. Even when the torsional mode is stable at lower compensation levels, i.e. whenK =

20% andK = 50%, the SST-TI is very lightly damped. This is due to the factthat the

damping ratio of the torsional mode is very small even at these compensation levels,

i.e. 0.5% and 0.14% forK = 20% andK = 50%, respectively.

3. Therefore, in some cases, depending on system parameters, the torsional interaction

mode may have a low damping ratio and an SSR damping controller may be desir-

able.
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3.4 CONTROL INTERACTIONS (SSCI)

Sub-synchronous control interactions (SSCI) are mainly due to the interactions between

DFIG wind turbine controllers and the series compensated transmission line, to which the

wind farm is connected. Unlike the beforementioned SSR types, the SSCI does not have

well-defined frequencies of concern due to the fact that the frequency of oscillations in

SSCI depends not only on the configuration of the series compensated transmission line

and induction generator parameters, but also on the wind turbine controller configuration

and parameters [37] - [41]. Moreover, the oscillations caused by the SSCI may grow faster

compared to previously mentioned SSR type, since the undamped oscillation in SSCI com-

pletely depends on the electrical and controller interactions, which have a smaller time

constant.

The SSCI has come into prominence since the ERCOT event of 2009 [37] - [41]. A

faulted line and subsequent outage in the network caused a large DFIG 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 network, resulting in rapidly increasing

of sub-synchronous frequency oscillations leading to damage to both the series capacitor

and the wind turbine [37] - [41]. The SSCI system can be simplified as shown in Fig-

ure 3.10. According to this figure, as mentioned earlier, thereason for the SSCI is the

interaction between the DFIG controllers and the network electric natural frequency.

3.5 EXISTING AND PLANNED SERIES COMPENSATED WIND FARMS

In 2005 [92], [93], the public utility commission of Texas (PUCT) developed a plan to build

2300 miles of new 345 kV transmission lines to accommodate anincrease of 11553 MW

of wind energy in West Texas. Some of the transmission lines in the plan were designed to

have 50% series compensation. In Figure 3.11, a section of the electric reliability council

of Texas (ERCOT) grid is shown, where a 200 MW DFIG wind farm isconnected to Bus 2.

The nominal voltage in all buses is 138 kV, except for buses 12-16, where the transformers

increase the voltage level from 138 kV to 345 kV. The series compensation capacitors are

located on the Bus 13-Bus 16 transmission line and on the Bus 15-Bus 16 transmission

line, with compensation levels from 50% to 80%. The thick green line in Figure 3.11 is the

worst case scenario in terms of susceptibility to SSR, whereall other lines in the network
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Figure 3.11: Single line diagram of a part of ERCOT grid, where a 200 MW DFIG wind
farm is connected to the Bus 2 [37],[40].

are open, and thereby, the wind farm is radially connected tothe series compensated lines

via Bus 2, Bus 3, Bus 8, Bus 13, Bus 16 and Bus 15. In the ERCOT event of 2009 [37] -

[41], a faulted line and subsequent outage in the network caused a large DFIG wind farm

to become radially connected to the series compensation network. In this case, the power

network shown in Figure 3.11 is reduced to a radial single-machine-infinite bus network.

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

to damage to both the series capacitor and the wind turbine [37] - [41]. Note that this case

of a wind farm radially connected to series-compensated transmission lines is similar to the

system studied in this paper shown in Figure 2.1. This shows the practical relevance of the

research presented in this work.

Additionally, with rapid increase of wind power energy in Southern Minnesota and

South Dakota, the Xcel Energy Inc. has planned (or already implemented) series compen-

sation in several transmission lines, including a 150-MW DFIG wind farm connected to a

60% series compensation of 54 miles 345 kV Wilmarth (WLM) - Lakefield Generating sta-

tion (LFD) transmission line, as seen in Figure 3.12 [57], [94]. A switching event around

the series compensated transmission line connected to windfarm and combustion turbine

generation resulted in growing unstable sub-synchronous oscillations [57].

Moreover, in [95], ABB Inc. has performed a “Dakotas Wind Transmission Study”

to investigate the transmission line capacity for up to 500 MW of new wind generation

planned to be located at seven different sites. The results revealed that the peak wind gen-
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erated power cannot be delivered because the uncompensatedtransmission line exhibited

congestion. The report suggests that providing 35% and 50% series compensation for the

existing transmission lines can increase the level of wind generation that can be exported.

The ABB Inc. report also states that special studies must be performed in order to avoid

the SSR in the system.

In addition, [96] discusses technical requirements for theinterconnection to Bonneville

Power Administration (BPA), in Pacific Northwest, transmission grid, including series

compensation to transmit wind power energy. Also, [97] gives a report regarding rein-

forcement of transmission lines of Alberta Electric SystemOperator (AESO) using series

compensation. Some of these lines are connected directly orindirectly to wind farms.

3.6 SUMMARY

In this chapter, three possible SSRs in DFIG wind farms including induction generator

effect (SSIGE), torsional interactions (SSTI), and control interactions (SSCI) are briefly

explained, and impact of some wind farms parameters on theseSSRs are investigated using

eigenvalue analysis and time-domain simulations in PSCAD/EMTDC.

Regarding the SSIGE, the following conclusions can be drawn:

1. The SSIGE may happen when the equivalent rotor resistanceunder sub-synchronous

frequency, which can be a negative value, exceeds the sum of the positive resistances

of the armature and the network.

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

in DFIG becomes higher.

3. The SSIGE is not related to the mechanical part of the system and 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 torsional natural frequencies

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

2. Because of the low-shaft stiffness coefficient in WTGS, the SSTI 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 turbine controllers and the series

compensated transmission line, to which the wind farm is radially connected.

2. The SSCI does not have well-defined frequencies of concern.

3. The oscillations caused by the SSCI may grow faster compared to SSIGE and SSTI.
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CHAPTER 4

SSR DAMPING USING GATE - CONTROLLED SERIES

CAPACITOR (GCSC)

This chapter presents application and control of the gate-controlled series capacitor (GCSC)

for series compensation and sub-synchronous resonance (SSR) damping in doubly-fed

induction generator (DFIG)-based wind farms. The GCSC is a new series FACTS de-

vice composed of a fixed-capacitor in parallel with a pair of anti-parallel gate-commuted

switches. The wind farm is equipped with a GCSC to solve the instability of the wind farm

resulting from the SSR mode, and a SSR damping controller (SSRDC) is designed for this

device using residue-based analysis and root locus diagrams. Using residue-based analysis,

the optimal input control signal (ICS) to the SSRDC is identified that can damp the SSR

mode without destabilizing other modes, and using root-locus analysis, the required gain

for the SSRDC is determined. Matlab/Simulink is used as a tool for modeling and design,

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

4.1 GCSC: STRUCTURE AND CONTROL

Flexible AC transmission systems (FACTS) are defined as a high-power electronic based

system and other static equipment controlling one or several transmission systems to im-

prove their controllability and power transfer capability[24]. Generally, high-power elec-

tronic devices include a variety of diodes, transistors, silicon controlled rectifier (SCR), and

gate-turn-off thyristors (GTO) [98]. Unlike the conventional thyristors or SCRs, GTOs are

fully controllable, and they can be turned on and off by theirgate. Nowadays, SCRs and
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Figure 4.1: Single line configuration of the GCSC.vcg = voltage across the GCSC,iL =
transmission line’s current,icg = GCSC capacitor current,Xcg = fixed capacitance of the
GCSC.

high power GTOs are widely used for FACTS controllers. Gate-controlled series capacitor

(GCSC) is a family of series FACTS devices that uses GTO switches that can be turned on

and off by its gate [24].

This section describes the GCSC principles of operation, generated harmonics, and its

application for series compensation and SSR damping in DFIG-based 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 composed of afixed-capacitor in

parallel with a pair of GTOs. The switch in the GCSC is turned-off at the angleβ, measured

from the peak value of the line current. Figure 4.2 shows the line current, capacitor voltage

and the GTOs pulses waveform. As seen in this figure, the GTO switch is closed, when

vcg(t) is equal to zero. The effective capacitance of the GCSC is given by [24]:

XG =
Xcg

π
(2γ−sin2γ) =

Xcg

π
(δ−sinδ) (4.1)

whereγ is the the angle of the advance,δ is the hold off angle, andXC f g is the fixed
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Figure 4.2: Line currentiL(t), capacitor voltagevcg(t), and switching function of the
GCSC.β = GCSC’s turn-off angleγ = the angle of the advance (π/2− β), δ = hold off
angle (π−2β = 2γ)

capacitance of the GCSC. Asδ changes from 0o to 180o, XG varies from 0 toXcg.

