
University of Alberta

R e a l -T im e  D ig it a l  S i m u l a t i o n  a n d  C o n t r o l  o f  G r i d -C o n n e c t e d  W i n d

E n e r g y  S y s t e m s

by

Lok Fu Pak

A thesis subm itted  to the Faculty of G raduate Studies and  Research in partial 
fulfillm ent of the requirem ents for the degree of M aster of Science

D epartm ent of Electrical and  C om puter Engineering

Edm onton, A lberta 
Spring 2006

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1 * 1
Library and 
Archives Canada

Published Heritage 
Branch

395 Wellington Street 
Ottawa ON K1A 0N4 
Canada

Bibliotheque et 
Archives Canada

Direction du 
Patrimoine de I'edition

395, rue Wellington 
Ottawa ON K1A 0N4 
Canada

Your file Votre reference 
ISBN: 0-494-13869-6 
Our file Notre reference 
ISBN: 0-494-13869-6

NOTICE:
The author has granted a non
exclusive license allowing Library 
and Archives Canada to reproduce, 
publish, archive, preserve, conserve, 
communicate to the public by 
telecommunication or on the Internet, 
loan, distribute and sell theses 
worldwide, for commercial or non
commercial purposes, in microform, 
paper, electronic and/or any other 
formats.

AVIS:
L'auteur a accorde une licence non exclusive 
permettant a la Bibliotheque et Archives 
Canada de reproduire, publier, archiver, 
sauvegarder, conserver, transmettre au public 
par telecommunication ou par I'lnternet, preter, 
distribuer et vendre des theses partout dans 
le monde, a des fins commerciales ou autres, 
sur support microforme, papier, electronique 
et/ou autres formats.

The author retains copyright 
ownership and moral rights in 
this thesis. Neither the thesis 
nor substantial extracts from it 
may be printed or otherwise 
reproduced without the author's 
permission.

L'auteur conserve la propriete du droit d'auteur 
et des droits moraux qui protege cette these.
Ni la these ni des extraits substantiels de 
celle-ci ne doivent etre imprimes ou autrement 
reproduits sans son autorisation.

In compliance with the Canadian 
Privacy Act some supporting 
forms may have been removed 
from this thesis.

While these forms may be included 
in the document page count, 
their removal does not represent 
any loss of content from the 
thesis.

Conformement a la loi canadienne 
sur la protection de la vie privee, 
quelques formulaires secondaires 
ont ete enleves de cette these.

Bien que ces formulaires 
aient inclus dans la pagination, 
il n'y aura aucun contenu manquant.

i * i

Canada
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Abstract

As m ore w ind  energy is in tegrated  to the pow er netw ork, it becom es critical 

to study  the influence of w ind  generation on existing pow er system. Real

time sim ulation and  control of a grid-connected w ind  farm  w as investigated 

using a com bination of off-line softw are and  real-tim e hardw are sim ulators. A 

reference doubly-fed induction generator (DFIG) based w ind  turbine generator 

system  (WTGS) w as m odel and  validated  using several off-line sim ulation tools. 

Then, the reference m odel w as utilized for constructing the detailed w ind  energy 

systems. By perform ing various interaction studies using these system s, a set of 

benchm ark results w ere obtained for the validation of the aggregated m odels. 

Finally, three m odels w ith  different levels of aggregation w ere developed to 

im prove the efficiency of the real-tim e electrom agnetic transien t study  of the w ind  

farm , and  all of these m odels w ere im plem ented on the Real-Time experim ental 

LABoratory (RTX-LAB) digital simulator.
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I

1
Introduction

1.1 Motivation

Research and  developm ent of renew able energy has gained trem endous 

m om entum  in the past decade as the cost of conventional electrical pow er 

generation continuously escalate due to the lim ited fuel resources, and  the general 

public becom es increasingly concerned of the environm ental im pacts caused by 

the therm al and  nuclear generation. A m ong m any technologies prom ising green 

pow er, the u tilization of w ind  energy via w ind  turbine generation system  (WTGS) 

is one of the m ost m ature and  w ell developed. Across the w orld , the total capacity 

of w ind  generation has already exceeded giga-w att (GW) rating  and  larger w ind 

farm s are constantly  being p lanned  and  com m issioned [1-6].

Referring to the report in [4], potentially  available w ind  pow er is being under 

utilized. C om m on explanations for the conservative exploration is associated w ith  

the in term itten t natu re of the w ind. Because of the stochastic behavior, bringing 

w ind energy to the m arket becom es a difficult task. To justify the investm ent in 

w ind  generation, the captured  energy need to be effectively d istribu ted  under 

the current m arket structure involving day-ahead forecasting, day-ahead m arket,
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un it com m itm ent, real-tim e operation, and  m arket settlem ent [4]. There are 

research studies [1, 7] targeting the developm ent of correlation m odel tha t will 

allow estim ating the w ind  pow er of an  area from  the m easurem ents taken from 

a d istan t site. Once the m odel is com pleted, w ind  farm operator m ay be able to 

m ore accurately predict the available w ind  pow er and  its pattern  ahead of time. 

H owever, to u nders tand  the im pact of captured  w ind  energy on the netw ork  and 

be able to m ake spontaneous decisions an  authentic w ind  facility m odel is needed.

To deliver the w ind  pow er safely is another challenge faced by the facility ow ner 

and  operator alike. Since m any of the best w ind  resources are rem otely located 

from  the m ain grid, the reliability issues associated w ith  the relatively w eak 

transm ission system  often have a negative effect on the w ind  energy integration. 

In order to sustain  system  stability and  pow er quality, sophisticated controller 

and  protective devices m ust be installed to direct the w ind facilities through the 

hazardous fault conditions. For the developm ent and  testing of these high-speed 

equipm ent, m odern  sim ulation technology provides an accurate, timely, and  cost 

efficient p latform  [1,2].

As w ind  generation achieves com m ercial viability in  N orth  America, m any 

organizations, such as A m erican W ind Energy Association (AWEA) and  W estern 

Electricity C oordinating Council (WECC), are push ing  for codifying requirem ents 

and perform ance standards for large w ind  generation facilities. A lthough the 

technical details of the w ind  facility operation recom m endations are yet to be 

finalized, the major areas of concern, such as low voltage ride-through (LVRT) 

and  reactive pow er capability, are generally accepted. Form al developm ent, 

update, and  im provem ent of the engineering m odels and  turbine specifications 

used for study ing  the w ind  p lan t interconnections are also listed in the advisory 

requirem ents.

Fully digital electrom agnetic transients p rogram  (EMTP) has greatly sim plified 

the study  of pow er system  and  its interactions w ith  various equipm ents. 

Using m odern  graphical interfacing EM TP-type softw are sim ulators, such as 

PSCAD™ /  EM TDC™ , SPS/SIMULINK®, and  EMTP-RV, the w ind  facility and
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the pow er system  it is connected to can be efficiently represented w ith  the built- 

in m athem atical m odels. Accuracy of the m odels are ensured by  following 

the standard  EMTP m odeling practice that has been refined and  confirm ed by 

previous researchers w ith  m any years of experience in experim ental com parison 

studies.

A ided by the advancem ents in com puting technology and  the developm ent 

of EM TP-type softw are packages, researchers can now  conduct m assive pow er 

system  study  and  equipm ent testings on the pow erfu l real-tim e sim ulators. These 

sim ulators geared w ith  latest innovations can handle the com putation  of com plex 

m athem atical m odels w ith  m icrosecond resolution, and allow  high frequency 

interaction w ith  real equipm ents. These features no t only open u p  a w hole new  

gatew ay for research study, b u t also tie the research results closer to real-w orld 

dem and.

1.2 Fixed Speed and Variable Speed WTGS

In general, there are tw o types of WTGSs: fixed-speed and  variable-speed. W ith 

relatively sim ple design, Fig. 1.1 (c), the fixed-speed WTGS provided  a cost 

efficient opportun ity  for entrepreneurs to explore the viability of pollution-free 

generation in the early days. H owever, the poor m echanical isolation and  narrow  

operating speed  range inherited  from  the direct connection of a tu rb ine driven 

squirrel-cage induction m achine has lim ited the generation yield [8-10]. A nother 

problem  im pairing the fixed-speed WTGS w as the frequent shut-off caused by 

high w ind  speed, disturbance in the grid, or excess reactive pow er consum ption 

[3], A lthough m any rem edies, such as s ta ll/p itch  control and  supporting  capacitor 

bank, w ere proposed, the fixed-speed design is being phased  ou t of the m arket 

particularly  in  the area requiring high capacity WTGSs [3].

In troduction of the variable-speed WTGS has bred new  life into the w ind  

generation sector. A ddition of the pow er electronic driven  variable-speed drive 

have drastically im proved  the perform ance of a WTGS in v irtually  every aspect 

[3,11-14], Between the tw o m ajor variants, Fig. 1.1 (a) and  (b), the doubly-
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Type A

Type C

I
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i ■ I Gears

i !/H
I I  \

Synchronous
Machine n i

Capacitor
Bank

Figure 1.1: Various WTGS configurations: (a) doubly-fed induction generator based 
variable speed WTGS; (b) direct drive synchronous generator based variable speed WTGS; 
(c) asynchronous induction generator based fixed speed WTGS

fed configuration (Type A) has gained the m ost popu larity  ow ing m ainly to its 

econom ical design. Instead of having high-cost full scale converter at the mains, 

the pow er electronic drive connected betw een the stator and  rotor of the w ound  

rotor induction  m achine (WRIM) is required to handle only fraction of the total 

generation capacity. In spite of the m ore expensive WRIM, savings from  the low er 

rating pow er electronics has placed the doubly-fed induction generator (DFIG) 

based WTGS in a very com petitive position [15]. In the current m arket, generation 

capacity of the Type A WTGSs has already reached MW range.

W hen the capacity and  num ber of the DFIG-based WTGS continuously increase 

in the netw ork, it is no longer appropria te  to m odel them  as sim ple negative 

loads [6]. To help  reflect their actual im pact on the existing system  un d er various 

operating conditions, the WTGSs need to be m odeled  w ith  sufficient details.
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1.3 Stand Alone Wind Generator and Wind Farm

Researchers have been focusing their studies on the stand  alone WTGS. Few 

WTGSs w ere erected in an  autonom ous grid  for 'fuel displacem ent' purposes as 

w ell as for earning som e 'capacity credit' [16]. Since the WTGSs w ere usually  

coupled w ith  a diesel generator or other m eans of backup system s [10,16], the 

control system  w as designed to m ainly allow  m axim um  extraction of w ind  energy. 

W hen irregularities w ere encountered, the controller w ould  sim ply trip  the WTGS 

from the line.

In contrast, m odern  WTGSs w ith  m uch higher generation capacity are 

collectively connected to the pow er netw ork  in the form  of w ind  farms. As w ind  is 

m oving into the m ain steam  of generation sources, a deeper understand ing  of its 

potential im pacts on the interactions w ith  the bulk  electric pow er system  is needed, 

and  this need  has shaped  the trend  of m odeling and  sim ulation of grid-connected 

w ind  farm s [2,17-25].

A large w ind  farm  under contain tens or even hundreds of WTGSs. Since 

the aggregated perform ance is m ore im portan t [1,26], m odeling each WTGS in 

detail w ill no t only form  a huge com putational bu rden  for sim ulation studies, 

b u t also create red u n d an t inform ation ham pering  the overall productiv ity  of 

the research study. In order to produce an aggregated w ind  farm  m odel, a 

general tw o-step approach  has been proposed  [24, 26, 27]. First, the m odel 

representing each WTGSs shall be sim plified to retain only the characterizing 

details. Then based  on the response to the w ind  speed and interaction to the grid, 

a group of WTGSs can be collectively represented w ith  a m odel having  equivalent 

capacity. H owever, substantial am ount of study  is required  to realize these 

generalized guidelines. D eveloping a w ind  farm  consisted of detailed WTGSs is 

the prelim inary  requirem ent. W hen it comes to determ ining the coherence am ong 

the ind iv idual WTGSs, the stochastic behavior of the w ind  source, geographical 

properties, and  electrical connections shall be carefully accounted for.
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1.4 Off-Line and Real-Time Digital Simulation

M ost digital sim ulations runn ing  on personal com puters (PCs) are off-line in 

nature. U sing the latest sim ulation softw are packages, these sim ulations are easy 

to setup. Because there are no specific requirem ents on the am oun t of tim e used  to 

perform  the off-line arithm etic com putations, efficiency of the softw are m odel and  

hardw are com ponents are usually  not strictly optim ized during  the research study. 

N evertheless, to keep up  w ith  the pace of current technology developm ents related 

to w ind  energy, conducting only off-line sim ulation studies becom es insufficient.

To overcom e the lim itations in off-line sim ulation studies, adoption  of real

time sim ulation is a necessity. There are m any com m ercially available real-tim e 

sim ulators basing on various technologies: HYPERSIM from  H ydro-Q uebec, Real- 

Time Digital Sim ulator (RTDS™) from M anitoba H ydro, RT-Lab™ from Opal-RT, 

etc. Besides sim ulating a com plex m odel at b lazing speed, these sim ulators are 

capable of instantaneous com m unication w ith  external hardw are th rough  their 

h igh resolution analog-to-digital (A /D ) and  digital-to-analog (D /A ) interfacing 

devices. This is one of the m ost im portan t features accrediting the real-tim e 

sim ulators for developing, prototyping, testing and  troubleshooting the ever 

speedier digitized controllers and  pow er electronics.

For tim e critical studies, such as generation forecasting, real-tim e sim ulation is 

indispensable. W hen the w indow  for decision m aking is lim ited to less than a day, 

no tim e can be w asted  in w aiting for the sim ulation results. As the forecasted w ind 

pattern  is continuously  feeding in, an  off-line sim ulation study  m ight not be able 

to keep u p  w ith  the com putation dem and and result in the w aste of valuable data 

leading to m isjudgem ent.

Real-time electrom agnetic sim ulation of a w ind  farm  is im portan t for the design 

and coordination of the protection system  w ith in  as well as ou tside the w ind  farm. 

Through the h igh  resolution I /O  ports, relay, circuit breakers, and  their controllers 

can be connected to a real-tim e sim ulator for hardw are-in-the-loop (HIL) testings. 

Executing in the sim ulator, the detailed w ind  facility and  transm ission system
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m odel w ou ld  interact w ith  the externally connected protective devices in real

time. D eveloper can im pose any kind of fault conditions onto the real-tim e 

m odel for equ ipm ent perform ance evaluations. This HIL configuration no t only 

provide enough resolution to satisfy the electrom agnetic studies, bu t also avoid 

the hazardous field testing and  tim e consum ing site trial data recording [28].

M any operators are no t fam iliar w ith  the procedures w hen  it comes to m anaging 

a w ind  farm. Thus, realistic train ing is required  for build ing  up  the expertise. By 

interfacing the real-tim e sim ulator w ith  the control panel and  m onitoring devices, 

a v irtual control room  can be setup. W ith the com putation capacity of the m odern 

processors, the real-tim e sim ulator can sim ultaneously handle the user responses 

and  sim ulation of the w ind  facility un d er various operating conditions.