The voltage across the GCSC contains odd harmonics, in addition to the fundamental

components. The harmonic analysis of the GCSC and some methods to reduce the har-

monic levels have already been studied in literature [37], [99], [100]. In [99], it has been

shown that the maximum total harmonic distortion (THD) of the GCSC voltage, when a

single GCSC module is used, is about 4.5%. However, in practice, multi-module GCSCs

(MGCSC), which use smaller GCSC modules in series so that each module compensates

part of the total required series compensation level, are used in order to obtain the required

power rating for the GCSC. Using this configuration, the THD generated by the GCSC can

be reduced down to 1.5% [99]. In this method, the voltage of each GCSC module still con-

tains all the harmonic components of the single GCSC module,but with lower magnitude

[37], [99], [100].

Another method for reducing harmonic levels in the GCSC voltage is using multi-pulse

arrangements [99]. In this method, transformers are used toinject the GCSC voltage into

the transmission line, and the transformers windings are connected in such a way that some

lower order harmonics (LOH) of the GCSC voltage are canceledout. Using this method,

the THD of the GCSC voltage could be reduced to less than 0.34%, which 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 FACTS applications [99]. More

details of the harmonic analysis of the GCSC can be found in [37], [99], [100].

GCSC Modeling and Control

The operation of the GCSC is modeled as a variable capacitor.It is assumed that the desired

value of the GCSC reactance is implemented within a well defined time frame, i.e. a delay.

The delay can be modeled by a first order lag as shown in Figure 4.3, which will add

one more order to the system. In Figure 4.3,XPSC is determined by the power scheduling

controller (PSC). In [28], [30] a power controller has been used for the GCSC to damp SSR

and power oscillation; however, as shown later, this power controller may not be adequate

to damp the SSR. Therefore, an auxiliary SSRDC, as shown in Figure 4.3 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 Figure4.4. In this figure,Tm

is the time constant of first order low pass filter associated with the measurement of the

line current. In this controller, the measured line currentIm is compared to a reference

currentI ∗L, and the error∆I is passed through a lead controller and a proportional-integral

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

The MPPT curve and the chosen reactive power control strategy for the transmission

line, i.e., fixed Var flow or fixed power factor, are used to obtain theI ∗L. If the power losses

are ignored, the optimum input wind power̄Pω, which can be obtained using MPPT curve

for different wind speeds, is equal to the desired deliveredreal power to the transmission

line, P∗
L in (p.u.). Also, depending on the chosen reactive power control strategy for the

transmission line, i.e. fixed Var flow or fixed power factor, the desired reactive power of the

transmission line, i.e.Q∗
L (p.u.), can be determined. Then, the transmission line reference

line current can be calculated as follows:

I ∗L =

√

P∗
L

2+Q∗
L

2

V∗
s

(4.2)

A modal analysis at different operating points of the wind farm is performed when the

GCSC model with PSC is added to the system. Figure 4.5 compares the real part of the

Mode 1 and 2 at different compensation levels and different wind speeds for two cases:

a) when the DFIG wind farm is compensated only with a series fixed capacitor b) when

the DFIG wind farm is compensated with a GCSC without SSRDC and only with a PSC.

As seen in this figure, using only the PSC in GCSC not only does not enable this device

to stabilize the Mode 1, but also it decreases the damping of Mode 1. This shows that an

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

Sub-Synchronous Resonance Damping Controller (SSRDC)

In order to enhance the SSR damping, an auxiliary controlleris added to the GCSC control

system with an appropriate input control signal (ICS), as shown in Figure 4.3. The question

is how an appropriate ICS should be selected. This question is answered in the following

sections.

4.2 ICS SELECTION AND SSRDC DESIGN

ICS Selection Using Residues

The residues corresponding to SSR and SupSR modes for different ICSs are computed. If

the state-space model and transfer function of the single-input single-output are defined as

[68]:

Ẋ = AX+BU (4.3)
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Y =CX (4.4)

G(s) =C(SI−A)−1B=
Y(s)
U(s)

=
n

∑
i=1

Ri

s−λi
(4.5)

Then for a complex rootλi, the residueRi is a complex number, which can be consid-

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

Ri =CΨiΦiB (4.6)

In a root locus diagram,Ri is representation of the direction and speed of the closed

loop eigenvalueλci which leaves the poleλi . The effect of the residues in selecting ICS

can be described as follows. Suppose that dynamics of all eigenvalues are ignored, except

one specific eigenvalueλa. This means that the open-loop transfer function of the system

has only one pole, which can be represented as:

Ga(s) =
Ra

s−λa
(4.7)

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

follows:

Gca(s) =
Ga(s)

1+KgcGa(s))
=

Ra

s−λa+KgcRa
(4.8)

Finally, using Eq. 4.8 the root of the closed-loop and the shift in the eigenvalues, i.e.

∆λsh, can be represented using Eqs. 4.9 and 4.10, as follows:

λca = λa−KgcRa (4.9)

∆λsh=−KgcRa (4.10)

Eq. 4.10 shows that the residue influences the closed-loop system root, by determining

the direction and speed of it. If the magnitude of the residueis large enough, then a smaller

gain is needed for the feedback control system.
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Figure 4.6 through Figure 4.8 show the residues of the SSR andSupSR modes at differ-

ent operating conditions of the wind farm, whenω̄r , IL, andVcg are used as ICS. Figure 4.6

shows that when̄ωr is selected as ICS, the residue magnitude of the SSR mode is small.

Therefore, if this signal is being used as ICS, a larger gain will be needed for the feedback

control. In addition, as Figure 4.6 shows, the residues of the SSR and SupSR modes are in

an opposite direction, which will increase the difficulty ofthe controller design. The reason

is that a simple proportional controller chosen to increasedamping of the SSR mode will

decrease the damping of the SupSR mode, verifying thatω̄r is not an optimum choice for

ICS. Therefore, this signal will not be further considered.
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Figure 4.7 shows that whenIL is selected as ICS, the residue magnitude of the SSR

mode is rather large, and therefore, a smaller feedback gainis needed to stabilize the SSR

mode. However, since the residues of the SSR and SupSR modes in this case point in

opposite directions, stabilizing the SSR mode via a feedback gain will decrease the SupSR

mode damping. This shows that the line current may not be an optimum parameter as ICS.

This signal as ICS will be further analyzed in the next section

Finally, Figure 4.8 shows the residue of the SSR and SupSR modes, whenVcg is selected

as a ICS. This figure exhibits two facts: first, it shows that the SSR and SupSR modes are

in the same direction; second, the magnitude of the residuesare large enough. These

properties will make the design of the feedback control simple so that a small gain will be

enough to force both the SSR and SupSR modes to move to the leftand make the system

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

Root Locus Analysis

The analysis presented by residue-based method is verified using root locus analysis. As

represented in Figure 4.9 forIL as ICS, when the gain increases, the SSR and SupSR

modes will move in opposite direction, as we expected from residues analysis. In addition,

the maximum damping ratio for SSR mode is obtained 3%, and thecorresponding gain in

59



−15 −10 −5 0 5 10 15

−600

−400

−200

0

200

400

600 0.010.02

0.03

0.010.02

0.03

Root−Locus Plot: I
L
 as ICS

               Real (seconds−1)

   
   

   
   

   
   

Im
ag

in
ar

y 
(s

ec
on

ds
−

1 )

Real

K
gc

 = 0.282

Figure 4.9: Root locus diagram of the SSR mode withIL as ICS. The + sign indicates the
locations of the roots corresponding to the indicated gain,Kgc.

−15 −10 −5 0 5 10 15

−600

−400

−200

0

200

400

600 0.01

0.03

0.05

0.01

0.03

0.05

Root−Locus Plot: V
cg

 as ICS

               Real (seconds−1)

   
   

   
   

   
   

Im
ag

in
ar

y 
(s

ec
on

ds
−

1 )

K
gc

 = 0.598

Real

Figure 4.10: Root locus diagram of the SSR mode withVcg as ICS. The + sign indicates
the locations of the roots corresponding to the indicated gain, Kgc.

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

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

imaginary axis, and the system is still stable.

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

figure shows that when the gain increases, both the SSR and SupSR modes move to the

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

SSR mode, the gain is computed 0.598, as indicated in Figure 4.10. For this gain, the

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

and become more stable.
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Figure 4.11: Comparing dynamic response of the electric torque without SSRDC and with
SSRDC (IL andVcg as ICS) (a) simulation time fromt = 0 s to t = 4 s (b) simulation time
from t = 0.9 s to t = 1.9 s.