M any researchers have even developed their ow n hybrid  sim ulator [29-32] or 

em ulator [33] specifically for real-tim e w ind  energy research. H owever, m ost 

of these studies w ere perform ed using either non-scalable com ponents requiring 

constant m aintenance [32] or based  on custom ized platform . Verification of the 

reported  sim ulation results can be difficult and  costly. A lthough the hybrid  

configuration can provide accurate results for the analysis of a single WTGS, the 

detailed  m odeling and  real-tim e sim ulation of a w ind  farm  can only be conducted 

th rough  the fully digital setup. For the given reasons, this research is dedicated for 

developing an aggregated w ind  farm  m odel suitable for real-tim e study  under a 

w idely  u tilized platform  and affordable com m ercial hardw are com ponents.

1.5 Objectives of Thesis

The m ain  focus of this research study  is to develop and  verify the aggregation 

techniques tha t are suitable for real-tim e w ind  farm  electrom agnetic sim ulation 

studies. By following the step-by-step approach, a detailed single DFIG- 

based WTGS m odel w ill first be created using EM TP-type softw are. Once the 

detailed m odel is verified th rough  com parison studies, it w ill undergo  a series 

of optim izations, and  the end  result should  be a sim ple yet representative m odel 

suitable for real-tim e electrom agnetic transien t studies.
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With the stand-alone WTGS m odel as the fundam ental bu ild ing  block, focus w ill 

be extended  to the m odeling and  sim ulation of a w ind  farm. Then the system atic 

aggregation techniques w ill be applied  and  accredited th rough  in-depth  analysis. 

To enable resu lt reproduction and  further research studies on the related subject, 

detailed recording of the developm ent theories, problem s encountered and  their 

solutions, and  verification procedures w ill be clearly presented.

1.6 Scope and Outlines of Thesis

The presentation  of analysis and  results obtained for this research study  is d ivided 

into four chapters. In C hapter 2, detailed m echanical and  electrical m odel w ere 

developed for the DFIG-based WTGS. The developm ent of these m odels are in 

large gu ided  by  the specifications for GE 1.5M W  WTGS, w hich is the m ost popu lar 

design in N orth  Am erica [2,15]. W hen m odeling details are m issing from  the 

m anufacture 's docum ent [34], w idely  accepted conventional practices are applied  

in order to com plete the m odel.

M odeling and  design of the WTGS m echanical and  electrical controller are 

given in C hapter 3. To clarify the com plex control concept, pitch control, variable 

speed control fundam ental, PI controller application, and  pulse-w idth-m odulation  

(PWM) principles are discussed along w ith  the root-locus design procedure.

C hapter 4 concentrates on the validation and  real-tim e sim ulation of the 

DFIG configuration. Since this configuration com prised of the m ost com plicated 

electrical com ponents and  control logics, it w as validated  by  com paring the off

line sim ulation results from  PSCAD ™ /EM TD C™ , MATLAB®/SIMULINK®, and 

EMTP-RV. This validated  m odel w as then sim plified and optim ized for real-tim e 

sim ulations using the Real-Time experim ental LABoratory (RTX-LAB) simulator.

In C hapter 5, the dynam ics of the com plete WTGS w ere exam ined. From 

studying  the interactions of a single WTGS w ith  variable w ind  speed and  grid  

faults, insights for the dynam ic w ind  farm  responses w ere provided. Then, 

a detailed w ind  farm  m odel w as constructed for real-tim e sim ulation and  

aggregation technique developm ents.
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A sum m ary  of the contributions of this research study  is given in C hapter 6. 

Lastly, recom m endations and  future perspectives in the field of w ind  energy are 

given.
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2
Modeling of DFIG-based WTGS

2.1 Introduction

A detailed DFIG-based WTGS is developed for the forthcom ing studies of m odel 

sim plification and  w ind  farm  aggregation. The am ount of detail contained in this 

m odel w ill be sufficient for characterizing the critical dynam ics of a WTGS. In 

order to obtain the m ost feasible detailed m odel, m any publications [12,13,16, 

32,35-47] w ere consulted along w ith  the m anufactu rer's  docum entation  [34]. By 

following com m on practice and  the collected data, the detailed m odel based on the 

popu lar GE 1.5M W  WTGS w as chosen as the basis for present studies and  it w as 

d iv ided  into three sub-m odels: A erodynam ic, M echanical, and  Electrical. Even 

w ith  a specific m anufacturing  system  as its underlin ing  design, the developed 

WTGS m odel does not lose its generality. It can be em ployed for m odeling the 

DFIG-based WTGSs from  other m anufacturers as well.

2.2 Background

The WTGS m odel is a collective representation of the sub-m odels. Various 

electrical (i.e. currents and  voltages) and  m echanical (i.e. torque and  speed) signals
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are processed and  exchanged am ong the aerodynam ic, m echanical, and  electrical 

m odels, show n in Fig. 2.1.

C ontrol S ystem  Model
Electrical
Contro l

M echanical
Contro l

mech

W ind
S p eed
M odel

P ow er
S ystem
M odel

Mechanical
Model

Electrical
Model

Aerodynamic
Model

Figure 2.1: Single WTGS model

The aerodynam ic m odel estim ates the m echanical torque {Tmech) from the w ind  

speed signal (uw), the turbine b lade pitch angel (0pitch) and  the generator rotor 

speed (ujr ) p roduced  by the w ind  speed, the m echanical controller, and  the 

m echanical m odel, respectively. W ith the p resent states of Tmech and  Teiec (electrical 

torque), the m echanical m odel renew s u r and  ujt  along w ith  the generator shaft 

torque (Trs). In the electrical m odel, the up d a ted  Trs, u r, S igPWM (electrical control 

signals), SigtriP (electrical protection signal), and  Vs (transm ission line voltage) are 

used for determ ining  the electrical operating conditions. These conditions include 

the various curren t and  voltage values required by the electrical controller, and  the 

generated  active (Pe/ec) and  reactive pow er (Q eiec) feeding to the external pow er 

system  m odel. The following sections describe the three sub-m odels of the WTGS 

in m ore detail.

2.3 Aerodynamic Model

U nder the given w ind  speed and  turbine operating  conditions, the aerodynam ic 

m odel calculates the am ount of kinetic energy tha t has been captured  by the 

turbine. This calculation can get very  involved via elem ental analysis on the 

surface of each turb ine b lade [13]. In order to avoid the cum bersom e elem ental
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analysis, the relatively sim ple (2.1) has been generally accepted for estim ating the 

captured  kinetic energy in  the form  of m echanical pow er (Pmech) [1 2 ,1 3 ,1 6 ,3 2 ,3 4 -  

47].

Pmech =  C p(\,epitch) ^ R 7r TtvlJ (2.1)

A = ^ f e )  < 2 ' 2 )

Table 2.1: Coefficients for Mechanical Power Computation

§ R*n 0.00159
R t 56.6

The com putation  of P mech depends on the pow er coefficient (C p), air-density (p), 

turbine rad ius (R T), and  w ind  velocity (vw). C p is a function of the turbine blade 

tip-speed ratio (A) and  the b lade pitch angle (9pitch). This function describes the 

percentage of pow er extracted from the w ind  crossing the turb ine blades, and 

it is un ique for each turbine [13]. A is calculated w ith  (2.2), w hich requires the 

instantaneous u>t  and  vw. dpitch is given from the m echanical controller depending  

on the electrical pow er generation.

The function C p(A, 9pitch) is usually  expressed w ith  a set of parabolic curves. The 

characterizing C p (X ,9pitch) curves of the GE 1 . 5 M W  WTGS, Fig. 2.2 (a), can be 

extrapolated using the curve-fitting form ula (2.3) w ith  the given a i%j (A ppendix A, 

Table A .l). O ther fixed coefficients could be collected from  Table 2.1.

4 4

Cp( A, dpiicf],) EE a iJ0iXj (2.3)
i—0 j=0

To visualize the validity  of (2.3), the C p (A, 9pitch) curves w ere reproduced using 

the MATLAB® program m ing language, A ppendix  B. As show n in Fig. 2.2 (b), the 

curve-fitting approxim ation has p rov ided  good estim ates in the range of 2 < A < 

13. Value of A beyond the low er and  higher boundaries represented very high and
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Figure 2.2: C p{A, Qpuch) curves: (a) specific curves of the GE 1.5M W  WTGS; (b) reproduction of 
the GE 1.5MW WTGS Cv (X, Opltch) relation using curve fitting equation (2.3)

low w ind  speeds, respectively, tha t w ere outside the continuous operating region 

of the WTGS [34],

2.4 Mechanical Model

The m echanical m odel replicates the storage and  transfer of m echanical energy 

w ith in  the WTGS. As seen from  the com plete m echanical drive-train  m odel, Fig. 

2.3, the m echanical energy stored in the ro tating turbine is transm itted  to the 

generator rotor th rough  tw o shafts and  a gearbox [12,25,34,36,40-42,46,47].

To reduce m echanical stress and  wear, the turbine w ith  the m uch larger inertia 

(H ) m ust be operated  at a low er speed. H owever, the generator cannot produce 

electrical pow er if the rotor is ro tating at the sam e speed as the turbine. Therefore, 

a gearbox m ust be incorporated to transm it the m echanical pow er from  the low- 

speed-high-torque end to the h igh-speed-low -torque end. W ith gear ratio / ,  the 

rotational speed of the rotor w ith  the inertia Hg is proportionally  increased to 

u r =  uirf- N evertheless, the shafts connecting betw een the m asses and  the gearbox 

have finite stiffness, and  the conventional spring  and  dam per m odel is em ployed 

to recreate the losses. The dam ping  ratios and  the spring constants are generally 

sym bolized w ith  D  and  K ,  respectively.
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Figure 2.3: Complete mechanical model for the DFIG drive-train
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Figure 2.4: Mass spring models for the mechanical drive-train: (a) three-masses-two-spring 
model; (b) two-masses-spring model; (c) lumped mass model

The detail m echanical m odel can be readily represented by the three-m asses- 

tw o-springs m odel, Fig. 2.4 (a). Consequently, the direct representation w ill create 

excessive dem and  on com putational resources du ring  the sim ulation of WTGS. In
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the effort of balancing betw een sim ulation accuracy and speed, m any researchers 

[10,24,25,33] have adopted  the tw o-m asses-spring m odel, Fig. 2.4 (b). The three- 

m asses m odel can be sim plified to the tw o-m asses m odel by  converting the inertia 

of the turbine, the spring constant, and  the dam ping  ratio of the low -speed shaft 

to the high-speed side using (2.4)-(2.6) [25].

u  _  H lo w -sp e e d  /o
high—speed — j 2

jy ___________ _ ^ l o w —speed ^
high -speed  — ^

D -* -' l o w — s p e e a  / r i s_ \
h i g h - s p e e d  —  V ^ * ^ /

N evertheless, it w as claim ed in [26] tha t the m echanical and  electrical isolation 

established by  the DFIG configuration w ou ld  prom ise fu rther reduction of the 

m echanical representation to a single lum ped-m ass m odel, Fig. 2.4 (c). The reason 

w as tha t the fluctuations related to the shaft stiffness could be buffered by the

operations of the electrical com ponents w hen  observing from  the grid. Because the

three-m asses-tw o-springs m odel param eters for the GE 1.5M W  WTGS w ere not 

publicly available, only the tw o-m asses-spring and  the lum ped-m ass m echanical 

m odel w ere im plem ented using the param eters given in Table. 2.2.

Table 2.2: Parameters for the GE 1.5M W  two-masses-spring and lumped-mass model

h t 4.32

H g 0.62

K tg 80.27 p u

Dtg 1.5 p u

^base 1.745 ..S.
ZJ

lump 4.64
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The tw o-m ass m odel can be solved by

— Telec

du>,

2H ’ t  + T-

Trm ech

Tj. r:

= 2 H. -  Tj. r;
T dt

(6r &T ) K t g  "T (cjr u T)Dtg

(2.7)

w here 0T and  0r w ere the angular position of the turbine and  the generator 

found from  the in tegration of u T and  u r, respectively. HT, K tg, and  Dtg denoted 

the com bined inertia, spring constant, and  dam ping  ratio, respectively; and  Trs 

represent the torque exserted on the com bined shaft. G raphical illustration of the 

actual im plem entation w as show n in  Fig. 2.5.

mech
o ~ 2H

1 aT ®bases

_

— o o

\ 1
®base

1
2 H s s

Figure 2.5: Two-masses-spring model implementation 

The lum ped-m ass m odel could be solved using (2.8):

n r   7">_____ o tr du>iu m p
1 e lec  J-m ech  L r l lu m p  ^

H owever, the lum ped  inertia (H[ump) w as found  sm aller than  the direct sum  

of Ht  and  Hg g iven in Table 2.2. Possible explanation could be tha t the 

specification of Hiump has already taken the dam ping  losses into account. The 

m odel im plem entation presented in Fig. 2.6 w as m uch simpler, and  no feed-back 

signal w as involved.
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Figure 2.6: Lumped-mass model implementation

2.5 Electrical Model

The electrical m odel containing w ide range of electrical com ponents has received 

the m ost atten tion  from  researchers in  the renew able energy field. This m odel 

could be generalized into tw o m ain parts: the w ound  rotor induction m achine 

(WRIM) and the back-to-back converters (BBC), Fig. 2.7.

’ '■ £  . - s i y  i>  Q ,i< f
. .. .-'Y : ■ ■>*;\.i;  . ‘ i: *

S i d l

.xmm m

D C  l in k  I

B a c k - to -b a c k  C o n v e r te r s
S'Ti"" ''f ■•"l.’ " .-'i.'p?.- if -vrV" ? S rt- : :•

Figure 2.7: Doubly-fed induction generator connected to the grid

After receiving Trs and  u r from  the m echanical m odel, the WRIM m odel 

determ ines its generated  active (Ps) and  reactive (Q s) pow er at the stator term inal 

depending  on  the fixed grid  voltage (Vs) and  the controlled rotor term inal voltage 

(’Vr ). Through the secondary w inding, the flow and  m agnitude of the WRIM rotor- 

side active (Pr) and  reactive (Q r) pow er are determ ined by controlling the BBC. 

The sum  of the stator and  rotor pow ers at the po in t of com m on coupling (PCC) 

yields the total electrical active (P eiec) and  reactive (Qeiec) pow er transm itting  to 

the external pow er system.
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2.5.1 Wound-Rotor Induction Machine Model

The three-phase 1.67M V A  575V/_;rms WRIM m odel show n in Fig. 2.7 w as assum ed 

to be sym m etrical. By convention, the m achine w as m odeled in the arbitrary 

qd fram e [35,44,48]. Fig. 2.8 can be consulted for the relationship betw een the 

stationary three-phase stator axis abcs, the ro tating three-phase rotor axis abcr, and 

the arb itrary  axis qd. Since the three sets of axes are spanning  the sam e two- 

d im ensional space, the reversible transform ation m atrix (2.9) can be applied  to 

project the param eters given in one axis system  to another.

Figure 2.8: Reference frame for WRIM modeling

r 27T. . .  27T.
cos 9 c o s{9 -  — ) cos {9 +  — )

’  Q " 2 ix , ,  27T.
as

d 2 sin 9 sin (0  -  y ) sin (0  +  y ) bs
0 “  3 . c » .