In conclusion, root locus diagram and residues analysis results presented in Section

4.2 show that bothIL andVcg could be used as ICS; however, using the latter, a larger

damping ratio can be obtained, and also, both the SSR and SupSR modes can be stabilized

simultaneously by use of the proposed procedure.

4.3 TIME DOMAIN SIMULATION OF GCSC COMPENSATED DFIG

In this section, the time domain simulation of the DFIG wind farm is presented to ver-

ify the analysis presented in Section 4.2. The system is simulated for different scenarios,

namely, the wind farm compensated by the GCSC with no SSRDC (open-loop), the wind

farm compensated by the GCSC andIL as ICS to the SSRDC (IL as ICS), and the wind

farm compensated by the GCSC andVcg as ICS to the SSRDC (Vcg as ICS). In the simu-

lation study, initially, the compensation level is regulated at 50% and then att = 1 s, the

compensation level is changed to 75%. The dynamic responsesof the wind farm including

electric torqueTe, terminal voltageVs, and DC link voltageVDC are plotted in Figure 4.11
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through Figure 4.13, respectively.

Figure 4.11 shows the electric torqueTe of the system for three cases. As Figure 4.11.

(a) shows, the wind farm is unstable due to the SSR mode when the GCSC is not equipped

with SSRDC. The wind farm equipped by the GCSC and SSRDC with either IL or Vcg as

ICSs can effectively damp out the SSR mode and stabilize the system. Figure 4.11. (b)

shows that whenVcg is used as ICS, both SSR and SupSR modes are mitigated faster com-

pared to the case whenIL is used as ICS. This confirms the analysis presented in Section

4.2 that usingIL as ICS decreases the damping of the SupSR mode, and that the maximum

damping ratio for the SSR mode is limited to less than 3%. A similar behavior can be

observed using Figure 4.12 Figure 4.13, where the terminal voltageVs and DC link voltage

VDC are plotted, respectively.

Finally, in order to show that the control system guaranteesthe unity power factor,

Figure 4.14 compares the power factor of the system whenIL or Vcg are used as ICS. As

seen in this figure, the control system is able to maintain theunity power factor for the

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

4.4 SUMMARY

This chapter has proposed application, modeling, and control of the gate-controlled series

capacitor, a series FACTS device, for transmission line compensation and SSR mitigation

in DFIG-based wind farms using modal analysis. In order to stabilize the SSR mode, a

series FACTS device, i.e. GCSC, replaces with the fixed series capacitor. Using residue-

based analysis, three different signals namely, generatorrotor speed̄ωr , line currentIL, and

voltage across the GCSCVcg 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 is notan optimum ICS for the

SSRDC for two reasons: first, a very large gain is needed in this case, and second, it is

not possible to simultaneously increase the damping of bothSSR and SupSR modes. Also,

even though the residue-based analysis for the line currentas ICS predicts that a smaller

gain is needed to damp the SSR mode, the SupSR mode’s stability is decreased in this case,
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Figure 4.14: Power factor of the DFIG wind farm (a) simulation time fromt = 1 s to t = 2
s (b) simulation time fromt = 1 s to t = 25s

indicating that this signal may not be an optimum ICS. The residue-based analysis for the

voltage across the GCSC, however, predicts that this signalcan increase the stability of

both the SSR ans SupSR modes, simultaneously.

In addition, using root-locus diagrams, the required gain to damp the SSR mode is

computed for both line current and voltage across the GCSC asICSs. The results show

that, unlike the line current as ICS, using voltage across the series capacitor as ICS can

guarantee the damping of the SSR mode- without sacrificing the SupSR mode’s stability-

verifying what was expected from the residue-based analysis. Also, the maximum SSR

damping ratio, when the voltage across the GCSC is used as ICS, is 67% more compared

to that of the line current. Finally, time-domain simulation is used to verify the design

process using residue-based analysis and root-locus diagrams.
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CHAPTER 5

SSR DAMPING USING THYRISTOR - CONTROLLED SERIES

CAPACITOR (TCSC)

In this chapter, the thyristor-controlled series capacitor (TCSC) is used for series compen-

sation and sub-synchronous resonance (SSR) damping in doubly-fed induction generator

(DFIG)-based wind farms. The SSR damping capability of thisdevice is examined using

eigenvalue analysis, performed in MATLAB/SIMULINK, and time-domain simulations,

performed in PSCAD/EMTDC.

5.1 THYRISTOR-CONTROLLED SERIES CAPACITOR

In the TCSC, by controlling the firing angleα of the thyristors, the parallel LC filter can

be tuned, making the impedance of the TCSC controllable. Figure 5.1 shows the single

line configuration of a TCSC which can be applied to each of thethree phases. Figure

5.2 shows typical waveforms of the TCSC including line, capacitor and thyristor currents

(iL(t), iCT(t) andiLT(t)), capacitor voltage (vCT), and corresponding firing pulses (T1 and

T2).

In the TCSC, if the value of the reactor,XLT , is sufficiently smaller than that of capac-

itor, XCT, the TCSC can operate in on-off manner so that by changing itsfiring angle,α,

the inductance of the thyristor-controlled reactor (TCR) can be changed. This enables the

TCSC to provide a continuously variable capacitor by canceling part of theXCT impedance

using the variable inductor, i.e. TCR [24]. Typically, the value ofXL is chosen to be 10%

to 30% of the value of theXCT [24].
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Figure 5.1: Typical single line configuration of a TCSC.

Figure 5.2: TCSC capacitor voltage (vCT(t)), line current (iL(t)), capacitor and inductor
currents (iCT(t) andiLT(t)), and TCSC switching pulses (T1 andT2).

Figure 5.3 shows typical impedance of the TCSC in terms of firing angle (α). As seen

in this figure, since the TCSC actually represents a tunable parallel LC circuit, in a normal

TCSC structure, in which the value ofXLT is smaller than that of the capacitorXCT, the

TCSC has two operating ranges around its parallel resonancearea namely inductive and

capacitive, as shown in Figure 5.3. Care must be taken, in order to avoid the resonance

area.

Modeling of TCSC for SSR Analysis

For the SSR studies, the TCSC is modeled as a variable inductive reactance in parallel with

a fixed capacitor, as shown in Figure 5.4. From this figure, theinductive reactance of the

TCSC can be obtained as follows:

66



0

Firing angle (α)

E
ffe

ct
iv

e 
re

ac
ta

nc
e 

of
 T

C
S

C

α

Resonance X
LT

 (α) = X
CT

Capacitive limit

Inductive limit

Capacitive zone

Inductive zone

X
TCSC

 (α)

Figure 5.3: TCSC reactance versus firing angle.

Figure 5.4: Single line diagram of the transmission line andTCSC model.

1
XLT(α)

=
1

XCT
−

1
XTCSC(α)

(5.1)

whereXTCSC(α) is th desired value of the series compensation provided by the TCSC.

In Chapter 2, we provided the modeling of the DFIG in qd-frame. In this chapter, the

DFIG modeling is updated by adding the modeling of the TCSC tothe system. The qd-

frame circuit of the TCSC including the transmission line isgiven in Figure 5.5 and Figure

5.6. Performing KVL and KCL in Figure 5.5 and Figure 5.6, one can get the state-space

representation of the transmission line compensated by theTCSC as follows:

ẊT line= AT lineXT line+BT lineUTline (5.2)
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Figure 5.5: Transmission line and the TCSC model in q-axis.

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

XT line= [i lq i ld vCTq vCTd iLTq iLTd]
T (5.3)

UT line= [
(vqs−EBq)

XL

(vds−EBd)

XL
0 0 0 0]T (5.4)

wherei lq and i ld are the transmission line qd-axis currents(p.u.), vCTq andvCTd are the

TCSC qd-axis voltages(p.u.), andiLTq and iLTd are the TCSC inductor qd-axis currents

(p.u.).

TheATline andBT line matrices are defined as follows:
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BT line=
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(5.6)

whereRL is the transmission line resistance(p.u.), XL is the transmission line reactance

(p.u.), XCT is the fixed series capacitor reactance of the TCSC(p.u.), XLT is the variable

inductive reactance of the TCSC(p.u.) that is controlled by the TCSC control loop,EBq

andEBd are the infinite bus qd-axis voltages(p.u.), andω̄e is the rotating synchronous

frame frequency(p.u.).

Control of TCSC

The basic control structure of the TCSC is shown in Figure 5.7. The main part of the TCSC

control includes power scheduling control (PSC) and SSR damping controller (SSRDC).

Moreover, for the SSR studies, modeling of the gate unit is not required, and it is adequate
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Figure 5.7: Block diagram of TCSC control.
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Figure 5.8: Bode plot of the TCSC reactance whenXTCSC= = 2.2 ·XCT.

to assume that the desired value of the TCSC reactance is provided to the line within a

well-defined time frame, which can be modeled by a first order lag, as seen in Figure 5.7.

The value ofTTCSC is chosen to be 10ms. The PSC block diagram is based on a constant

power control, in which the measured line power is compared to a reference real power,

which can be derived from the load flow information. The PSC control is of PI type with

dynamic compensation for improving the system response.

The control of the TCSC shown in Figure 5.7 also includes a SSRDC. However, the

TCSC can damp the SSR even without a SSRDC. The reason is that as seen in Figure 5.8,

where the Bode plot of the TCSC reactance is shown forXTCSC= 2.2 ·XCT and compen-
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Table 5.1: Comparing the SSR mode of the system with FSC and TCSC whenVω = 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 FSC andTCSC whenVω = 7
m/s and compensation level changes.

K (%) FSC TCSC
50 -5.1561± j608.9960 -1.3487± j696.3008
55 -5.2253± j620.39633 -1.4604± j700.1166
60 -5.2812± j631.2477 -1.5634± j703.8734
65 -5.3158± j641.5941 -1.6542± j707.5644

sation level is 60%, the TCSC is capacitive at 60 Hz, but exhibits inductive behavior at

the lower SSR frequencies. This means that for the same compensation level, the FSC

may exhibit a resonance at SSR frequencies, when the FSC capacitive impedance can-

cels the transmission line inductive impedance, but the TCSC may not, because the TCSC

impedance is inductive at SSR frequencies. In the next section, using eigenvalue analysis,

it is investigated whether or not the TCSC needs a SSRDC to damp the SSR.

Eigenvalue Analysis of the System with TCSC

In this paper, the TCSC operates atXTCSC= 2.2 ·XCT. Table 5.1 and 5.2 compare the SSR

and SupSR modes of the system with FSC and TCSC, whenVω = 7 m/sand compensation

level changes from 50% to 65%. As seen in Table 5.1, for the same compensation level, the

SSR frequencies are lower with the TCSC compared to FSC, meaning that the resonance

frequency decreases for the same compensation level. Additionally, Table 5.1 shows that

the TCSC is able to damp the SSR mode, even without the SSRDC, whereas the FSC has

an unstable SSR mode with positive real part for compensation levels of 55% or larger.

However, as seen in this table, the damping ratio of the SSR mode with TCSC is not
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large. Therefore, if larger damping ratio for the SSR mode isrequired, a SSRDC should be

designed for the TCSC. On the contrary, Table 5.2 shows that,compared to the FSC, using

TCSC decreases the stability of the SupSR mode.

Time-Domain Simulation

Time-domain simulation of the TCSC - compensated DFIG is presented in this section. In

the simulations, initially the compensation level is regulated at 50%, at which the system

is stable, and then att = 0.5 s, the compensation level is increased to 55%, which causes

instability because of the SSR mode in FSC. Figure 5.9 shows the dynamic performance of

the system including electric torqueTe, terminal voltageVs, and DC link voltageVDC. As

seen in this figure, the TCSC has successfully damped the SSR mode and has stabilized the

wind farm. However, as seen in Figure 5.9, damping time of thesuper-synchronous mode

is much longer with the TCSC compared to FSC. The reason is that using the TCSC, the
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damping ratio of the SupSR mode decreases compared to the FSC, as observed in Table

5.2.

5.2 SUMMARY

In this chapter the application of the TCSC for SSR damping inDFIG based winf farms has

been studied. Based on the discussions presented in the paper, the following conclusions

can be drawn:

1. The TCSC is able to damp the SSIGE, even without a SSRDC. However, when using

TCSC, the damping ratio of the SupSR mode decreases comparedto FSC.

2. If relatively large values of SSR and SupSR damping ratio are required, a SSRDC

must be added to the TCSC controller.
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CHAPTER 6

SSR DAMPING USING DFIG CONVERTERS

This chapter deals with sub-synchronous resonance (SSR) damping using the rotor-side

converter (RSC) and grid-side converter (GSC) controllersof the DFIG. The objective is

to design a simple proportional SSR damping controller (SSRDC) by properly choosing an

optimum input control signal (ICS) to the SSRDC block so thatthe SSR mode becomes

stable without decreasing or destabilizing the other system modes. Moreover, an optimum

point within the RSC and GSC controllers to insert the SSRDC is identified. Three differ-

ent signals are tested as potential ICSs including rotor speed, line real power, and voltage

across the series capacitor, and an optimum ICS is identifiedusing residue-based analysis

and root-locus method. Moreover, two methods are discussedin order to estimate the op-

timum ICS, without measuring it directly. Matlab/Simulinkis used as a tool for modeling

and design of the SSRDC, and PSCAD/EMTDC is used to perform time-domain simula-

tion for design process validation.

6.1 DFIG CONVERTER CONTROLLERS

The SSR damping is achieved using an additional SSR damping controller (SSRDC) on

either the GSC or RSC, operating on a single input control signal (ICS) as illustrated in

Figure 6.1 and Figure 6.2. The SSRDC block is represented in Figure 6.3, which is based

on proportional gainKSSRand washout filter. The value of theKSSRfor each ICS is obtained

using root-locus method such that 6% damping ratio is obtained for the SSR mode. The

6% damping ratio is chosen arbitrarily, but the procedure can be used for any desired value

of damping ratio. Moreover, a washout filter, which is a high pass filter, is included in the
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Figure 6.1: RSC controllers

Figure 6.2: GSC controllers

SSRDC block to eliminate the effect of the SSRDC on the steady-state operating condition.

Usually the value of the washout filter time constantTw is chosen to be between 5 to 10

sec. In this work,Tw = 5 sec. [68].

There are a variety of options for the ICS, as shown in Figure 6.1 and Figure 6.2. In

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

compensationVC are examined, and the optimum ICS is identified with the help of residue-

based analysis and root-locus diagrams, as explained in thenext section.

6.2 ICSAND CONVERTER SELECTION FORSSRDC DESIGN

In this section, using residue-based analysis and root-locus method, an optimum input

control signal (ICS) to the SSRDC is introduced. The optimumICS should enable the

SSRDC to damp the SSR without decreasing or destabilizing the other system modes.

The SSRDC can be inserted at different points of the RSC and GSC controllers, identified

as ARSC-FRSC and AGSC-FGSC 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 thedesign of control systems in

state-space. In a controllable system, it is possible to transfer the system at timet0 from

any initial stateXt0 to any other state using an unconstrained control vector in afinite

interval of time.

Consider the state-space equations for anth-order linearized system, as follows:

Ẋ = AX+BU (6.1)
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This system is completely state controllable, if the matrixgiven in Eq. 6.2 is of rankn

[101].

Co= [B AB ... An−1B] (6.2)

whereCo is called the controllability matrix.

The controllability condition of the studied system in thiswork is tested, and the system

is completely controllable.

The importance of system controllability in this work is explained as follows. The

designed SSRDC is a simple proportional gain. Therefore, ifthe system is completely con-

trollable, then the variations of the designed SSRDC gain,KSSR, will affect all modes of the

system. This means that while trying to make the SSR mode stable using the proportional

SSRDC, this gain will influence other system modes by making them to move either to the

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

Analysis of Rotor Speed (ωr) as Input Control Signal

Table 6.1 (at the end of the current chapter) shows the residues of the SSR, SupSR, electro-

mechanical, and shaft modes whenωr is used as ICS and SSRDC is implemented at differ-

ent points of the RSC and GSC controllers, identified in Figure 6.1 and Figure 6.2 asARSC-

FRSC, andAGSC- FGSC. From this Table, it is observed that with the SSRDC implemented at

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), since the magnitude of the SSR

residues for these points is very small. Moreover, due to theopposing directions of these

modes, at high gain the stability of other system modes may decrease or even destabilize

the system.