1 1 1

. 2 2 2

(2.9)

W hen the qd fram e rotates at u,  its angular position (9) defined from  the 

stationary as axis to the q axis is tracked by:

9 — f  u> + 0(t=o) 
Jo

(2 .10)

Because the abcr axis is ro tating at the sam e speed w ith  the rotor, all the rotor- 

side param eters are expressed using this axis system. In order to transform  the
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rotor-side electrical properties to the qd fram e, the transform ation m atrix w ould  

have to be m odified to (2.12) to take into account of the relative angular position 

(i9 -  8r ) betw een the abcr and  the qd axis, w here 0r is defined by:

dr

Q
d
0

2
3

cos(# — 0T) cos{9 — 8:

—  / U)r +  #r(j=0)
Jo

2ir

(2 .11)

27T
3 , COs(tf-0r +  y )

O'TT Q'jr
sin(0 — 9r) sin(# — 8r  ) sin(0 — 8r -1------)

3 3

ar
br
cr

(2 .12)

1 1  1 
2 2 2 

Follow ing the transform ation procedures in [48, 49], the equivalent circuit

representation of a WRIM in  the qd fram e w ou ld  be identical to the one presented

in Fig. 2.9; the stator and  rotor voltage equations w ould  be sim ilar to that given in

(2.13).

L ’lr (<0 -< »rW dr R \

'Wv—

L ’,r ( V - V J K r  K

—WV

. u .m m  wmsm&xm

Figure 2.9: Induction machine model represented in the qd axis

d
Rs^sq +  ~ d^sq UĴ sd 

Vsd — Rsisd “t- ~ ^ )sd ^^Psq

v ’rq =  R!ri’rq 4- — Ip'rq +  (w -  UrWrd

Kd = K K d  + J ^ r d  -  (W -  UrWrq

(2.13)
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w ith
0 sq ~  L si Sq +  L mi rq
ipsd L sigd +  L mird 
VYg ~~ L ri rq + L miSq
VVd ^Rrd L misd
Ls Lis -}- Lm
L'r — L[r +  I'm

The prim ed param eters sym bolized the rotor electrical properties referred to 

the stator side. R s and  R r represent the stator and  rotor w ind ing  resistances, 

respectively. The leakage inductance of the stator and  rotor are expressed by L/s 

and Lir, respectively. Lm is the m agnetizing inductance bonding  the stator and 

rotor w inding. M agnetic flux in  the different w indings and axes are indicated w ith  

the corresponding 0  term s. Finally, the four derivative term s in (2 .13) are included 

to estim ate the transien t properties.

Specific resistance and  inductance values w ere no t available in the 

m anufacturer's  docum ent. Therefore, the hypothetical nam eplate values given in 

Table. 2.3  w ere used  to derive the necessary param eters for the WRIM [50].

T able 2.3: Hypothetical Nameplate Values and Final WRIM Parameters

Hypothetical Nameplate Values (per-unit)
Full Load Efficency 0.95
Full Load Powerfactor 0.9
Full Load Slip 1.0
Starting Current 5
Final WRIM Parameters (per-unit)
Rs 0.0256294
R'r 0.0100649
Lis 0.0998644
L',r 0.0998644
Lm 3.4785700

Since 9 and  u> are arbitrarily  defined, the qd fram e could be affixed to any 

references. Conventionally, there are three m ost convenient reference frames: 

stator, rotor and  synchronous. W hen the qd axis is fixed to the stationary stator 

frame, oj becom es zero, and  the term s coipsd and  w0sg are elim inated from  the stator-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Sec. 2.5 Electrical Model 21

side voltage equations in (2.13). If the q axis coincides w ith  the ar axis, ui equals u r, 

and  the term s (to — u>r)ip'rcl and  (w — '^rWrq are trim m ed off the rotor-side voltage 

equations in (2.13). For pow er system  studies, the analysis of the WRIM operation 

in steady-state can be conveniently conducted in the synchronous reference fram e 

rotating a t electrical speed u>e = 27t60(rad/s) [48].

2.5.2 Back-to-Back Converter Model

The electrical control exerted u p o n  the WRIM is realized by  the BBC. This device 

is constructed from  tw o conventional six-pulse converters, w hich are connected 

back-to-back at their dc term inals w ith  the shared buffering capacitor, Fig. 2.7. 

Switchings of the tw elve insulated gate b ipolar transistors (IGBTs) w ith  their an ti

parallel diodes on the six independent legs determ ine the functionalities of the 

BBC. All the sw itches and  diodes are having the sam e on- and  off-state resistance, 

R on =  O.OOlfi and  R 0f f  = leQfl, respectively. Since the s tudy  w as focused 

on sw itching pattern , the sw itch-on forw ard voltage (Kn) and the switch-off 

extinction tim e (t F) w ere set to zero to sim plify the ind iv idual sw itch m odel.

'  Idea l 

sw itch

F igu re 2.10: Switch model: (a) IGBT with anti-parallel diode; (b) custom switch model with ideal 
switch, diode, and resistors; (c) custom switch model with ideal switch, capacitor, and resistor

Usually, the IGBT and diode m odel are built-in  to the m odern  EMTP softw are 

packages, i.e. PSCAD™ /EM TD C™  and  MATLAB®/ SIMULINK®. In the case 

w hen the sw itch m odel is no t already given, the tw o custom  designed alternatives
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show n in Fig. 2.10 can be considered. The first alternative, Fig. 2.10 (b), 

incorporates an  ideal switch, a diode, and  tw o resistors. W hen the ideal sw itch 

is on, the tiny R on is in parallel w ith  the huge R 0f f ,  and  the effective resistance R ef /  

appears across the ideal d iode is given by (2.14). As soon as the ideal sw itch is 

tu rned  off, the resistance across the diode becom es R 0fj.

R e f f  = !  ̂ ~  Ron  (2.14)
Ron Roff

In the second alternative, Fig. 2.10 (c), the sw itch is m odeled w ith  an ideal 

sw itch anti-paralleled w ith  a R C  branch. The polarized capacitor reproduce the 

effect of a d iode by  only allow ing current flow into the positive term inal. W hen 

the ideal sw itch is closed, the dow nw ard  current m ust flow against the capacitor 

voltage (v cs), Fig. 2.10 (b). This resistive effect (f?on_e// )  can be defined by (2.15). 

Re-opening the switch, the capacitor w ou ld  be charged w ith  the tim e constant of 

Jg — • For the specific sw itch m odel use in the research, the value of R ss and  Css 

are determ ined  to be and  3/iF th rough  trial and  error. Verifications of the tw o 

m odels w ere given in C hapter 4.

R o n -e f f  = . ^  -  (2.15)
^switch—on

For the pu rpose  of representing the collective behavior of a six-pulse converter, a 

sw itching function m odel can be utilized [51-57]. For this k ind of behavior m odel, 

ind iv idual sw itches are not m odeled. Instead, the m odel im itates the converter's 

interactions at AC and  DC term inals using the controlled voltage and  current 

sources, respectively. D etailed discussion and  dem onstration  of the sw itching 

function m odel w ill be given in C hapter 4.

Since the BBC operation involves discrete sw itchings of the pow er electronics, 

current shaping filters are connected at bo th  term inals to lim it current distortions. 

Simple inductor (L f r ) filter connected betw een the rotor and  the BBC ac term inal 

has the inductance of 0.005H. The RL filter com pensating the current flow ing from  

the BBC to grid w as consisted of the series connecting O.Olmfl R /g and  0.001 H  L fg.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.6 Summary

Sec. 2.6 Summary 23

By following the convention and  the inform ation collected for the popu la r GE 

1.5M W  WTGS, the m odel for a DFIG-based WTGS w as d iv ided  into three sub

models: A erodynam ic, M echanical, and  Electrical. First, the interchanging signals 

am ong the ind iv idual sub-m odels w ere clearly defined. Then, the underly ing  

m athem atical form ulations of each m odel and  the sim plification practice 

associated w ith  these form ulations w ere discussed. All the necessary param eters 

and  the acquisition m ethods w ere p rovided  along w ith  the discussions.
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DFIG-based WTGS Controller Design

3.1 Introduction

Control system  determ ines the response of a WTGS under different operating 

conditions. A properly  designed controller should  force the WTGS to yield 

m axim um  pow er w hile ensuring  the safety of the m echanical and  electrical 

com ponents involved. Therefore, the WTGS controller is sub-d iv ided  into 

m echanical and  electrical controls, Fig. 3.1, to properly  d istribute the w orkload.

45

Figure 3.1: Controller model for single WTGS

E lec trica l 
C o n tro lle r  M odel

M ech an ica l 
C o n tro lle r  M odel

E lec trica l
M odel

A ero d y n am ic
M odel
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A ccording to the generator rotor speed (uv) and  m echanical pow er (Pmech), 

the m echanical controller adjusts the turb ine blade pitch angle (dpitch) to achieve 

optim al energy capture. The active electrical pow er (Peiec)  estim ation received 

from  the electrical controller is used to define new  speed reference for the turbine, 

and  the speed is adjusted  either by tuning  6pitCh or resetting the active pow er 

generation com m and Pord. W hen m easurem ents indicate hazardous operations, 

the Sigtrip is sent ou t to detach the WTGS from  the grid sequentially.

The electrical controller is responsible for m onitoring the current electrical 

pow er generation, and  enacting the new  pow er generation com m and. From the 

various curren t and  voltage m easurem ents, the active and reactive pow er pow er 

generated by  the WRIM is continuously evaluated. These generation states are 

com pared w ith  the P ord from  the m echanical controller and  the internal reference 

for the reactive power. A ny difference found from  the com parisons shall be 

m itigated by sending new  com m and signals (SigpwM ) to the electrical system. In 

the case of em ergency or ou t of lim it operation, the electrical system  will be shut 

dow n by SigtriP-

3.2 Background

For each m anufacturing  m odel of w ind  generator, there is a distinctive P mech 

versus u r control curve, Fig. 3.2 [6 ,12 ,38-40 ,42 ,43 , 47, 60, 61]. By referring to 

this curve, the controller com m ands the WRIM to produce m axim um  pow er at 

the appropria te  uir. The cut-in and  shu t-dow n speed lim its are m ainly due to 

converter ratings [6,12,34,38], and  this optim al speed range is defined to be ±0.3pu 

of synchronous speed (<jjsync) for the GE 1.5M W  WTGS. To overcom e losses, the 

m inim um  pow er generation is set to 0.1 pu. For low -m edium  i/w, the speed control 

w ill m ain tain  the Peiec vs. u>r relation on the curve betw een po in t X and  Y. 0pitch w ill 

be kept at zero for m axim um  pow er tracking. W hen u>r reaches the optim al speed, 

the controllers enter speed-lim iting m ode until the generated  pow er reaching the 

rated  limit. Beyond po in t Z, b lade pitch regulation dom inates the control and 

lim its the extracted Pmech■ For very h igh uw, the p itch  control w ill operate before
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the turb ine shu t-dow n speed  is surpassed.

O ptim al Speed 
Range

O ptim al Speed

i$\ 0 Cut-In S p e e d '
m, (pu)

Figure 3.2: Power vs. generator rotor rotational speed control curve for GE1.5

The control curve (X-Y) is usually  derived from  the aerodynam ics of the 

turbine. As discussed in the previous chapter, the available P mech for energy 

conversion is calculated using (2.1), in w hich C p(9pitch, A) is a critical param eter. 

Provided tha t 0pitcfl is held  at zero before arriv ing poin t Z, the dependance of A 

on the m echanical rotational speed allow s the construction of a set of curves to 

describe the relationship betw een the speeds and the am ount of m echanical energy 

available for conversion.

‘” ' . ( p u )..

Figure 3.3: Synthesis of the power vs. rotor generator rotational speed control curve for 
GE1.5

As illustrated  in  Fig. 3.3, the available P mech increases w ith  the rising w ind
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speed. A t different w ind  speed, there w ill alw ays be a m atching rotor speed 

allow ing m axim um  pow er extraction. By connecting all the m axim um  point 

together, the optim al pow er versus rotor speed control curve is defined.

3.3 Mechanical Control

The representative m echanical control m odel w as found from  the docum entation 

released by G eneral Electric in 2003 [34]. All the control param eters presented  in 

Fig. 3.4 w ere listed in A ppendix  C, Table C .l.

mech
’’M Aerodynamic ig

■r\  M°de| i
p f f g j  " T  r

.mech

trip

pilch

Speed 
Set Po int

.elec

Pitch Control

+ s T fK.

Mechanical
Control [ ± ± r -*?

Pitch I \
Compensation

•r.:

Figure 3.4: Mechanical control

The left hand  side of Fig. 3.4 is the m odel of the turbine pitch control. The 

practical im plication of this control is to regulate P meCh u n d er the variable w ind  

condition. W hen the available w ind  pow er is h igher than  the equ ipm ent rating, 

the turbine blades are p itched to reduce pow er extraction; as the w ind  pow er falls 

below  the equ ipm ent's  generation limit, the pitch angel will be kept at m inim um  to 

m axim ize pow er capturing. In either case, the controller senses the turbine speed 

and tries to re tu rn  it to tracking the optim al generation curve in Fig. 3.2. The
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dynam ics of the p itch  control are m oderately  fast, and  can have significant im pact 

on dynam ic sim ulation results [25].

P or(i sent to the electrical control requests the converters to deliver certain 

am ount of pow er to the grid. The electrical control m ay or m ay not be successful in 

im plem enting the pow er order. However, the electrical pow er actually delivered 

(Peiec) is re tu rned  to the m echanical control m odel for calculating the rotor speed 

setpoint. Because of the rap id ly  reacting pow er electronics, the dynam ics of the 

electrical control is extrem ely fast.

Rotor speed  is optim ally  controlled at 1.2pu b u t is reduced for pow er levels 

below  75% according to (3.1). W hen the system  is not able to sustain  the rotor 

speed w ith in  the optim al control range, the tripp ing  signal (Strip) is sent ou t to 

detach the generation un it from  the grid.

Wref =  —0.67P2 +  1.42P +  0.51 (3.1)

3.4 Electrical Control and Design

The m ain  function of electrical control is to m anage the pow er generation from 

the WRIM. Because the WRIM allow s access to the rotor w ind ing  th rough  slip 

ring, controlled three-phase voltages can be injected into the rotor to fulfill various 

control schemes. D ue to the flexibility and  controllability of pow er electronics, the 

PWM controlled BBC w as chosen to accom plish the voltage injector role.

3.4.1 The WRIM Control Fundamentals

A typical induction  m achine pow er-speed characteristic curve w as show n in Fig. 

3.5. The m achine is generating w hen the rotor speed goes beyond its synchronous 

speed ujgync. To accom plish linear response, the m achine is operated  along the 

shaded region [62].

The effect of the injected (vr) could be better understood  by referring to Fig. 3.6, 

in w hich the generation curves w ere flipped up-righ t [6,13]. By referencing to 

the in ternal voltage E ,  Fig. 3.7, the injection of a positive voltage (tvi) enables
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Power 
(PU).