These shortcomings are visualized using root-locus diagram shown in Figure 6.4, where

SSRDC withωr as ICS is implemented at pointAGSC. Note that× and+ signs in the root-

locus diagrams shown in this work indicate the open-loop andclosed-loop system poles,
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Figure 6.4: Root locus diagram withωr as ICS with SSRDC implemented in GSC con-
troller at pointAGSC
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Figure 6.5: Root locus diagram withωr as ICS with SSRDC implemented in RSC con-
troller at pointFRSC.

respectively. As seen in Figure 6.4, a very large SSR gain, i.e. KSSR= 10e4, can yield the

desired 6% damping ratio for the SSR mode; however, the SupSRmode becomes unstable

for this gain. Therefore, this signal cannot be used as ICS atpointsARSC, BRSC, DRSCor

AGSC.

Usingωr as the ICS and placing the controller at the remaining points, the smaller gain

necessary to stabilize the SSR mode still causes destabilization of the non-SSR modes.

This occurs because the residues of the SSR mode do not have the same polarity as the

residues of the other modes, as should be clear from Table 6.1. For example, at pointCRSC,
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Figure 6.6: Root locus diagram withPL as ICS with SSRDC implemented in RSC con-
troller at pointDRSC.

the residue of the SSR mode has opposite polarity compared toall residues of the other

modes given in Table 6.1. Conversely, when takingFRSC as the control point, stabilizing

the SSR mode will result in decreasing the stability of the SupSR mode and the electro-

mechanical mode. The root locus for this control point, shown in Figure 6.5, shows that, as

the SSR mode moves to the left and becomes stable, the SupSR and the electro-mechanical

modes move to the right. In particular the electro-mechanical mode becomes unstable first,

whereas the SupSR mode moves only by a small amount. This was to be expected given the

larger amplitude of the electro-mechanical mode residue (4.5029) compared to the SupSR

mode residue (0.0381).

Analysis of Transmission Line Real Power (PL) as Input Control Signal

Table 6.2 ((at the end of the current chapter)) shows the residues of the SSR, SupSR,

electro-mechanical, and shaft modes whenPL is used as ICS and the SSRDC is imple-

mented at different points of RSC and GSC controllers. As seen in this Table, implemen-

tation of the SSRDC at pointsARSC, BRSC, andDRSCwill require a very large gain to move

the SSR mode from RHP to LHP since the magnitude of the SSR residues is very small.

Moreover, even if this large gain is provided, the residues of the SSR mode are in opposite
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Figure 6.7: Root locus diagram withPL as ICS with SSRDC implemented in GSC con-
troller at pointDGSC.

direction with the residues of the SupSR, electro-mechanical, and shaft modes, and there-

fore, it is expected that with an increasing SSR gain, the other modes will move in opposite

directions.

This is evident from the root locus diagram shown in Figure 6.6, where SSRDC with

PL as ICS is implemented at pointDRSC. As seen in this figure, although the SSR mode

becomes stable with a very large gain, i.e.KSSR= 4.8e5, this makes the electro-mechanical

mode unstable. Moreover, the SupSR mode has a tendency to move to the RHP with

increasing the SSR gain. Therefore, this signal cannot be implemented as ICS at points

ARSC, BRSC, andDRSC.

For the other points of RSC and GSC controllers, i.e.CRSC throughFRSC andAGSC

throughFGSC, if PL 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 residues are larger compared to the

previous case. However, stabilizing the SSR mode in these cases will result in decreasing

the stability, or even destabilizing, the other system modes. This is because, the residues of

the SSR mode does not have the same polarity as the other modes, as shown in Table 6.2.

For example, at pointFRSC, the residue of the SSR mode has opposite polarity compared to

SupSR and electro-mechanical modes, as seen in Table 6.2.
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As another example, with SSRDC implemented at pointDGSC, stabilizing the SSR

mode deteriorates the stability of SupSR and electro-mechanical modes. Figure 6.7 repre-

sents the root-locus diagram of the system for this case. As shown in this figure, to have

a 6% damping ratio for the SSR mode, a small SSR feedback gain,i.e. KSSR= 8.9, is

needed; however, this can result in destabilizing the SupSRmode. Therefore, regardless of

the chosen insertion point for the SSRDC, the line real powerPL is not a good choice for

ICS and should not be used.

Analysis of Capacitor Voltage (VC) as Input Control Signal

Table 6.3 (at the end of the current chapter) shows the residues of the SSR, SupSR, electro-

mechanical, and shaft modes whenVC is used as ICS and the SSRDC is implemented at

different points of RSC and GSC controllers. As seen in this Table, implementation of the

SSRDC at pointsARSC, BRSC, andDRSC will require a very large gain to move the SSR

mode from RHP to LHP since the magnitude of the SSR residues isvery small. Moreover,

even if this large gain is provided to move the SSR mode to the LHP- since according to

Table 6.3, the residues of the SSR mode at these points are in opposite direction with the

residues of the electro-mechanical mode- it is expected that with an increasing SSR gain,

the electro-mechanical mode will be destabilized.

For the other points of the RSC , i.e.CRSC, ERSC, andFRSC, even if the magnitude

of the SSR residues corresponding to these points is large, stabilizing the SSR mode in

these cases will also result in decreasing the stability, oreven destabilizing, the electro-

mechanical mode, as the residues of the SSR mode and electro-mechanical mode point in

opposite directions. This should be readily apparent upon examination of the root-locus

diagram, shown in Figure 6.8, where the SSRDC withVC as ICS is implemented at point

ERSC. As seen in this figure, although the damping ratio of the SSR mode becomes 6% with

KSSR= 80.1, this makes the electro-mechanical mode unstable. In conclusion, all controller

insertion points on the RSC are not viable.
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Figure 6.8: Root locus diagram withVC as ICS with SSRDC implemented in RSC con-
troller at pointERSC.
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Figure 6.9: Root locus diagram withVC as ICS with SSRDC implemented in GSC con-
troller at pointAGSC

However, when implementing the SSRDC at GSC controller points, i.e.AGSC through

CGSC, except the residues of the shaft mode, all other residues point at the same direction

with the residues of the SSR mode, as seen in Table 6.3. This shows that stabilizing the

SSR mode by increasing the SSR gain can also increase the stability of the SupSR mode

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

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

mode. Figure 6.9 and Figure 6.11 confirm this prediction; stabilizing the SSR mode by in-

creasing the SSR gain has also increased the stability of theSupSR and electro-mechanical
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Figure 6.10: Root locus diagram withVC as ICS with SSRDC implemented in GSC con-
troller at pointBGSC.
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Figure 6.11: Root locus diagram withVC as ICS with SSRDC implemented in GSC con-
troller at pointCGSC.

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

For implementation of the SSRDC at pointsDGSC throughFGSC, the residues of all

modes point at the same direction with that of the SSR mode, asseen in Table 6.3. This

shows that by increasing the SSR gain, not only the SSR mode will be stabilized, but

also this will increase the stability of all other three modes. Moreover, since the residue

magnitude of the SSR mode at these points are much larger compared to that of the SSR

mode at pointsAGSC throughCGSC, a much smaller SSR gain will be required to stabilize

the system. Figure 6.12 - Figure 6.14 represent the root-locus diagrams of the system
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Figure 6.12: Root locus diagram withVC as ICS with SSRDC implemented in GSC con-
troller at pointDGSC.
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Figure 6.13: Root locus diagram withVC 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 in these figures. In conclusion

the optimal ICS is the capacitor voltage VC and the optimal controller insertion points are

DGSC, EGSCandFGSC.

6.3 TIME-DOMAIN SIMULATION OF THE WIND FARM WITH SSRDC

To validate the results of Section 6.2, the time-domain simulation of system shown in Fig-

ure 2.1 with the SSRDC is presented. PSCAD/EMTDC is used to perform the simulations.
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Figure 6.14: Root locus diagram withVC as ICS with SSRDC implemented in GSC con-
troller at pointFGSC.

In the entire simulation results given in this work:

• Initially, the compensation level is regulated at 50%, where the system is stable, and

then att = 0.5 s, the compensation level is changed to 55%, where the system is

unstable without SSRDC, due to the SSR mode.

• The SSRDC gainKSSRin 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 transmission line real powerPL when

the SSRDC is implemented at RSC. Figures 6.15- a through -c show that as soon as the

compensation level increases from 50% to 55% att = 0.5 s, regardless of which ICS is

used, the sub-synchronous and super-synchronous oscillations appear in the transmission

line real power, and these oscillations damp out in less than0.25s, but another oscillations

start to appear in the system dynamics making the wind farm unstable. The frequency of

these oscillations are in range of electro-mechanical mode(λ5,6).
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Figure 6.15: Dynamic response of the transmission line realpowerPL when the SSRDC is
implemented at RSC

Indeed, the reason for the instability of the wind farm in this case is not the SSR mode,

but it is the unstable electro-mechanical mode. This was expected from root-locus diagrams

shown in Figure 6.5, Figure 6.6, and Figure 6.8. These root-locus figures clearly show that

increasing the SSR gain, to make the SSR mode stable, causes the electro-mechanical

mode to go unstable. Therefore, in spite of what kind of ICS isused, the SSRDC cannot

be implemented at RSC controllers.

SSRDC Implemented in GSC Controllers

Figures 6.16. -a and -b show the dynamic performance of the transmission line real power

PL when the SSRDC is implemented at GSC withωr andPL as ICSs. Figure 6.16. -a and

-b show that as soon as the compensation level increases from50% to 55% att = 0.5 s, the

sub-synchronous and super-synchronous oscillations appear in the transmission line real

power, but only the former damps out in less than 0.25s, while the latter is sustained in the
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Figure 6.16: Dynamic response of the transmission line realpowerPL 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, whenvariablesωr andPL are

used as ICS, is not the SSR mode, but it is the SupSR mode. This was expected from

root-locus diagrams shown in Figure 6.4 and Figure 6.7. These root-locus figures clearly

show that by increasing the SSR gain to make the SSR mode stable, the SupSR mode goes

unstable. Therefore,ωr andPL cannot be used as ICSs, even when the SSRDC is installed

at GSC controllers.

Using VC as ICS with SSRDC implemented at GSC controllers, on the other hand,

can stabilize the wind farm, as illustrated in Figure 6.16.-c. This 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 when SSRDC is implementedAGSC,
BGSC, andCGSC. (a). Simulation time fromt = 0.5 s to t = 40s. (b). Simulation time from
t = 0.45s to t = 1.5 s.

Optimum Point for SSRDC Implementation in GSC Controllers with

VC as ICS

Figure 6.17 shows the DC link voltageVDC, when the SSRDC is implemented at points

AGSC, BGSC, andCGSC. As seen in this figure, the SSRDC has successfully damped theSSR

mode, and has made the wind farm stable, as expected from root-locus diagrams given in

Figure 6.9 through Figure 6.11. Figure 6.17 shows that implementing the SSRDC at points

AGSCandBGSCgives superior performance compared to implementing the SSRDC atCGSC

in terms of settling time.

Moreover, Figure 6.18 represents the DC link voltageVDC, when the SSRDC is im-

plemented at pointsDGSC, EGSC, andFGSC in GSC controllers. As seen in this figure,

as expected from root-locus diagrams shown in Figures 6.12 -Figure 6.14, the SSRDC

has successfully attenuated the SSR mode and achieved wind farms stability. Figure 6.18

shows that implementing the SSRDC at pointsDGSC andEGSC brings slightly better per-

formance compared to implementing the SSRDC at pointsFGSC in terms of settling time.
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Figure 6.18: Dynamic response of the DC link voltage when SSRDC is implemented at
DGSC, EGSC, andFGSC. (a). Simulation time fromt = 0.5 s to t = 40 s. (b). Simulation
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Figure 6.19: Dynamic response comparison when SSRDC is implemented atAGSC and
DGSC.

This shows that the SSRDC can interchangeably be implemented at pointsDGSC, EGSC,

andFGSC.

Furthermore, Figure 6.19 compares the DC link with the SSRDCimplemented at point

AGSCandDGSC. This figure shows that implementation of the SSRDC at pointDGSCcauses

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

implemented at pointAGSC. This shows that implementation of the SSRDC atDGSC, EGSC,

andFGSC is a better option compared toAGSC, BGSC, andCGSC.

6.4 DISCUSSION OFFEASIBILITY OF SERIES CAPACITOR VOLTAGE AS ICS

According to the discussion given in this work, the optimum ICS to the SSRDC is the

voltage across the series capacitor,VC. However, in practical applications of the wind

farms, the voltage across the series compensation may not beaccessible at the wind turbine

for local controls. The question is “can we derive the voltage across the series capacitor

using local measurements?” Fortunately, the answer to thisquestion isYes. Here two

methods are discussed to derive theVC from a local measured signal.

Derivation from Line Current in q−d (Method A)

The relation between the line current and series capacitor voltage inq−d frame in Figure

2.1 is as follows [69]:

iqL =
1

ωbXC

d
dt

vqC+
ω̄e

XC
vdC (6.3)

idL =−
ω̄e

XC
vqC+

1
ωbXC

d
dt

vdC (6.4)

Or in a matrix and Laplace form:
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Figure 6.21: Derivation of voltage across the series capacitor using instantaneous line cur-
rent (Method B).
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Using Eq. 6.5, the series capacitor voltage inq−d frame can be obtained as:
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(6.6)

where

HT(s) =
s

s2+(ωbω̄e)2 (6.7)

Figure 6.20 shows the block diagram used for the derivation of voltage across the series

capacitorVC from the line currentIL. The notch filter in this figure is used to eliminate

the undamped natural frequency in theHT(s) transfer function located atωtn = ωbω̄e.

Moreover, in Figure 6.20,KTA = ωbXC. In case the exact value of theXC is not known, this

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

Derivation from Instantaneous Line Current (Method B)

The relationship between the instantaneous line current and capacitor voltage is give as

follows:
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C
dvC−abc

dt
= iL−abc (6.8)

Eq. 6.8 shows that the capacitor voltage can be estimated through the local current.

Figure 6.21 shows the block diagram used to estimate the voltage across the capacitor.

The value ofKTB in Figure 6.21 is equal to
1
C

. Even in case the exact value of the series

capacitor is not known, the SSRDC can be tuned usingKT to obtain the required SSR

damping ratio.

Simulation Results

In order to examine the effectiveness of method A and method Bin estimating voltage

across the series capacitor, Figure 6.22 compares the transmission line power with theVC

as ICS for the SSRDC. In this figure,VC is obtained using direct measurement, method A,

and method B. As seen in this figure, both method A and B can successfully estimate the

voltage across the series capacitor.
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6.5 SUMMARY

In this chapter, SSR mitigation in DFIG-based wind farm using rotor-side converter (RSC)

and grid-side converter (GSC) controllers is studied. To mitigate the SSR, a SSRDC is

designed using residue-based analysis and root-locus method, and the designed SSRDC

is implemented at different points of the RSC and GSC controllers (see Figure 6.1 and

Figure 6.2) in order to identify the optimum points within these controllers for the SSRDC

implementation. The residue-based analysis is used to identify an optimum input control

signal (ICS) to the SSRDC amongst three tested signals namely generator rotor speedωr ,

line real powerPL, and voltage across the series capacitorVC, and root-locus method is

used to compute the required SSRDC gain to stabilize the SSR mode, while verifying the

residue-based analysis.

The optimum ICS and optimum point in RSC and GSC controllers should enable the

SSRDC to stabilize the SSR mode, without destabilizing or decreasing the stability of other

system modes. In summary, the following results can be drawnregarding the optimum

converter and ICS:

1. Using the SSRDC design method presented in this work,ωr andPL can cause the

SupSR mode or the electro-mechanical mode (or even both of them together) to

go unstable, when used to stabilize the SSR mode, regardlessof the insertion point

chosen for the SSRDC implementation. It may be possible to successfully use these

signals for SSR stabilization, but a more complex compensation would be required,

losing the simplicity of the proposed proportional controller. The investigation of

more complex compensation options is left as future work.

2. Neither of RSC controllers can be used to implement the SSRDC, regardless of what

the ICS is.

3. All points of the GSC controllers can be used to implement the SSRDC, when the

ICS isVC.
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4. WithVC as ICS, implementation of the SSRDC at pointsDGSCthroughFGSCrequires

a smaller SSR feedback gain compared toAGSC throughCGSC.

5. Time-domain simulation in PSCAD/EMTDC verifies the SSRDCdesign process.
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Table 6.1: Residue of the SSR and SupSR, electro-mechanical, and shaft modes atVω = 7 m/s andK = 55%: ωr as ICS.