Motoring
Super-Synchronous\ Consumption

(rpm ) ■;

Sub-Synchronous
speed

Figure 3.5: Induction machine power vs. generator rotor speed characteristic

i Generated 
'i Power 
. (pu)

Nominal
Generating

Points

sync

Figure 3.6: Effects of the injected voltages: ur i=positve, vr2 =zero, and or.3 =negative

the WRIM to generate in the sub-synchronous speed region; as soon as the 

injected voltage tu rns negative (ur2), the WRIM is producing  pow er in the super- 

synchronous region. Therefore, the nom inal generating points can be m atched 

onto the pow er-speed control curve th rough  properly  tuning the rotor voltage.
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r -WN,— n n n r t
L t, R\

n n n n -----

i v..

Figure 3.7: Per-phase ur injection schematic in steady-state

3.4.2 Control and Operation of the Back-to-back PWM Converter

The BBC acts as the controlled voltage source injecting three-phase voltage (Vr) 

w ith  variable frequency and  am plitude to the rotor, Fig. 3.8. To interact w ith  

the three-phase electrical system  on both  sides, a total of tw elve IGBT switches 

are required. Each leg, constructed from  tw o inversely operating switches, is 

responsible of regulating the injected voltage to the phase tha t it is connected to.

K M

Inverting 
Stage (Con1)

Converting 
Stage (Con 2)

r w v i
Back-to-back Converters fy v v '* '

a w w w s l

Figure 3.8: Electrical signals within the WTGS

Connected to the grid, the converting stage rectifies the sinusoidal three-phase 

Vs to the predefined dc voltage level across the 2 5 0 0 0 /iF  capacitor. The charged up  

capacitor w ill then act as the source for the inverting stage to produce the variable 

Vr. C ontrol and  operation of the tw o stages are considered highly independent.

D ecoupled vector control is the underly ing  theory  tha t brings the BBC into 

action. To apply  the control theory, the m easured  three-phase abc current and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Sec. 3.4 Electrical Control and Design 31

voltage values are transform ed to a decoupled dq-axis system  for the estim ation 

of the param eters and  the enaction of the control. The final control signals are 

transform ed back to the abc form  for the generation of ind iv idual sw itching signals 

for the tw elve IGBT switches using the conventional PWM m ethod.

3.4.2.1 Vector C ontro l T heory

Vector control allows independen t regulations on the system  variables. Therefore, 

the control m ust be perform ed in the independen t axis system. For the application 

of vector control theory, basic understand ing  in reference fram e and  fram e 

transform ation w ou ld  be beneficial.

Figure 3.9: Reference frames for vector control: (a) Relationships among different frames; 
(b) stationary abc frame; (c) stationary a/3 frame; (d) rotating dq frame

For the three-phase electrical system , a set of instantaneous abc variables, either 

voltage or current, tha t sum  to zero can be uniquely  represented by a single poin t 

in a plane [63], Fig. 3.9 (b). By definition, the vector d raw n  from  the origin to 

this po in t has a vertical projection onto each of the three sym m etrically disposed 

phase axes, w hich corresponds to the instantaneous value of the associated phase 

variable. If the values of the phase variables change w ith  frequency f e, the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Sec. 3.4 Electrical Control and Design 32

associated vector m oves around the plane at the speed of uic = 2 n fe(rad/s). 

H owever, the heavy couplings betw een the phases of the abc coordinate system  

has created m any obstacles for controller design. Fortunately, the fundam ental 

theory of space vector has proven tha t a tw o-dim ensional plane could be sim ply 

spanned by  a set of orthogonal axes, such as a/3 and  dq.

The a 0  ideology generally refers to the coordinate system  that has one axis 

affixed to the stationary phase a of an  electrical system, and  the quadratu re  axis 

is leading by 90°, Fig. 3.9 (c). Projection of the abc variable is accom plished w ith  

the Park 's transform ation m atrix (3.2). The '0 ' term  w as discarded since it w ould  

alw ays be zero for the balanced system.

a
0
0

1
1
2

1
~ 2

0 V3 v's
2 2

1 1 1
- 2 2 2

a
b
c

(3.2)

As illustrated  in Fig. 3.9 (b) and  (c), the vector com ponents of I  appeared  as 

sinusoidal w aveform s w hen  observed from  the stationary coordinates.

A dq axes rotating at ujc is used  to catch up  w ith  I,  w hich is ro tating at the sam e 

frequency. As illustrated  by Fig. 3.9 (d), the zero relative speed betw een the current 

vector and  the coordinate axes m ade the decoupled currents id and  iq appeared  to 

be dc signals. By know ing the positional phase angle 4> (3.3) show n in Fig. 3.9 

(a), the dq fram e current values w ere calculated using the C lark 's transform ation 

m atrix (3.4).
dcf)
dt

— UJp

d COS ((f)) sin (4>) a
9 . =

3if*05ii COS ((f))
.  0  .

(3.3)

(3.4)

By changing the coordinate system , controller design is trem endously  

simplified. It is m ore intuitive to control the dc signals in the dq fram e, and  sim ple 

gain controllers can be used to realize the com m ands on the decoupled signals.
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3.4.2.2 PI C ontro ller

Popularity  of the PI controllers are characterized by  their robustness and  user- 

friendliness [64]. Equation (3.5) illustrated the transfer function of this controller 

in the continuous tim e s-dom ain. The application of this controller required 

the specifications of the proportional (K p) and  the integral (K,) gains. Error (e) 

signal w ou ld  be proportionally  m agnified by K p and  linearly increased by  Ku 

Fig. 3.10. The final control signal resulting from  the sum  of the tw o am plification 

branches w ou ld  drive the system  to the desired operating po in t and  e to zero. 

By incorporating the feedback tracking feature, PI controller is m ade suitable for 

closed-loop control applications.

W ith b ilinear transform  (3.6), the discrete-tim e z-dom ain PI controller transfer 

function w as found to be (3.7), w here T  w as the sam pling period.

G(s) = K P+ —  
s

(3.5)

Figure 3.10: PI controller schematics

2 1 -  z - 1 
S ~  T l  + z - 1

(3.6)

G(s) = K p + ^  => G(z) (3.7)

w ith
T

K x K p +  Ki — , ax
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3.4.2.3 PWM Gating Pulse Generation

For the conventional w ay of generating PWM pulses [65, 66], a train  of high 

frequency triangular carrier signal (Sc)  and the sinusoidally varying control 

reference signal are required, Fig. 3.11 (a). Sc  is usually  form ed in a h igh  resolution 

function generator w ith  the frequency fixed in k H z  range and  the am plitude 

lim ited betw een ±1.

. j , , ,  i it,'- .» *  s? *. %

Figure 3.11: PWM signal generation: (a) comparison of the carrier and the discretized 
reference signal; (b) switching pulse stream for individual IGBT switches

After the PI controllers, the controlled dq-axis signals w ou ld  be transform ed 

back to the abc form  using the inverse of (3.4) and  (3.2) sequentially. By 

proportionally  reducing the m agnitude of the three-phase signals, they become 

the references tha t designate the on I  off of the IGBT switches. W hen the reference 

signal is larger or equal to S c ,  the up p er sw itch of the corresponding leg, Fig. 

3.8, w ou ld  be tu rned  on w ith  the level high, Fig. 3.11 (b). Because of the inverse 

operation, the bottom  sw itch on the sam e leg w ou ld  be held  off until the next 

com parison point.

In order to lighten the com putational burden , the digital electrical controller is 

operated  at a low er rate. As a result, the reference signal w ou ld  have a low er
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resolution, Fig. 3.10 (a). However, the carrier signal should  retain its high 

resolution triangular shape to preserve operational accuracy. The m ulti-resolution 

requirem ent can be resolved using the "Sam pling Technique" approach  presented 

in [65,67].

3.4.3 Electrical Controller Design

D etailed electrical control schem atics w ere not found from  [34], and  the given 

controller can only be used  for a drastically sim plified electrical system  model. 

Therefore, a popu la r vector-control based controller design [35,38,39,44,63,68] w as 

exploited for the study. For fine-tuning the controller param eters, conventional 

discrete-tim e root-locus m ethod w as applied.

3.4.3.1 Rotor-Side Converter Control

The stator-flux oriented indirect voltage control m ethod has been adop ted  for 

m aneuvering the rotor-side converter. In the synchronously rotating stator-flux 

(.xy ) frame, the stator side active (Ps) and  reactive (Qs) pow er could be analytically 

expressed in term s of the orthogonal rotor-side currents iry and  irxi respectively

The orientations of the control fram es w ere illustrated  in Fig. 3.12. H aving the 

stationary a(3 fram e as reference, the ro tating ro tor and stator-flux fram es could 

be located by finding 9r and  ps, respectively; 9r w as obtained from  the decoder 

attached to the rotor shaft, and ps w ere defined using (3.10)-(3.12):

[35,44]:
p  u — ___ ip- \— is s\ l,sy 2  8 L 's

(3.8)

(3.9)

•msa (3.10)

(3.11)
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7 P  a - f l :  S ta tio n a ry  S ta to r  F ram e
u - v : R o tor F ra m e R o ta ting  a t <or 
x  - y : S ta to r  F lu x-lin ka g e  F ra m e Ro ta ting  a t o)r

Figure 3.12: Relationships among the rotor-side converter control frames

ps = arctan hufi. (3.12)
^msa

Since the range of arctan w as lim ited betw een ( -§ ,f ), the actual im plem entation

of (3.12) w as m odified as (3.13) to span  the full 27r spectrum .

Ps  = arccos ( ) x ^  (3.13)
\ \ Im s \ )  I w l

w here

| Q  =  +  (3.14)

Because the x-axis w as overlapping w ith  the apparently  constant stator-flux 

current Imsr (3.14), the rotor-side voltage relation in (2.13) w ere re-w ritten as [35]:

V r x  ~  R r i r x  L  ~ c[ t^r X  ( ^ m s

(3.15)^ ^
Vry — R riry -|- L ~^ry  4" (Wms "h Rr^rxl

w ith
7-2

r  *   r  / m
r L s

w here u r and  u>ms are calculated from the derivatives of 6r and  ps, respectively.
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Extracting the decoupling term s, the independen t xy-axis control functions w ere 

ready for the controller param eter design:

^rx R p r x  3“ L  ^  i'rx

vry — R riry +  L ^%ry

(3.16)

Eventually, the coupling term s, v dx and  vdy, w ou ld  be ad d ed  correspondingly to 

im prove the accuracy and  independence of the control signals vrx- ref  and  v ry- ref.

Vrx—ref =  V r x  (<-0ms ^ r ) R p r y  ^ r i  "E V d r x

Vry—ref  — Vry +  (wms LOT)\i^Lr Z/r )|Jms| +  Lrirx\ V ,ry V d r y

(3.17)

Electrical Circuit
Closed Outer P-Q Control Loop
Closed Inner Current Control Loop

3-phase Grid 
Supply (Vs)

I ip, 
Calculation

ra-b-c

Decoupling

PWM
Generator

DC-link

'*S .ra f n r-n f

Figure 3.13: Rotor-side converter controller schematic

As show n in Fig. 3.13, after perform ing the reference fram e transform ation on 

the m easured  voltage (K ) and  currents (Is and  Ir), the instan taneous Ps and  Qs 

w ere calculated and  com pared w ith  the references Ps- ref  and  Qs- ref,  respectively. 

The com parison errors w ou ld  be fed into tw o independen t PI controllers. Since 

the rotor curren t w as indirectly regulated  th rough  the injection of controlled rotor
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voltage, the current control values iry-ref and  irx-ref w ere com pared w ith  the 

m easured iry and  irx, respectively; th rough  the com parison, second set of error 

signals for voltage control w ere generated. After the last pair of PI controllers, Vdry 

and  Vdrx w ere ad d ed  to the voltage control values to the im proved independence 

betw een the x  and  y axis control values. Prior to the gating pulse generation, 

the sinusoidal reference signals v ra, vrb, and  v rc w ere obtained by backw ard 

transform ing the xy  control values into the abcr frame.

3.4.3.2 Rotor-Side Inverter PI Controller D esign

The behavior of the rotor-side converter (C onl) w as characterized by the tw o 

sets of PI controllers. W ith the properly  identified system  transfer functions, the 

controller gains w ere specified using the conventional root-locus m ethod under 

MATLAB®, A ppendix  D. Since there w ere tw o sets of PI controllers, tw o different 

system  m odels w ere required.

o

S y s te m  M o d el

S y s te m  M o d e l

Figure 3.14: Block diagrams for PI controller design: (a) inner rotor current current control 
loop; (b) outer stator active and reactive power control loop

For the inner current control loop design, Fig. 3.13, the 25000y F  DC-link 

capacitor w as ignored since its tim e constant w as m uch larger than  the controller's 

50/xs sam ple-tim e (Ts). The fast sw itching converter w as m odeled  by a delay of two 

sam ple periods [38,39]. W hen looking into the rotor term inal of the WRIM, the s-
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dom ain transfer function (3.18) w as obtained by  perform ing Laplace transform  on

(3.16):

-  ^  = %  = 7i - T k  <3-18>
The ^-dom ain equivalent (3.19) w as derived using bilinear-transform . Because 

the system  w as assum ed to be sym m etrical, the transfer function w ere identical 

for both  d and  q axis, and  the first set of PI controllers w ere assigned identical gain 

values.

(3-19)(z — A d )

w ith

G o  =
1 in

R l
and A n  — e L—  ~ r S r T s

W ith the sim plified system  m odels in place, the closed-loop m odel for inner 

current control, Fig. 3.14 (a), w as then  ready to undergo the root-locus design. By 

inspecting the transfer functions, total of four poles w ere found; a doub le-pole w as 

created at zero, and  the o ther tw o w ere scattered at 1 and  A D. H owever, there 

w as only one zero created by ar. After finding tha t A D w as also equal to 1, it 

w as decided tha t the value of ar m ust be very close to, b u t sm aller than, 1 for the 

com pensation of the doubl e-pole located on the edge of the unit-circle in 0 -dom ain, 

Fig. 3.15. For the given reason, ar w as chosen to be 0.97.

R oo t L o c u s

1.6 t

0 0.6 1 1.6 2

0 .993  0 .995  0.997 0.

Figure 3.15: Root-locus for the inner rotor current control loop in 0 -domain
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Once ar w as decided, the root-locus of the closed-loop m odel w ere plotted, 

A ppendix  D, in MATLAB®, Fig. 3.15. The boundary  points indicated that K r m ust 

be kep t below  60.5 to retain the controller w ith in  the stable region. By selecting K r 

equal to 2.02, the inner-loop system  overshoot w as suppressed  to 0% w ith  100% 

dam ping. Com bined w ith  the 0.075s settling time, the system  w ould  response to 

the step changes in rotor current set-point smoothly, Fig. 3.16 (a).

S te p  R e sp o n se S te p  R e sp o n se
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Figure 3.16: Designed step responses for the rotor-side converter: (a) inner-loop current 
response; (b) outer-loop active and reactive power response

R o o t L o c u s

Figure 3.17: Root-locus for the outer active and reactive power control loop in z-domain 

For the design of the second set of PI controllers, the system  m odel need to be
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m odified to include the first set of PI controllers, Fig. 3.14(b). Since the additional 

PI controller in troduced  another pole at 1, ap m ust be placed very  close to ar for the 

zero-pole com pensation; 0.99 w as chosen as a reasonable value. W ith the chosen 

ap, root-locus w as again applied  for finding the p roper K p. The root paths in Fig. 