Vω = 7m/s−K = 55%
ωr as ICS

SSR Mode SupSR Mode Elec. Mech. Mode Shaft Mode

ARSC 5.7922e−11
∠55.4o 4.2400e−13

∠−107.2o 9.7227e−11
∠−152.6o 2.9204e−10

∠−156.5o

BRSC 5.7152e−7
∠64.3o 4.2389e−9

∠−105.4o 9.7406e−7
∠−141.2o 8.9096e−7

∠−74.6o

CRSC 3.0766∠−57.4o 0.0387∠102.5o 4.5807∠107.6o 0.2223∠−154.6o

DRSC 1.0653e−7
∠−57.9o 4.1038e−10

∠134.7o 1.8556e−7
∠93.4o 6.0627e−6

∠−176.1o

ERSC 0.0010∠−40.6o 4.0975e−6
∠138.4o 0.0017∠115.8o .0093∠−85.4o

FRSC 3.1042∠30.9o 0.0381∠174.4o 4.5029∠−162.2o 1.4504∠13.1o

AGSC 4.6968e−5
∠−57.7o 0.0001∠111.8o 4.6674e−5

∠−95.8o 6.8484e−6
∠−67.1o

BGSC 0.0007∠−57.5o 0.0012∠113.4o 0.0001∠−95.5o 6.9265e−5
∠−62.4o

CGSC 0.0006∠−19.8o 0.0012∠121.1o 0.0001∠−47.6o 4.2303e−6
∠33.4o

DGSC 0.0059∠−83.8o 0.0010∠73.7o 0.0007∠116.6o 0.0008∠115.4o

EGSC 0.0593∠−83.6o 0.0104∠73.8o 0.0077∠116.9o 0.0075∠120.1o

FGSC 0.0466∠−45.9o 0.0105∠82.9o 0.0058∠164.8o 0.0004∠−143.8o
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Table 6.2: Residue of the SSR and SupSR, electro-mechanical, and shaft modes atVω = 7 m/sandK = 55%:PL as ICS.

Vω = 7m/s−K = 55%
PL as ICS

SSR Mode SupSR Mode Elec. Mech. Mode Shaft Mode

ARSC 9.8321e−9
∠−33.5o 3.4496e−10

∠158.3o 1.2827e−8
∠125.7o 4.5664e−10

∠−148.8o

BRSC 9.7013e−5
∠−24.6o 3.4484e−6

∠160.1o 0.0001∠137.1o 1.3930e−6
∠−66.9o

CRSC 522.2481∠32.6o 31.5041∠−171.8o 604.3783∠−154.6o 0.3480∠32.9o

DRSC 1.7985e−5
∠32.1o 3.3388e−7

∠−139.6o 2.4572e−5
∠−168.7o 9.4786e−6

∠11.1o

ERSC 0.1712∠49.3o 0.0033∠−135.9o 0.2373∠−146.3o 0.0146∠101.8o

FRSC 524.7688∠121.1o 31.0048∠−99.9o 594.4558∠−64.5o 2.2687∠−159.5o

AGSC 0.0131∠33.2o 0.0974∠−162.5o 0.0027∠2.5o 1.2946e−5
∠120.4o

BGSC 0.1315∠33.4o 0.9746∠−162.4o 0.0261∠2.8o 0.0001∠125.1o

CGSC 0.1033∠71.1o 0.9634∠−153.2o 0.0196∠50.7o 8.01651e−6
∠−138.8o

DGSC 1.0082∠7.1o 0.8667∠159.3o 0.1019∠−144.9o 0.0011∠−56.8o

EGSC 10.0817∠7.3o 8.6672∠159.4o 1.0198∠−144.6o 0.0118∠−52.1o

FGSC 7.9216∠45.0o 8.5681∠168.5o 0.7664∠−96.7o 0.0007∠43.8o
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Table 6.3: Residue of the SSR and SupSR, electro-mechanical, and shaft modes atVω = 7 m/sandK = 55%:VC as ICS

Vω = 7m/s−K = 55%
VC as ICS

SSR Mode SupSR Mode Elec. Mech. Mode Shaft Mode

ARSC 5.8808e−9
∠−38.7o 2.1628e−10

∠−22.1o 6.9276e−9
∠125.8o 1.3344e−10

∠−140.2o

BRSC 5.7765e−5
∠−29.8o 2.1623e−6

∠−20.3o 6.9392e−5
∠137.1o 4.0756e−7

∠−58.3o

CRSC 312.0201∠27.3o 19.7537∠7.6o 327.2719∠−154.5o 0.1016∠41.5o

DRSC 1.0752e−5
∠26.9o 2.0934e−7

∠39.8o 1.3257e−5
∠−168.7o 2.7709e−6

∠20.1o

ERSC 0.1023∠44.1o 0.0020∠43.5o 0.1281∠−146.3o 0.0042∠110.7o

FRSC 313.2∠−64.9o 19.4∠−100.4o 321.7∠114.7o 0.6629∠28.9o

AGSC 0.0078∠27.2o 0.0611∠16.9o 0.0014∠1.8o 3.8819e−6
∠128.9o

BGSC 0.0783∠27.4o 0.6110∠17.0o 0.0141∠2.1o 133.6e−5
∠140.2o

CGSC 0.0615∠65.1o 0.6041∠26.2o 0.01061∠50.0o 2.3978e−6
∠−122.9o

DGSC 0.6003∠12.5o 0.6238∠2.4o 0.2137∠30.5o 0.0014∠−10.1o

EGSC 4.5777∠12.8o 6.2381∠2.4o 2.1396∠30.8o 0.0144∠−18.4o

FGSC 3.1982∠52.6o 6.1732∠11.2o 1.6500∠84.8o 0.0008∠−27.6o
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CHAPTER 7

GAIN - SCHEDULING ADAPTIVE SSRDC DESIGN

The dynamics of the DFIG-based series compensated wind farmvary as the operating point

conditions change. Two main sources of changes in the dynamics of the system come from

the wind speedVω and the series compensation levelK. In this section, a gain-scheduling

adaptive SSRDC (GSA-SSRDC) is designed so that the SSRDC is less affected by change

of the system dynamics.

7.1 GAIN - SCHEDULING ADAPTIVE SSRDC DESIGN

Gain - Scheduling Adaptive Control

In many situations, it is known how changes in the operating conditions of a process affect

the dynamics of the process itself. Therefore, it is possible to adjust the parameters of the

controller as a function of the operating point conditions of the entire system in order to

maintain good control performance. This method is called gain-scheduling adaptive (GSA)

control. The generic block diagram of a system, where the effects of parameter variations

are compensated by AGS is shown in Figure 7.1 [102]. The GSA control enables the

control of a non-linear system by varying the parameters of alinear controllers, so that

a desired response is obtained for the different operating points of the non-linear system

[102], [103]. GSA has the advantages, with respect to conventional adaptive control, that

the controller parameters can be changed rapidly, as the operating point changes. There

are several examples of application of GSA in literature [104], [105] in system controls.

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

Table 7.1: SSR modes of the system at different wind speedsVω and compensation levels
K.

Vω (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 grid-connected inverters.

Variation of DFIG Operating Point

Table 7.1 shows the SSR mode of the system for different wind speeds and series compen-

sation levels. As seen in This table, changing the operatingpoints of the wind farm can

change the SSR mode’s frequency and damping. On the one hand,increasing the compen-

sation level decreases the stability of the SSR mode. On the other hand, as seen in Table

7.1, by increasing the wind speed, the stability of the SSR mode increases. This can be

explained as follows:
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Figure 7.2: Electric torque atVω = 7 m/sand: (a)K = 55% (b)K = 60% (a)K = 65%.
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Figure 7.3: Electric torque atVω = 8 m/sand: (a)K = 55% (b)K = 60% (a)K = 65%.

Figure 7.2 through Figure 7.4 show time-domain simulation of the system for different

series compensation levels and wind speeds. Theses figures show that both wind speed and

compensation level influence the stability of the system, verifying the eigenvalue analysis

given in Table 7.1.
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is series compensation level.
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Figure 7.5: Dynamic response of the system to series compensation change from 50% to
60% at constant wind speed, 7 m/s, when SSRDC is implemented at DGSC.

Adaptive SSRDC Design

Considering the series compensated DFIG-based wind farm asa non-linear system, the

AGS method is a good way to compensate for variation in the dynamics of the wind farm.

Using this method, it is possible to monitor the operating condition of the wind farm and

to adjust the parameters of the SSRDC.

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

pensation level change, the SSRDC designed for only one operating point, e.g. whenVω
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Table 7.2: Values of the SSRDC gain,KSSR, for different wind speeds and series compen-
sation levels.

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

= 7 m/s andK = 55%, may not be adequate to enhance the stability of the wind farm for

other operating points. For example, Figure 7.5. shows the electric torque of the system,

when the series compensation level increases first from 50% to 55% att = 0.5 s, and then

from 55% to 60% att = 2.5 s, while the SSRDC is designed forVω = 7 m/s andK =

55%. As seen in this figure, the designed SSRDC forVω = 7 m/s andK = 55% is unable

to stabilize the wind farm when the series compensation level increases att = 2.5 s from

55% to 60%. This shows that the values of the SSRDC gain, i.e.KSSR, should be adjusted

as a function of the the wind farm operating points.

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

RDC (AGS-SSRDC) to the system.

1. Obtain the non-linear model of the series compensated DFIG-based wind farm.

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

Chapter 2.

3. Obtain the SSRDC gains,KSSRfor different operating points of the wind farm, i.e.

different wind speed and compensation level, using the root-locus method explained

in previous chapters in order to create a table for gainKSSRas a function of operating

point.

Table 7.2 gives the computedKSSRfor some selected wind speedVω and series com-

pensation levelsK. During wind farm operation, depending on the wind farm operating

point, the SSRDC is adapted using the computed gainKSSR.
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Figure 7.6: Dynamic response of the system with adaptive gain-scheduling SSRDC forVω
= 7 m/s and different compensation levels.

Time-Domain Simulation of DFIG with AGS-SSRDC

The system shown in Figure 2.1 was simulated in PSACD/EMTDC with AGS-SSRDC de-

signed as explained in Section 7.1. In order to examine the robustness of the AGS-SSRDC,

the system was simulated while the operating point of the wind farm is varied including

step changes in series compensation levelK or wind speedVω. Figure 7.6 and Figure 7.7

represent the dynamic response of the system including electric torqueTe, DC link voltage

VDC, and terminal voltageVs when the wind speed is kept constant and the compensation

level is changed. These figures clearly show that adapting the gain of the SSRDC has

successfully sustained the stability of the wind farm even when the operating point of the

wind farm is changed. The designed AGS-SSRDC was also testedwhen either only wind

speed, or even both wind speed and compensation level are changed, simultaneously. The

obtained results show that the designed AGS-SSRDC is robustagainst both wind speed

and compensation level variations.
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Figure 7.7: B. Dynamic response of the system with adaptive-gain-scheduling SSRDC for
Vω = 8 m/sand different compensation levels.

7.2 SUMMARY

The main sources of variation of the operating point in the DFIG are wind speed varia-

tion and series compensation level change. The gain-scheduling adaptive method is a very

useful technique for reducing the effects of operating point condition variations. In this

chapter, the performance of the designed SSRDC in Chapter 6 is optimized using the adap-

tive gain-scheduling method in order to handle the operating point condition variations of

the wind farm. The results show that using gain-scheduling adaptive method, the SSRDC

is less affected by variations of the operating point of the wind farm.
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CHAPTER 8

CONCLUSION AND FUTURE WORK

8.1 PROBLEM

Worldwide rapid penetration of wind power into electric power grids makes it necessary for

the power utilities to transmit the generated wind power without congestion. In addition,

the global trend towards a deregulated power market requires that any solution to increase

the power transfer capability of an existing transmission line be financially competitive.

In many cases, cost effective series compensation increases the transmissible power of

an existing transmission line at a fraction of the cost and required time to build a new

transmission line.

8.2 CHALLENGES

However, a factor hindering the extensive use of series capacitive compensation is the

potential risk of sub-synchronous resonance (SSR), which may cause severe damage in

the wind farm, if not prevented. For example, in 2009 a SSR event happened in Electric

Reliability Council of Texas (ERCOT) electric grid, leading to damage to both the series

capacitor and the wind turbines.

8.3 SOLUTION

In order to take advantage of series compensation benefits, without causing the SSR prob-

lem in power systems, properly designed power electronics controllers and FACTS devices

could be used. FACTS devices are required in order to supportmassive integration of re-
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newable energy resources into the power networks. AlthoughFACTS devices are flexible

and effective, they are an expensive solution. Therefore, some cost-effective and alternative

solutions may also be considered in order to assure the effective use of series compensa-

tion in transmission lines without being concerned about SSR occurrence. For example, the

grid side converter (GSC) of a DFIG has a topology similar to that of a static synchronous

compensator (STATCOM), yet exchanges both active and reactive power at fast speeds.

Therefore, the control capability of DFIG-based wind farmsin mitigating 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-signal stability analysis of a doubly-

fed induction generator (DFIG)-based series compensated wind farm using Mat-

lab/Simulink. The developed approach could be easily implemented for the small

signal stability analysis of power systems with any complexity. The developed model

could be used to obtain eigenvalues of the system and to help to design controllers

using eigenvalue analysis method.

2. Proposed application and control of the gate-controlledseries capacitor (GCSC) as

new series FACTS device for series compensation and sub-synchronous resonance

(SSR) damping in wind farms.

3. Designed a novel SSR damping controller (SSRDC) for the GCSC using residue-

based analysis and root locus diagrams. Using residue-based analysis, the optimal

input control signal (ICS) to the SSRDC is identified to damp the SSR mode without

destabilizing other modes, and using root-locus analysis the required gain for the

SSRDC is determined

106



4. Investigated the capability of the thyristor-controlled series capacitor in SSR damp-

ing in DFIG-based wind farms.

5. Utilized the rotor-side converter (RSC) and grid-side converter (GSC) controllers of

the DFIG for SSR damping, without the need for inserting a FACTS device in the

line. The objective was to design a simple proportional SSR damping controller (SS-

RDC) by properly choosing an optimum input control signal (ICS) to the SSRDC

block so that the SSR mode becomes stable without decreasingor destabilizing the

other system modes. In the design process, I also identified and introduced the opti-

mum point within the RSC and GSC controllers to insert the SSRDC.

6. Proposed two new methods in order to estimate the optimum input signal to the SS-

RDC without measuring it directly. These two proposed methods make the proposed

methods in my dissertation more effective and applicable inreal world applications.

7. Optimized the performance of the proposed controllers using adaptive controller.

8. Validated the designed controllers using detailed time-domain simulations in both

Matlab/ SimPowerSystems and PSCAD/EMTDC.

8.5 FUTURE WORK

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

are suggested:

1. Building a scaled-down prototype of the GCSC.

2. Investigating the effect of other series and shunt FACTS devices such as STATCOM,

SSSC, UPFC, ect. on SSR damping in wind farms, and comparing the cost and

performance of those devices with the proposed methods.

3. Designing a SSRDC for the presented devices using other methods, such as pole-

placement method.
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4. Studying the application of the presented FACTS devices in low-voltage ride-through

(LVRT) enhancement in wind farms.

Moreover, developing more advanced power electronic technologies for the wind farms

is desired. The state-of-the-art configurations and roles of power electronics in the wind

turbine system show that the behavior and performance of wind turbines can be signifi-

cantly improved by introducing more advanced power electronic technologies. By proper

controls and grid regulations, it is possible for the wind farms to act like conventional power

plants and actively contribute to the frequency and voltagecontrol in the grid system, thus

making the wind energy more suitable for the integration into the power grid. Therefore,

developing more advanced power electronic technologies for the wind farms in order to en-

hance the grid integration and compatibility of the wind farms in power systems is desired,

so that lower energy cost, higher reliability, and better grid integration are obtained for the

wind farms.

Finally, studying the connection of offshore wind farms to the grid using high-voltage

dc (HVDC) transmission lines could be another future work. Due to environmental and

social aspects, the offshore wind farms are larger in size and located further away from the

shore. If the distance is too long or the grid to which the offshore wind farm is connected

is weak, the HVDC transmission system might be a more suitable and feasible solution

than the conventional high-voltage ac (HVAC) transmission. Moreover, various studies

have shown that above a certain critical distance, the HVDC option becomes the most

appropriate option since it reduces the cable losses, decreases reactive power requirements,

and improves power system stability. Therefore, extendingthe current research toward the

HVDC technology, for connection of offshore wind farms to the transmission 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 aggregatedDFIG. Values are in
(p.u.), unless it is mentioned.

Base Power 2 MW 100MW
Based voltage (VLL) 690V 690V

Xls 0.09231 0.09231
Xlr 0.09955 0.09955
XM 3.95279 3.95279
Rs 0.00488 0.00488
Rr 0.00549 0.00549
Xtg 0.3 (0.189mH) 0.3 (0.189/50mH)

DC-link base voltage 1200V 1200V
DC-link capacitor 14000µF 50*14000µF

Table A.2: Parameters of the network and shaft system. Values are in(p.u.).

RL 0.02 XL 0.50 XT 0.14 Xsys 0.06
Ht 4.29s Hg 0.9s Dtg 1.5 Ktg 0.15
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