3.17 show ed tha t K p m ust state above 0.164 to avoid stepping ou t of the unit-circle. 

Finally, K p w as assigned to be 0.88 to preserve the step response properties of 

the inner-loop system , Fig. 3.16 (b). This practice w ould  prevent spiky pow er 

generation at the stator term inal.

3.4.3.3 Grid-Side Converter Control

The grid-side converter (Con2) vector control w as very sim ilar to tha t applied  

for C on l. H ow ever, the control objective w as changed to regulating the DC- 

link voltage and  the reactive pow er injected to the grid. The underlin ing  control 

m ethod w as still the indirect voltage control, b u t the reference fram e w as changed 

to align w ith  the grid-side voltage vector Vs,  Fig. 3.18. To locate the ro tating Vs, the 

stationary v sa and  v s/3 w ere needed for specifying the angular position 6e, (3.20). 

The ro tating dq fram e w ou ld  alw ays be synchronized w ith  the 60H z  Vs  ro tating at 

uje — 2n60(rad/s).

'  p  a - p : S ta tio n a ry  S ta to r  F ram e
d - q  : Ro ta ting  E lectrica l F ra m e Ro ta ting  a t coe

V=u .

Figure 3.18: Relationships between the grid-side converter control frames
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=mccos f e ) x S  (3-20)

As show n in Fig. 3.18, the d-axis w as overlapped  w ith  Vs. This m ade the active 

(Pr) and  reactive (Qr) pow er th rough  the converter directly proportional to the d 

and q com ponent of the current Ic 2 , Fig. 3.19. W hen the losses caused by the filter 

and  the converter sw itchings w ere ignored, the dc-side pow er can be related to 

the ac-side active pow er using (3.21) [38,39,44]. Here, it becam e obvious that the 

DC-link voltage can be proportionally  controlled through iC2d-

Vdcidci 3vsdic2d ~  3|V^|ic2d (3.21)

DC-linkdco

a-p PWM
Generator

ir
C a lcu la tio n

ro>,L

a-b-c

C2q

E le c tr ic a l C irc u it

C lo se d  O u te r D C -lin k  V o lta g e C o n tro l L o o p  

C lo se d  In n e r C u rre n t C o n tro l Lo o p
3-phase Grid 
Supply (Vs )

Figure 3.19: Grid-side converter controller schematic

By referring to the electrical circuit in Fig. 3.19, the dq fram e voltage and  current 

relation could be expressed as follow:

U s d  =  R f g i c 2 d  +  L f g  ^  —  U e L f g i c 2 q  +  ^ C 2 d  

V S q  — R f g i c q  +  L f g —^ -  +  U!e L f g i c 2d +  V c 2q == Q

(3.22)
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w here v C2d and  v C2q w ere the direct and  quadratu re  axis voltage at the ac term inal.

After rearranging  (3.22), the ac-side transfer function (3.23) w as determ ined 

w ith  the application of Laplace-transform . By inspection, the discretized z-dom ain 

function w as very  sim ilar to (3.19) except tha t R'r and  L* w ere replaced w ith  R fg 

and L fg, respectively.

lC2q ic2d 1
C 2 q

=  V ,

V C 2 d S L f g  +  R f a
F(s)  =

w here
V C 2 q —r e j

V C 2 d - r e f  =  +  LUe L f g i c 2 q  +  Vad

3.4.3.4 Grid-Side Converter PI Controller D esign

(3.23)

C 2 q  ~  U e L f g i c 2 d

For the indirect voltage control, tw o layers of PI controllers w ere required. The fast 

acting inner layer controlled the current following in  the ac supp ly  line. However, 

the outer dc voltage control-loop w ou ld  act m uch slow er because of the large time 

constant associated w ith  the huge DC-link capacitance.

s C

3m,

Inverter

S ys tom  Model

Plant

Gain

S y s tem  Model

plant

( b )

Figure 3.20: Block diagrams for PI controller design: (a) inner grid-side current control 
loop; (b) outer dc voltage control loop

H aving the ac system  m odel in place, the root-locus m ethod w as deployed for 

the inner layer curren t m anaging PI controller design. The design procedures w ere
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identical as tha t w as described in the previous sections. W ith the proper closed- 

loop system , Fig. 3.20 (a), MATLAB® w as used to trace the paths of the roots, 

Fig. 3.21, A ppendix  E. O ne of the tw o poles located at the edge of the un it circle 

have been com pensated by the zero created from  the PI controller w ith  a* equal 

to 0.996591. H owever, the other pole w ould  push  one of the roots out of the unit- 

circle if the gain (K i ) exceeded the lim it of 13.1. W ith the boundary  in m ind, K t 

w as selected to be 0.8799 for the m ost desirable step response, Fig. 3.22 (a). The 

over-dam ped characteristic and  0.012s settling tim e w ould  ensure unruffled yet 

rap id  curren t step-responses.

R o o t L o c u s  4 "”

Real Axis

Figure 3.21: Root-locus for the inner grid-side current control loop in z-domain

D esign of the dc voltage governing PI controller w as m uch sim pler as the system  

m odel only included the transfer function of the capacitance and  a gain factor. 

The ac-side m odels w ere excluded due to their relatively sm all tim e constants. 

Because the large capacitance w ould  result in very long closed-loop response, the 

dc voltage controller w as designed in the continuous s-dom ain [38], Fig. 3.20 

(b) ; and, the PI controller transfer function w as rearranged to su it the design 

procedures, w here K d c = K v  and a</c = K i / K p . rridc w as defined as the a c /d c  

conversion ratio, and  a typical value of 0.75 w as assigned [38].

In Fig. 3.23, the root-locus p lo t indicated that the right-hand-plane zero  created
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Figure 3.22: Designed step responses for the grid-side converter: (a) inner-loop current 
response; (b) outer-loop dc voltage response
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Figure 3.23: Root-locus for the outer DC voltage control loop in s-domain

by adc has successfully directed the doubl e-pole from  the origin tow ard  the stable 

region of the s-dom ain. A fter m any trials, the final values assigned to K dc 

and  adc w ere settled at 1.25 and  200, respectively. With this given PI controller 

specification, the DC-link capacitor w ould  be charged up  w ith  an oscillatory 

overshoot, Fig. 3.22 (b). The reason for this design w as to allow  excess pow er 

flow ing th rough  the DC-link during  the uninitia lized generator startup. If the 

controller d id  not perm it brief over-voltage across the capacitor, the in-rush 

starting  dem and  from  the WRIM rotor m ight collapse the dc voltage.
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Control of the WTGS w as accom plished th rough  the cooperative operations of the 

m echanical and  electrical controllers. The control objectives and  lim itations w ere 

clearly stated  in this chapter. Since the com plete m echanical control w as found 

from the collected docum entations, only the design of the electrical controller w as 

presented. To help clarify the electrical controller design, the principles of vector 

control theory, the operations of the PI controller, the functionality of the PWM 

w ere briefly review ed. C onventional root-locus m ethod w as em ployed for fine- 

tun ing  the electrical responses.
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4
Off-Line and Real-Time DFIG Model 

Simulation, Comparison, and 
Validation

4.1 Introduction

For study ing  the im pacts of in tegrating WTGSs to the existing pow er system , 

softw are sim ulations w ou ld  be the logical first step. A side from  the cost and  time 

benefit resulting from  the faster m odel developm ent cycle, fully digital sim ulations 

release researchers from  the various lim itations associated w ith  the physical size of 

the com ponents, the pow er rating requirem ent, and  the availability of the devices.

Since the 60's w hen  Dr. H. W. D om m el proposed  the concept of electro-m agnetic 

transient program  (EMTP) for electrical system  studies, com puter sim ulation 

algorithm  and  tool developm ent have been in the spotlight of pow er engineering 

research and  study. M any organizations have packaged and  com m ercialized their 

know ledge and  techniques from  decades of research and developm ent in the form  

of sim ulation software. The current leading EM TP-type sim ulation softw are, such 

as PSCAD™ /  EMTDC™, MATLAB® /  SIMULINK®, and  EMTP-RV, provide users
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w ith  m any built-in  control m odules, basic electrical elem ents, and  m athem atical 

tools to lessen the initial system  m odeling burden . W ith the given m athem atical 

engine and  com puter language compiler, users can even develop their ow n m odel 

w ith in  the softw are environm ent.

Even if the basic principles are very similar, the im plem entation of the 

algorithm s in different softw are packages can be different. These differences 

m ay be a ttribu ted  to the dissem blance of the target audience and  the technical 

background. Therefore, validation of the softw are m odel has becam e an im portan t 

topic. W hether it is built-in  or custom , the equivalent m odel should  be sim ulated 

in different softw are packages, and  the results m ust be com pared. The com parison 

should  show  a h igh degree of agreem ent am ong the sim ulation results for the 

m odel to be validated. This is an very efficient m ethod w ithou t the requirem ent of 

add ition  hardw are im plem entation.

As the com puting technology advance, m ore com plicated calculation can 

be com pleted w ith in  an  reducing am ount of time. This advancem ent has 

encouraged researchers to explore into the realm  of real-tim e (RT) sim ulation 

[67,69-71]. D uring RT sim ulation, m em ory access, com m unications, and  dynam ics 

com putation of the entire m odel m ust be finished w ithin  the predefined time-step. 

In another w ords, RT sim ulation has a very strict requirem ent on the am ount of 

time required  for producing  the response of the com plete m odel. If the processing 

time exceeds the limit, the sim ulation w ill be defined as off-line. In order to m eet 

the tim e restriction w hile still retaining enough accuracy to reflect the true behavior 

of the system  under study, the RT m odel shall be sim plified from  the validated  off

line m odel. Then the corresponding sim ulation results should  be com pared to 

ensure the optim ized m odel is p roducing proper results in RT.

4.2 Background

Before illustrating the execution of the DFIG m odel for off-line and  real-tim e 

sim ulations, in this section the readers w ou ld  be p repared  w ith  the basics of the 

hardw are and  the softw are packages em ployed in the study. For the hardw are,
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general inform ation regarding the configuration, installed softw are, and  m ain 

functionalities w ere discussed. The general review  for the softw are packages 

w ould  indicate the release version used  for the study, the available solvers, the 

solution m ethod, and  the expansion features of each softw are packages.

4.2.1 Hardware

The research study  is conducted in the Real-Tim e experim ental LABoratory 

(RTX-LAB) of U niversity of A lberta. The backbone of the lab is the state-of- 

the-art sixteen CPU real-tim e sim ulator show n in Fig. 4.1. This sim ulator is 

m anufactured by OPAL-RT using com mercial-off-the-shelf (COTS) com ponents. 

The sixteen 3.0 G Hz H yper-Threading (HT) enabled Intel® Xeon™ CPUs built- 

up  eight com putational nodes. Each node has its ow n RT Linux® based operating 

system  (OS) controlling 30 G iga-bits-per-second (Gbps) in ter-node com m unication, 

800MHz m em ory shared betw een the CPUs, external hardw are interaction 

th rough  the custom  analog-to-digital and digital-to-analog I /O s , m odel loading, 

and  real-tim e sim ulation execution. For m ore detail regarding this sim ulator, [71] 

can be consulted.

H o s ts

G ig ab it E th e rn e t

C lo se d -L o o p  
C o n tro lle r  T estin g

H ard w are-in -th e-L o o p  
M ach in e  T e s tin gT a r g e t  C lu s te r

Figure 4.1: RTX-LAB real-time simulator hardware configuration
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Four personal com puters (PCs) equ ipped  w ith  3.06GHz HT enabled Pentium® 

VI and  1G of m em ory are em ployed for off-line m odel developm ent and 

validatioin. O n these PCs the three aforem entioned off-line sim ulation softw are 

packages w ere installed under W indows® XP. Besides m odel developm ent, the 

PCs are also operated  as the hosts for the RT sim ulator. W hen acting as a host, the 

PC w ould  sent the pre-com piled executable to the sim ulator th rough  the Gigabit 

E thernet, and  com m and the execution in RT.

4.2.2 Software Packages

C apitalizing on m any years of research and  technical know-how, M anitoba- 

HVDC Research Center, a subsidy of M anitoba H ydro, developed the 

PSCAD ™ /EM TD C™  softw are specifically for the pow er system  related 

sim ulation studies. After four generations of refinem ent, version 4.01 of the 

softw are provides an intuitive graphical interface and  a huge selection of built- 

in electrical and  control m odels. U sers w ere allow ed to po rt their custom  m odel 

th rough  the Fortran code. The com plete electrical m odel w ou ld  be solved base 

on nodal-analysis w ith  the fixed user-defined tim e-step. Active com ponents and 

integrations m odules are solved using Trapezoidal m ethod. The sim ulation results 

from the PSCAD ™ /EM TD C™  are considered the benchm ark [72, 73] in the 

research field since m any of the built-in  electrical m odels have been validated 

against the real w orld  counterparts.

The relatively new  EMTP-RV, version 1.1, is deployed by the pow er system  

research and  developm ent authority  IREQ of H ydro  Quebec. The softw are sports 

its ow n un ique graphical user interface (GUI), and  the vast built-in  com ponents 

have m ade m odel developm ent very tim e efficient. C ustom  m odels could be 

in tegrated  th rough  the cross-platform  Java Script. W hen it comes to solving the 

integrals, the softw are allow s its user to choose am ong three different discrete 

integration m ethods: the Backward Euler, Trapezoidal, and  Backward Euler k. 

Trapezoidal.

D eveloped by the M athW orks, Inc., MATLAB® /SIMULINK® V7.0.1 is a
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pow erful package used  in different fields of research and  industry. MATLAB® 

is the background m athem atical engine tha t specializes in  m atrix operations and  

state-space m odel solutions. Through the SIMULINK® graphical interface, users 

could access the huge selection of built-in  toolboxes to develop the electrical, 

m echanical and  control system  visually. If the p rovided  toolboxes could not fulfill 

the specific need, user could alw ays develop their ow n m odel through the S- 

function structure using either C, C++, Fortran, ADA or the MATLAB® language. 

The m odels developed in SIMULINK® could be solved w ith  either variable or 

fixed tim e-step. Because of the m odel validation process, only the fixed-step solver 

w as utilized w ith  the 'discrete (no continuous state)' option selected; 

this com bination ensured that the Trapezoidal integration m ethod w as applied  for 

solving the discretized linear electrical models.

The real-tim e sim ulation softw are package provided  by OPAL-RT cam e in 

the form  of three MATLAB®/SIMULINK® based toolboxes: ARTEMIS™, RT- 

EVENTS™, and RT-LAB™; and, the package required tw o OSs: W indow  XP 

and  RT Linux®. ARTEMIS™ 4.0 provides additional discretization m ethods, 

im proved solving algorithm s, and  a pre-com putation m echanism  to boost the 

overall perform ance of the SimPowerSystem  (SPS) blockset that w as built into 

MATLAB®/SIMULINK®. RT-EVENTS™ 2.4 targets specifically the pow er 

electronics m odeling, operation, com pensation, and  optim ization. RT-LAB™ 7.2.3 

contains the m odules tha t are required  for the pre-com pilation of the source code, 

RT hardw are and  softw are interface, and  sim ulation resu lt acquisition. Pow er 

system  m odels could be developed off-line in  the sophisticated SIMULINK® 

graphical environm ent un d er the popu lar W indows® XP. W hen the m odel 

optim izations are com pleted and  verified w ith  off-line sim ulations, the RT- 

LAB™ utility  is used  to transfer the pre-com piled source code into the RT Linux® 

operating system , w hich resides on the nodes of the simulator. The execution of the 

loaded m odel could be directly controlled th rough  the W indows® based utility 

w ithou t dealing w ith  the Linux® OS.
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4.3 Off-line DFIG Simulation Result Comparison and 
Model Validation

For the DFIG-based WTGS, the WRIM and  the pow er electronics sw itches are 

the tw o m ajor electrical com ponents that m ust be m odeled and  set up  properly. 

Since all three off-line sim ulation softw are have their ow n built-in  electrical m odels 

and  each m odel provides different options, a com parable setup m ust be achieved 

before any further result com parison and  validation process. In this section, tw o 

sim ple test m odels, nam ely the m achine starting  and  capacitor charging, w ould  be 

developed in the three off-line sim ulation packages for searching the p roper use of 

the built-in  induction m achine and  pow er electronic sw itch m odels, respectively.

4.3.1 Induction Machine M odeling

The sim ple induction  m achine (IM) starting  case as depicted  in Fig. 4.2 w as 

incorporated  for finding the p roper WRIM param eter setups, as given in A ppendix  

F. Since only the ratings of the WRIM w ere given in [34], the m achine equivalent 

param eters w ere calculated from  the hypothetical nam e plate values. These values 

w ere reasonably chosen to approxim ate a generator w ith  very  sim ilar ratings. For 

the prelim inary  test, only the lum ped-m ass m odel w as assigned to sim plify the 

analysis.

Monitor

Figure 4.2: Un-controlled WRIM starting with shorted rotor terminals

Because this w as a uncontrolled starting  test, the rotor term inals w ere shorted 

together, and  the rated  voltage, 575Vi-irms, w as directly fed to the stator term inals.
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C onstant m echanical torque of — 0.7pu  w as applied  at the ro tor shaft to increase the 

rotor speed  from  standstill and  to generate active pow er at the stator term inals in 

steady-state. The m odel w as sim ulated for 3 s for capturing  the starting transient 

and  steady-state results of the stator-side active and  reactive power.

In the first com parison, the sim ulation tim e-step w as set to 50/i,s. The stationary 

reference fram e w as selected for the IM m odels in SIMULINK® and EMTP-RV. 

Even the PSCAD™ /EM TD C™  IM m odel had  the reference fram e fixed to the 

rotor, the sim ulation results w ere included as benchm arks.

The com parison show n in Fig. 4.3 revealed tha t the built-in  SIMULINK® IM 

m odel w as producing  undesirable results at t > Is . U nusually  large transient 

oscillations w ere observed for the active pow er, and  the steady-state of the 

reactive pow er w as opposite of tha t p roduced  from  the other tw o software. These 

discrepancies triggered a sequence of com parisons w ith  the variations in the m odel 

reference fram e, num erical in tegration m ethod, and  the sim ulation tim e-step.

(a)

 S lm u lin k
PSCAD/EM TDC. 

 E M TP -R V

a .

-4
20 0.5 1 1.5 2.5 3

T im e  (s)

S

0.5

(b)
S im u lln k  
P S C A D /E M TD C  
E M TP -R V

__________

1.5 2

Tim e (s)

Figure 4.3: Simulation results for WRIM modeled in stationary reference frame: (a) stator- 
side active power; (b) stator-side reactive power

With sim ulation tim e-step kep t constant at 50/us and the IM m odel reference 

fram e sw itched to the rotor frame, the SIMULINK® IM m odel w as able to 

produce results tha t w ere very  closely agreeing w ith  tha t generated  from the 

other tw o softw are, Fig. 4.4. However, w hen changed to the synchronous 

reference fram e, the transien t phase delay w as detected in the SIMULINK® results,
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(a) (b)
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Figure 4.4: Simulation results for WRIM modeled in rotor reference frame: (a) stator-side 
active power; (b) stator-side reactive power

Fig. 4.5. The IM m odel from  EMTP-RV w as very robust; affirm ing w ith  the 

PSCAD™ /EM TD C™  results, the sim ulation result across all three reference 

fram es w ere identical.

(a)

S im u lin k
P SC AD /EM TD C .
EM TP-R V

CL

•4
1.5 2 2.5 30 0.5 1

T im e (s)

S im u lin k  
PSC AD /EM TD C  
E M TP -R V

Tim e (s)

Figure 4.5: Simulation results for WRIM modeled in synchronous reference frame: (a) 
stator-side active power; (b) stator-side reactive power

Next, the im pact of varying sim ulation tim e-step on the results w as investigated. 

In the stationary and  synchronous frames, the sim ulation tim e-step w ould  have to 

be reduced to 5fis and  10fis, respectively, for the SIMULINK® IM m odel to produce 

proper results. Plowever, the sm aller tim e-steps w ou ld  create huge com putational 

bu rdens on the hardw are, and  result in unreasonably  long sim ulation tim e for a 

sim ple system  involving IM m odel.
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Figure 4.6: Linear electrical system model with nonlinear machine modeled as current 
feedback

The com parisons associated w ith  the varying reference fram e and  sim ulation 

tim e-step lead to the conclusion that the integration m ethod applied  for the 

SIMULINK® IM m odel w as the m ain cause of the discrepancies. It m ust be m ade 

clear that the IM m odel in SIMULINK® is not part of the linear state-space (SS) 

electrical m odel [71]. Because of its non-linear characteristic, the IM m odel w as 

solved separately  as a current feedback m odule constructed using the discrete 

com ponents from  the built-in  SIMULINK® toolboxes, Fig 4.6.

To m odel the m achine as a current source, (2.13) w as rearranged  into (4.1) for 

the com putation  of the stator and  rotor currents from  the corresponding fluxes.

{^Pqs ’fim.q)
1 q s  —

I'ds

* q r

( $ds ’Ipmd)

L is
( < r *0mq)

L \r
W dr Ipmd)

(4.1)

U.l r
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w here
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By default, the fluxes in (4.1) w ere solved using the Forw ard Euler integration 

m ethod. As show n in Fig. 4.7 (a), Forw ard Euler is the least accurate elem entary 

integration m ethod tha t produces largest error, shaded  area, w hen  f ( x ,  t ) is rapidly  

changing to a h igher m agnitude w ith in  the fixed sam ple tim e h. This explained 

w hy the selection of reference fram es and  sim ulation tim e-steps w ou ld  affect the 

sim ulation results. As discussed in C hapter 3, the stator and  rotor electrical values, 

due to the relative m otion, are seem ingly oscillating at h igher frequencies w hen 

observed from  the stationary  frame. If the m agnitude of the oscillations increased 

suddenly, the integration using Forw ard Euler m ethod w ill result in enorm ous 

error.

x„ ^ = x „  + h f ( x ll,t„)  8

I
is.

Figure 4.7: Elementary integration methods: (a) Forward Euler; (b) Trapezoidal
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Figure 4.8: Observations of quadrature rotor flux integration using forward euler method:
(a) in stationary reference frame; (b) in rotor reference frame; (c) in synchronous reference 
frame, where the black and grey lines indicate the results obtained with 5/xs and 50/i.s, 
respectively

Fig. 4.8 clearly dem onstrated  the com bined effects of reference fram e and  time- 

step selection. The quadratu re  rotor flux (ip' ) w as m easured in all three reference 

fram es w ith  the th in  black lines and  thick grey lines representing the results of 

Forw ard Euler integration obtained w ith  the sim ulation tim e-step of 5us  and  50/is, 

respectively. As a prove of the early statem ent, Fig. 4.8 (a) show ed that the 

Forw ard Euler m ethod had  created substantial distortions to the integration of 

the h igh  frequency h igh  m agnitude rotor flux in  the stationary reference frame. 

In contrast, the in tegration error w ere m uch sm aller w hen the sam e rotor flux w as 

in tegrated  in the rotor and  the synchronously rotating reference frame, Fig. 4.8

(b) and  4.8 (c). In the rotor frame, the low  am plitude high frequency com ponent 

at t < Is  w as properly  evaluated w ith  50/j.s time-step; w hen  the flux am plitude 

increased m oderately, the integration error w as still relatively low. The transient 

phase error observed in the synchronous fram e w as caused by the cum ulative error 

arising from  the integration of the h igh  am plitude h igh  frequency flux com ponent.
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There are tw o solutions for the problem s associated w ith  the SIMULINK® 

IM m odel. The m ost obvious solution is to reduce the sim ulation time-step. 

H owever, sm aller tim e-step w ill proportionally  increase the total sim ulation time. 

By applying the second solution, all the integrations w ith in  the WRIM m odel 

w ould  have to be solved using the m ore robust Trapezoidal m ethod, Fig. 4.7 (b). 

Due to the acquisition of present state ( / (x n+i, £n+i)), in tegrating w ith  Trapezoidal 

m ethod dem ands m uch longer tim e than  w ith  Forw ard Euler m ethod. However, 

this shortcom ing could be offset by  the allow able increase in sim ulation time- 

step. W hen sim ulating in the rotor and  synchronous frame, the application of 

Trapezoidal m ethod w ou ld  allow the step-size to be increased beyond 1ms for 

this particu lar test case. Therefore, the best IM m odel setup in SIMULINK® 

is the com bination of Trapezoidal m ethod w ith  either the selection of rotor or 

synchronous reference frame.

4.3.2 Multi-Mass Model

Using the m achine starting setup, the proper im plem entation of the tw o-m asses- 

spring m odel is investigated in this section. O ut of the three softw are packages, 

only SIMULINK® does not provide the m ulti-m ass (MMs) m odel interface. 

Fortunately, the MMs could be easily im plem ented w ith  the elem entary built-in  

blocks. The schem atic show n in Fig. 2.5 w as directly im plem ented in SIMULINK®, 

and  the sim ulation results, Fig. 4.9 (a), w ere used  as the benchm ark  for validating 

the MMs m odel in the o ther tw o softw are packages.

The IM m odel in  PSCAD ™ /EM TD C™  required an external block for

the activation of the MMs m echanical dynam ic. However, the IM m odel

that cam e w ith  the softw are could not interface w ith  the external block 

correctly. After replacing the original IM m odel w ith  the revised one from 

PSCAD ™ /EM TDC™  technical support, the sim ulation results for electrical 

torque (Te/ec) and  rotor speed (ujr) w ere found to be very close to that obtained 

from SIMULINK®, Fig. 4.9 (b).
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Figure 4.9: Electrical torque and rotor speed of the multi-mass system simulated in: (a) 
MATLAB®/SIMULINK®; (b) PSCAD™/EMTDC™; (c) EMTP-RV

Ks.I. = KpU ( —— Prated (4.2)UJb

Ds.I. =  D pu( —  )2 Prated (4.3)
U>b

EMTP-RV had  the MMs feature in tegrated  into its IM m odel. H owever, the 

spring constant (K ) and  dam ping  (D )  m ust be entered in S.I. unit. To convert the 

data from  the per-unit system  used  in PSCAD™ /EM TD C™  to S.I. unit, (4.2) and

(4.3) are used, w here p represents num ber of pole pairs and  u>b equals to 27t60.

W ith correct data, the tw o m ass IM m odel in EMTP-RV successfully p roduced  

the m echanical dynam ics tha t had  been generated  from both  SIMULINK® and 

PSCAD™ / EMTDC™, Fig. 4.9 (c).

4.3.3 Power Electronics M odeling

A capacitor charging sim ulation w as setup to validate the pow er electronic sw itch 

m odels p rov ided  by PSC A D ™ / EMTDC™, MATLAB®/SIMULINK®, and  EMTP-
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RV, and  to verify the grid-side converter controller design presented  in the 

previous chapter. The schematic w as identical to the grid-side converter setup 

show n in Fig. 3.19. Three-phase supply  voltage from an ideal source w ould  

be rectified to charge up  the dc capacitor. H owever, the dc voltage (Vic) should 

only be controlled by the direct axis current (id) from  the source. By decoupled 

vector control, the quadratu re  current (iq) should  be m anipulated  w ithou t creating 

noticeable interference on the controlled Vdc.

Setting up  the electrical m odel in PSC AD™  /EM TDC™  and  SIMULINK® w as 

sim plified w ith  the built-in  discrete IGBT and U niversal Bridge m odels as show n 

in A ppendix  G Fig. G .l and  Fig.G.2, respectively. In EMTP-RV, the setup  w as 

m ore challenging since only the ideal sw itch m odel w as provided. As illustrated 

in Fig. 2.10 (b), the com bination of an ideal switch, a discrete diode, and  tw o 

resistors could sufficiently m odel the properties of the pow er electronic sw itch in 

its different operating states, given in A ppendix  G Fig. G.3. H owever, a un ique 

'S im ultaneous Sw itching' block m ust be included to com pensate for the sw itchings 

occurring betw een the sim ulation tim e-steps. In PSCAD ™ /EM TD C™  and 

SIMULINK®, sw itching com pensation features w ere activated in the background.

The reason for incorporating sw itching com pensation techniques for the 

sim ulation studies involving fast sw itching pow er electronics w as due to the finite 

sim ulation tim e-step [67, 74]. W hen a sw itching event is detected betw een the 

fixed sam pling tim e instants, the sim ulation w ill be halted, and  in terpolation 

m echanism  w ould  recalculate the netw ork  equations w ithou t advancing the time- 

point.

The vast built-in  control, m athem atics, and  logic libraries p rov ided  by  the three 

softw are packages h ad  m ade the controller m odel realization straightforw ard. 

A lthough the built-in  libraries had  different interfaces, the available options and 

features w ere intuitively similar, A ppendix  G Fig. G.4 - Fig. G.6.

The sim ulation tim e-step w as fixed to 50/is, w hich provided  reasonably high 

resolution for the 1080H z  carrier signal associated w ith  the PWM pulse generation. 

As show n in Fig. 4.10, the sim ulation results from  the three softw are packages
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Figure 4.10: Control of grid-side converter voltage and current simulated in: (a) 
PSCAD™/EMTDC™; (b) MATLAB®/SIMULINK®; (c) EMTP-RV

w ere very  similar, and  the responses w ere closely resem bling the designed 

characteristics. Especially for Vdc/ the overshoot and  the oscillatory settling pattern  

closely agreed w ith  the designed step-response show n in Fig. 3.22 (b). Initially the 

DC-link voltage w as charged u p  to 1.25/cU. A fter reaching the steady-state, step 

com m ands given at t = 0.4s and  1.4s had  successfully altered Vdc to 1.55/cV and  

1 kV,  respectively.

Follow ing a step-up com m and, under-dam ped  spikes w ere found in the results 

of iq collected from  PSCAD™ /EM TD C™  and  MATLAB®/SIMULINK®, Fig. 4.10 

(a) and  4.10 (b). This slight difference from  the designed response, Fig. 3.22 (a), w as 

only an  indication renouncing that the m odel applied  for the controller design w as 

simplified. From EMTP-RV, the over-dam ped iq response could be benefited from
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the discrete resistor used  for sw itch m odeling, Fig. 4.10 (c). The initially zero iq 

w as first stepped  dow n to -0 .3 kA  a t t — 0.6s. O beying the step-up com m and at 

t — 1.6s, the current w as rap id ly  pushed  u p  to positive 0.2/cA

The results of ia w ere included to dem onstrate how  w ou ld  the changes in Vic 

and  iq affect the current w aveform  observed in the abc frame. Since the sim ulation 

results w ere nearly  identical, and  no divergency nor uncontrollable situations 

w ere detected from  the sim ulation results generated  by any of the three softw are 

packages, the pow er electronic sw itch m odel and  the converter controller design 

w ere validated.

4.3.4 Complete DFIG Configuration

The system atic step-by-step approach has p rom pted  the final developm ent and  

validation of the com plete DFIG configuration in all three softw are packages. 

Benefited from  the prev ious experiences and  results, the com plete m odel w as 

finished w ith  the add ition  of the rotor-side converter and  its controller m odel. 

H owever, there w as some m inor difficulties stem m ing from  the lim itations of 

the softw are tools. In this section, the solutions for overcom ing these lim itations 

w ould  be d iscussed along w ith  the sim ulation results for the com plete DFIG 

m odel. Since there w ere pow er electronics involved, the sim ulations w ere ru n  w ith  

a 50/is sim ulation tim e-step in all three softwares. Close attention has been m ade 

to ensure correct data entry  and  to preserve the exactness in sim ulation param eter 

setup.

Similar to redraw ing the schematics using the built-in  graphical m odels, the 

proposed  DFIG m odel and  electrical controllers w ere directly im plem ented in 

PSCAD ™ /EM TDC™ , A ppendix  H  Fig. H .l and  Fig. H.2, respectively. Clearly 

show n in Fig. 4.11 (b), the stator side active (Ps) and  reactive (Qs) power, and  

DC-link voltage (Vdc) w ere closely following the step com m ands. A step change 

in any one of the three param eters occurred only w hen  the other tw o param eters 

w ere in their steady-states, e.g. the step-change in Ps only happened  w hen  Qs and 

Vdc w ere settled to their steady-states. In this way, the m erit of decoupled vector
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Figure 4.11: DFIG stator-side active and reactive power, and DC-link voltage simulated 
in: (a) MATLAB® /SIMULINK®; (b) PSC AD™/EMTDC™; (c) EMTP-RV

control could be better appreciated.

After the un-initialized generator starting  transient, Ps and  Q s w ere steadily 

m aintained at zero until their first step-com m and occurred. A t t =  1.5s, the DFIG 

w as ordered to generate 0 .3M W  of active pow er from  the stator. 0.2s later, Qs w as 

adjusted  to -0 .3 M V A R .  Shortly after Qs reached its steady-state, Ps w as furthered 

to —0.8M W  a t t — 2.0s. The final adjustm ent of Ps w ith in  the 4s sim ulation 

occurred at t = 2.5s, and  the final state w as at —0.5MW .  For Qs the last two 

step com m ands cam e at t = 2.7s and  t =  3.7 s w ith  the final values of —0.2 M V  A R  

and  -0 .5  M V  AR ,  respectively.

By observation, a sm all pu lse w as resulted  in the Ps w aveform  w henever a step- 

change of operating  po in t w as perform ing on Qs; similarly, the step-changes in
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Ps have correspondingly caused pulses in the w aveform  of Qs. This phenom ena 

w as caused by the coupling voltages vdx and  vdy show n in Fig. 3.13. However, 

the extrem ely short pulses d id  not cause any problem  in controlling the pow er 

quantities.

The disturbances in Vdc w ere not cause by  the coupling in the control algorithm  

since the controller w ere totally independent. Rather, the coupling w as in the 

electrical system  at w here the tw o converters shared the sam e DC-link. The 

sharp changes in Ps and  Qs created ab rup t vibrations in rotor current (Ir). These 

vibrations in Ir w as then  directly reflected across the dc capacitor voltage. D espite 

the disturbances, the Vdc has been accurately controlled to the desired levels 

th rough the sim ulation. A t the instances of t — 1.0s, 2.0s, and  3.0s, Vdc has obeyed 

the step-com m and changed from  its initial steady-state of 1,25kV to the designated 

levels of 1 kV ,  1.55kV ,  and  1.25kV ,  respectively.

The im plem entation of the IM m odel as a curren t source in SIMULINK® has 

triggered the fatal error w hen  the current filtering inductors (L /r) w ere connected 

to the ro tor term inals, Fig. 3.13. In SIMULINK®, current source m odels w ere 

not allow ed to be connected in series w ith  any inductive m odels. W ithout L /r, 

the initial line currents betw een the rotor-term inal and the BBC w ould  becom e 

unbounded . In order to save tim e from  developing of a custom  IM m odel, L jr w as 

in tegrated  into the m achine m odel, A ppendix  H  Fig. H.3 and  Fig. H.4. The filter 

inductance w as sum m ed to the rotor equivalent inductance (Lr) in per-unit. This 

solution w as justified because the electrical dynam ics w ere m ainly determ ined 

by  the controller, and  the m echanical dynam ics w ere dom inated  by the larger 

turbine m ass [42,43]. By com paring the SIMULINK® sim ulation results to that 

obtained from  PSC A D™ /EM TD C™ , Fig. 4.11 (a) and  4.11 (b), it w as clear that the 

in tegration of L fr had  m inim al effect on the overall sim ulation results.

The available version of EMTP-RV w as found unsuitable for the study  of pow er 

system  involving com plicated pow er electronics devices, and  the technical support 

from  EMTP-RV h ad  confirm ed tha t the 'S im ultaneous Sw itching' block w as still 

in the developm ent stage for com pensating com plex m ultip le switchings. In the
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attem pt to rectify this shortfall, the 'S im ultaneous Sw itching' block along w ith  the 

proven  sw itch m odel presented  in Fig. 2.10 (b) w ere discarded, and  the pow er 

electronic sw itches w ere re-m odeled w ith  the second alternative m odel given in 

Fig. 2.10 (c), A ppendix  H  Fig. H.5.

(a )  (b )

0.5

0.5

0.5

0 0.5 1 1.5 2

2

1

0

■1

■20 0.5 1 1.5 2

2

1

0

■1

-2
0.5 1.5 20 1

0.5

-0.5

2
O'

-2.5
0.5

Time (s)

0.5

-0.5

-2.5
0.5

Time (s)

Figure 4.12: Control of grid-side converter voltage and current simulated using; (a) the 
ideal switch, diode and resistor model; (b) the ideal switch, capacitor and resistor model

After re-m odeling the sw itches w ith  the different concept, the new  converter
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m odel w ere validated  using the capacitor voltage regulating setup from  the 

previous section. A lthough the nearly  identical sim ulation results show n in Fig. 

4.12 p roved  the com petency of the new  replacem ent m odel, the com plete DFIG 

configuration using this sw itch m odel w as not producing  the correct sim ulation 

results. Fig. 4.11 (c) indicated tha t the uninitialized starting transient of the 

m achine at t < Is w ere not generated  by EMTP-RV. Even the P3 and  Qs 

w ere properly  controlled, the collapsing Vdc w ould  still lead the sim ulation to 

instability. The controllers w ere repeatedly verified, and  found identical to 

the im plem entations in the other tw o softw are, A ppendix H  Fig. H.6. Since 

the m odeling difficulty w as associated w ith  the softw are itself, EMTP-RV w as 

elim inated from  any further m odel com parison and  verification.

From the m ulti-stage ratification, the com plete DFIG m odel w ere finalized. O ut 

of the three off-line softw are sim ulation packages, PSC A D ™ / EMTDC™ and 

SIMULINK® proved  to be the better equ ipped  and  m ore stable utilities for the 

m odeling and  sim ulation of the DFIG m odel created from built-in  m odels. After 

finding the p roper IM reference frame, selecting the robust in tegration m ethod, 

and resolving the m odeling issue bounded  to the filtering inductor, the DFIG 

m odel in SIMULINK® w as validated  against the sim ilar m odel im plem ented 

under the industrial s tandard  PSC A D ™ / EMTDC™.

4.4 Real-Time DFIG Model Preparation and Model 
Validation

H aving the detailed  off-line DFIG-based WTGS m odel as reference, the 

counterpart suitable for RT sim ulation w as ready to be developed. D ue to 

its com patibility w ith  RT-LAB™ m odels, MATLAB®/SIMULINK® V.7.0.1 w as 

designated to be the RT m odel developm ent platform . Intuitively, the tw o m ost 

com plex electrical m odels required optim izations w ere the BBC and  the WRIM. In 

this study, the focus w as on finding the applicable optim ization techniques, and 

discovering their feasibility.
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4.4.1 Off-Line DFIG Model Complexity

Before exploring the RT m odel optim ization techniques, the com plexity of the 

off-line DFIG m odel is identified. The quantitative m easures include the total 

sim ulation tim e of the off-line m odel and  the dim ension of the state-space (SS) 

solution m atrix  under MATLAB®/SIMULINK®.

The com plete DFIG configuration presented  in  the previous section w as 

repeatedly  sim ulated for ten  times. W ith the sim ulation tim e-step of 50us, the 

average tim e required  for the 4s sim ulation w as found to be 231.7422s . This 

lengthy com putation is the p roduct of h igh order solution m atrix m anipulation 

com bined w ith  looping in tegration m ethod. U sing the built-in  p o w e r .a n a ly z e  

function in MATLAB®, the linear system  SS m atrix dim ensions w ere found and 

listed in Table. 4.1.

Table 4.1: Off-line DFIG Model SS Matrix Dimensions

Matrix Dimension
A 3 x 3
B 3 x 19
C 29 x 3
D 29 x 19

The d im ension of A im plied tha t the state vector x  G R3, and  the three 

states w ere associated w ith  the DC-link capacitor and  the filtering L /g on the 

balanced three-phase netw ork. Since L jr w as in tegrated  into the WRIM rotor 

under SIMULINK®, it d id  no t appear as a state in the linear netw ork  SS matrix. 

The R 29 o u tp u t vector (y) along w ith  the R 19 inpu t vector (u) has created the 29 x 19 

D m atrix overloading the gigahertz CPU during  the sim ulation.

W hen the non-linear WRIM and controller m odels w ere also p u t into 

consideration, the total num ber of states jum ped  to 65. A lthough the SS m atrix 

associated w ith  these added  states m ight have been relatively small, the additional 

com putation w ou ld  further slow dow n the already heavily loaded com putational 

hardw are.
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Beside the huge num ber of states and  high order m atrixes, the Trapezoidal 

integration m ethod, d iscussed in the previous sections, has also contributed to the 

dem and  on com putational time. The four discrete Trapezoidal integration blocks 

in the WRIM m odel has created an  algebraic-loop containing 48 indiv idual m odel 

elements. The involvem ent at this scale w ou ld  ham per the com putational speed 

at every tim e-step since all the elem ents w ere held-up  w aiting for the integration 

blocks to retrieve the states from  the previous tim e-step. Therefore, the m odel 

optim ization should  come in three-folds:

•  reduce the size of the m atrix associated w ith  the linear electrical netw ork;

• m inim ize the total num ber of states for the com plete DFIG configuration;

• break ou t the algebraic-loop.

4.4.2 BBC Optimization

BBC is the m ost com plex linear electrical com ponent containing total of tw elve 

pow er electronic switches, and  each sw itch dem ands state defining inpu t at every 

time-step. W hen the operations of the sw itches are collectively represented by 

a functional m odel, the indiv idual sw itches can be excluded from the linear 

circuit. W ith less com ponents, the SS m atrixes w ill have sm aller dim ensions, 

and  the com plete DFIG m odel can be sim ulated m ore efficiently. H owever, the 

accuracy and  the efficient of this sw itching function m odel shall be justified w ith  

the com parisons of sim ulation results.

From the efforts of m any researchers [67,75, 76], it has been proven  that the 

m odeling of the pow er electronics and  its control units w ill significantly influence 

the accuracy of the sim ulation. The m ost sensitive subject is the tim ing. As the 

PWM based control required  the determ ination of the sw itching events, the exact 

m om ent of w hen  the sw itchings happened  should  be definitely recorded and  sent 

to the corresponding switches. However, the discrete nature of digital sim ulator 

only allow s the execution of the sw itchings at the beginning of each tim e-step; the 

corrupted  tim ing inform ation w ill cost the integrity of the sim ulation results.
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In order to reduce the dam age of the corrupted  tim ing, m any com pensation 

techniques have been proposed  [74, 75], The m ain them e is to preserve the 

tim ing inform ation and  re-calculate the system  solution in  the next tim e-step only 

w hen  the change of sw itch status has been detected. Then, the re-calculation 

w ou ld  provide the corrected starting  states for the system  sim ulation in the 

current tim e-step. H owever, these advanced com pensation techniques w ere not 

built-in  to the current version of MATLAB®/SIMULINK®. Fortunately, the 

custom  SIMULINK® toolboxes p rovided  by  OPAL-RT have included a set of time- 

stam ped (TS) pow er electronic m odels to justify the situation.

As the nam e of the custom  m odel suggested, the TS m odel are used to 

account for the sw itching event tim ings. To capture the tim ing inform ation, the 

com parative RT-EVENTS™ blocks m ust be applied  in the controller m odels, as 

show n in A ppendix  I Fig. 1.1. In C hapter 3, Fig. 3.11, generation of the sw itching 

pulse w as dem onstrated; a com parison m echanism  w as utilized to determ ine the 

states of the switches. O n top of the state inform ation, the RT-EVENTS™ blocks 

also record w hen  the state alteration has occurred relative to the 10ns resolution. 

With the state and  tim ing inform ation, the TS m odels can precisely apply  the 

com pensation for the sw itching events.

N evertheless, the TS m odels have their ow n lim itations. The 2-level 6-pulses 

tim e-stam ped bridge (TSB) used  to replace the SPS universal bridge is a so-called 

sw itching function m odel [51-57], A ppendix  I Fig. 1.2. N o indiv idual sw itches are 

m odeled; so, representation of the rectifying effect during  the shut-off of all the 

converter sw itches is no t possible. Instead, this technique im itates the converter 

ac-side w ith  voltage sources and  the dc-side w ith  current sources, as show n in Fig. 

4.13. The ac-side voltages are built from  the dc voltage and  gating pulses w hile 

keeping the instantaneous pow er equal on both  sides. This technique is fast as it 

avoids reform ulating SS equations w hen  the converter sw itch status is changed.

W ith a 50/js tim e-step, the sim ulation results show n in Fig. 4.14 proved  that 

the TSB is suitable for replacing the universal bridge m odel. D uring t < Is, 

the uninitia lized starting transients in Ps and  Qs w ere properly  produced. W hen
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Figure 4.13: Switching function based converter model

closely inspected, the w aveform s of P s and  Q s given in Fig. 4 .1 4  (b) appeared  to be 

very sim ilar to that given in Fig. 4.14  (a), w hich w ere generated using the validated  

DFIG m odel in SIMULINK®.

Table 4.2: SS Matrix Dimensions of the Optimized DFIG Configuration

Matrix Dimension
A 2 x 2
B 2 x 13

C 19 x  2
D 19 x  13

Following the quantitative com plexity m easurem ent, the average sim ulation 

time w as found reduced to 213.9203s. As expected, the d im ensions of the linear 

electrical system  SS m atrixes have also been reduced, as show n in Table 4.2. 

R eduction of the A m atrix w as caused by the application of the custom  capacitor 

m odel at the DC-link. Since the dc-side of the TSB w as m odeled by controlled 

current sources, the built-in  capacitor m odel from  MATLAB®/SIMULINK® SPS 

could not be used. The custom  capacitor m odel w as treated as a com putational 

block, and  it w as no t included in the A matrix. The shortened  B m atrix w as 

obviously affected by the new  TSB m odel. W ithout the actual pow er electronic 

switches, a total of 12 inpu ts should  be elim inated. However, the six controlled 

voltage sources substitu ted  at the ac-sides of the tw o TSB m odels had  the num ber
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Figure 4.14: Stator-side active and reactive power, and DC-link voltage simulated with: 
(a) the validated detailed off-line DFIG model in SIMULINK®; (b) the DFIG model 
implemented with 5th order IM model integrated with Trapezoidal method and TSB model

of required inpu ts finalized to 13. As the linear electrical m odel w as simplified, 

the request on system  solution w as lightened. Therefore, the o u tp u t vector w as 

reduced to 19. A t this point, it is clear tha t the TSB is acting as a stand  alone 

com putational m odule interacting w ith  the linear circuit as w ell as the non-linear
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m achine m odel, as show n in Fig. 4.15. Finally, the total num ber of states of the 

optim ized DFIG configuration w as decreased to 54.

v, i 
S o u r c e s

Figure 4.15: Interactions of the DFIG electrical model in SIMULINK®

4.4.3 WRIM Model Reduction

The algebraic-loop associated w ith  the WRIM M odel w as obviously the m ost 

laborious process slow ing dow n the entire sim ulation since the im plem entation 

of TSB has only gained m arginal im provem ent in sim ulation time. As 

discussed before, the algebraic-loop w as inherited  from the application of discrete 

Trapezoidal in tegration block inside the WRIM m odel. Trapezoidal m ethod 's  

dem and  on the present state value w ou ld  halt the com putation of all the blocks 

w ith in  the loop. To break out the algebraic-loop, the s tandard  w ay w ould  be 

inserting a m em ory block to provide the previous state to the in tegration block. 

H owever, m em ory block w ill no t only break  the loop, bu t also affect the stability 

of the m achine m odel. Because a m em ory is essentially a delay buffer, the arbitrary 

inclusion of a tim e delay will alter the system  dynam ic.

To com pensate for the addition  of a m em ory delay, a prediction m echanism  

could be em ployed. In discrete-tim e dom ain, the single step delay is w hich 

w ill create an un-com pensated pole at the origin of the z-plane. W ith a prediction

L in e a r  C irc u it

v, I 
O u tp u ts

AC Supply, Series Filters

J  P o w e r  E le c t ro n ic s

2-Level 6-Puise 
1GBT Converter

N o n lin ea r E lem en t

S W  Order 
WRIM Model
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function taking the form  of:

Gpre(z) = 2 -  -z = (4.4)

in series, the single pole w ill becom e a com pensated double-pole, and  the poles will 

be constrained by  the zero created at (0.5,0). Thus, the overall transfer function for 

the algebraic-loop com pensator is given as:

G c o m ( z )  = (4.5)
Z

From another po in t of view, the prediction block im proves the estim ation of the 

current state value by calculating the average of the previous state value and  the 

state value obtained at t — 2 At.

By inserting the com bination of delay and  prediction function after each 

Trapezoidal in tegration block, as show n in A ppendix  J Fig. J.l, the average 

sim ulation tim e w as drastically reduced to 29.3438s w ith  50^is step-size, and  the 

algebraic-loop w arning  from  SIMULINK® disappeared. From Fig. 4.16, the 

closely m atching sim ulation results affirm ed the validity  of the loop breaking 

com pensation m ethod. Since there w ere no changes to the linear electrical 

com ponents, the dim ensions of the linear circuit SS m atrixes rem ained the sam e as 

in Table 4.2. H owever, the total num ber of states w as increased to 62 because eight 

m em ory blocks w ere inserted to achieve the com pensated Trapezoidal integration.

The increase of the total num ber of states m ay seems against the optim ization 

criteria. Alternately, the default Forw ard Euler integration m ethod can be restored 

inside the WRIM m odel to eradicate the algebraic-loops; but, due to the lim ited 

accuracy accom panied w ith  the Euler m ethod, the tim e-step m ust be lim ited below  

5/is for the study  of rap id ly  changing high am plitude transients, i.e. m atching 

the starting transient. Predictably, the reduction in step-size directly increased 

the average sim ulation tim e to 270.2500s. Even w hen the total num ber of states 

w as preserved, the overall efficiency of the sim ulation w as w orsened. Thus, the 

algebraic-loop free Trapezoidal m ethod w ith  a large tim e-step w as deem ed as a 

superior optim ization solution.
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Figure 4.16: Stator-side active and reactive power, and DC-link voltage simulated with: 
(a) the validated detailed off-line DFIG model in SIMULINK®; (b) the DFIG model 
implemented with 5th order IM model integrated with loop-free Trapezoidal method and 
TSB model

In SIMULINK®, the built-in  asynchronous m achine m odel w as based on the bth 

order Park 's  m odel. H owever, several researchers have dem onstrated  that the 3rd 

order m odel, w hich has the stator-side transient derivative term s rem oved, could 

provide enough  accuracy w hile lightening the com putational effort [41, 58, 59].
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Figure 4.17: Stator-side active and reactive power, and DC-link voltage simulated with: 
(a) the validated detailed off-line DFIG model in SIMULINK®; (b) 3rd order IM model 
integrated with loop-free Trapezoidal method and TSB

The enactm ent of the altered stator-side equations in the qd fram e are given in 

A ppendix  K Fig. K .l.

C om parisons of the sim ulation results presented in Fig. 4.17 revealed that 

the rem oval of the stator-side transien t has resulted in the om ission of the 

WRIM starting transients. N evertheless, the controlled steady-state and  transient
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responses w ere accurately preserved. It w as also found that the slow transient 

of the DFIG could be sim ulated w ith  larger tim e step w hen loop-free Trapezoidal 

m ethod and  TSB w ere applied. By increasing the tim e-step to 100/is, the average 

sim ulation tim e has been further low ered to 14.6250s. Since the linear electrical 

system  w as not altered, the im provem ent w as attributed  to the reduction of the 

total num ber of states by 2.

4.4.4 Implementation of the Lumped-Mass Mechanical Model

(a) (b) (c)
• - - Two-M*ts9t-$prlng Model 

Lumped-Mtas Model

I—

- - - Two-Mtues-Spring Model 
Lumped-Miit Model

ce
§
5

Time (s) Time (s)

0 .9

0.8
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Figure 4.18: : Comparing the difference between two-masses-spring and lump-mass 
model with the simulation results of: (a) stator-side active power in SIMULINK®; (b) 
stator-side reactive power; (c) rotor speed

To further speed-up the sim ulation, the lum ped-m ass m echanical m odel 

d iscussed in C hapter 2 w as im plem ented along w ith  the 3rd order WRIM and 

the TSB m odels. In Fig. 4.18 (a) and  4.18 (b), the sim ulation results obtained for 

Ps and  Qs has proved  that the decoupling effect created by  the operations of the 

BBC could shield the electrical grid  from  m echanical oscillations at the rotor shaft. 

The slow ly varying electrical w aveform s looked essentially the sam e w ith  the 

im plem entation of either m echanical m odel. However, the lum ped-m ass m odel 

could no t reproduce the oscillatory shaft vibrations, and only the general trend of 

the u>r w as found, Fig. 4.18 (c).

A fter repetitive sim ulations and  com parisons, it w as verified that the sim plified 

m echanical m odel w ill m itigate the average sim ulation tim e by 1 to 3s. A lthough 

no alterations w ill be m ade in the linear electrical m atrices, the low er order 

m echanical m odel w ill reduce the total num ber of states by  4.
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4.4.5 Real-Time Simulation M odel Validation

As the optim ized off-line m odel w as runn ing  reasonably fast and  accurate, a 

decision w as m ade to m ove on to the exploration of RT sim ulation of the com plete 

DFIG configuration. Since the optim ized DFIG configuration already fulfilled 

the zero algebraic-loop m odeling criteria, the entire m odel only needed to be 

contained in  a subsystem  w ith  the prefix of 'SM_' for it to go th rough  a sequence 

of RT sim ulation procedures.

D.tf H IB i O

OpComm

OPAL 0 pComm Icon [mwk.] (k*) >,'£

1°
SubSyMm itnvli tin*
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CcmwriMtior Mnpl* tim* -.4

i 1°
*

1 QK

i
| £«* lH

■k -48

W:I'ltt ft
ffg noo»

•' ’-.tr. rv»ir»’jr .1’,

Figure 4.19: : Including the OpComm block to activate the XHP mode for real-time 
simulation

Before com piling the SIMULINK® m odel into C-code, the proprietary  O pCom m  

block from  OPAL-RT is added  into the subsystem , Fig. 4.19. By enabling 

the XHP (eXtrem ely-High-Perform ance) m ode, one of the tw o CPUs in the 

specific RT sim ulator node w ill be dedicated for solving the DFIG m odel. The 

dedicated G H z  CPU w ill only perform  arithm etic com putations and  m aintain  

critical com m unication to the shared memory. RT Linux® OS w ill be loaded onto 

the second CPU to m anage data feeding to the shared m em ory and  to interact w ith  

the peripheral hardw are.

All the possible com binations of the p roposed  optim ization techniques w ere 

investigated. Their effect on the real-tim e and  off-line sim ulation tim e w ere 

conclusively listed in Table 4.3, w here FE, Tra., and  CTra. represented Forw ard 

Euler, Trapezoidal, and  com pensated loop-free Trapezoidal, respectively. By
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Table 4.3: Conclusive Overview of the RT and Off-line Simulation Results with Various
Optimization Options (FE: Forward Euler; Tra.: Trapezoidal; CTra.: Compensated Trapezoidal)

Setup WRIM Model BBC
M odel

Mech.
M odel

Ts (/is) TaVg{s) (M®)
order f  method

1 3  rd FE TSB Lumped 100 11.4063 5.615000
2 3rd FE TSB MMs 100 12.9375 5.715000
3 3rd FE SPS Lumped - - -
4 3rd FE SPS MMs - - -
5 3rd Tra. TSB Lumped 100 50.7031 -
6 3rd Tra. TSB MMs 100 52.4063 -
7 3rd Tra. SPS Lumped 50 101.3500 -
8 3rd Tra. SPS MMs 50 103.6406 -
9 3rd CTra. TSB Lumped 100 14.6250 5.867333
10 3rd CTra. TSB MMs 100 15.5938 5.980000
11 3  rd CTra. SPS Lumped - - -
12 3rd CTra. SPS MMs - -
13 5th FE TSB Lumped 5 267.8594 5.220000
14 5th FE TSB MMs 5 270.2500 5.295000
15 5th FE SPS Lumped - - -
16 3th FE SPS MMs - -
17 3th Tra. TSB Lumped 50 210.6937 -
18 5th Tra. TSB MMs 50 213.0203 -
19 5th Tra. SPS Lumped 50 229.7609 -
20 5th Tra. SPS MMs 50 231.7422
21 5th CTra. TSB Lumped 50 27.2969 5.475000
2 2 5th CTra. TSB MMs 50 29.3438 5.537333
23 5th CTra. SPS Lumped - - -
24 5th CTra. SPS MMs - - -

com paring the optim al step-size (Ts), average off-line sim ulation tim e (Tavg), 

and  m axim um  RT execution tim e (Tr t ), the robustness and  efficiency of each 

optim ization technique are indirectly evaluated.

By inspecting the sixth colum n of Table 4.3, the results of Ts revealed that 

Trapezoidal integration m ethod w as the m ost robust integration m ethod am ong 

the three. U sing Trapezoidal m ethod, the 3rd and  5th order WRIM m odel could 

be coupled w ith  any of the tw o BBC m odels to produce p roper sim ulation results. 

Next, the superiority  of the loop-free Trapezoidal m ethod over the Forw ard Euler
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m ethod is confirm ed by com paring the Ts for Setup 13 and  21. W ith Forw ard 

Euler, the sim ulation tim e-step m ust be substantially  reduced for the WRIM m odel 

to generate accurate results.

Since the loop-free Trapezoidal and  Forw ard Euler m ethod w ere less robust, 

the WRIM m odel im plem ented w ith  these tw o m ethods could only be adhered 

to the m ore accurate TSB m odel. W hile the TSB m odel has been successfully 

com bined w ith  all the different WRIM m odels, the SPS universal bridge m odel 

only w orked  properly  w ith  the m ost accurate 5th order WRIM m odel im plem ented 

w ith  Trapezoidal integration m ethod.

The reason for investigating the 3rd order WRIM m odel becam e clearer w hen 

the Ts used  for the sim ulation of Setup 1, 2, 5, 6 , 9, and  10 w as found. The 

possible use of larger Ts w as directly benefitted by  the reduction in m odeling 

detail. Since the 3rd order m achine m odel w as not able to sim ulate the uninitialized 

high frequency oscillations in the pow er w aveform s, the tim e-step can be increased 

for the sim ulation of the slow ly varying steady-states. Accuracy of a m odel is 

relative to the study. If the study  only involves slow transients and  non-oscillatory 

responses, application of the 3rd order m achine m odel w ill no t only provide 

accurate results, b u t also help reducing overall sim ulation time.

D epending on the results for Tavg, the m ost appropria te  configuration for off-line 

sim ulation w as found to be Setup 1. This configuration has benefitted from  the 

inclusion of the reduced order WRIM m odel, Forw ard Euler in tegration m ethod, 

efficient TSB, sim plest m echanical m odel, and  larger tim e-step. Because the stator- 

side transien t is elim inated in  the 3rd order m achine m odel, the WRIM m odel 

involving less in tegration equations can be solved m uch faster w ith  larger step- 

size. Im plem enting the WRIM m odel w ith  either the Forw ard Euler or loop- 

free Trapezoidal m ethod, the algebraic-loop problem  can be bypassed, and  the 

sim ulation tim e can be significantly reduced. Further analysis on the Tavg for Setup 

1, 5, and  9 has unveiled  that the least robust Forw ard Euler m ethod required the 

least am oun t of solution time. W hen com pared the Tavg results for Setup 18 and 

20, the advan tage of using TSB becom es m ore obvious. For off-line sim ulation,
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the tim e saved by sw itching to the sim plest lum ped  m ass m echanical m odel m ay 

seem  m arginal. H owever, this saving w ill becom e m ore critical w hen  m ultiple 

DFIG system s are sim ulated at the sam e time.

In Table 4.3, the results listed under Trt have revealed the suitable 

configurations for RT sim ulation and  their m axim um  RT com putation  time. First 

of all, the configuration m ust be free of algebraic-loop. That w as w hy  Setups 5- 

8  and 17-20 can only be sim ulated in off-line m ode. Selection of the BBC m odel 

is, how ever, predeterm ine by the stability issue discussed above. Therefore, the 

TSB m odel m ust be used  to construct the BBC for RT sim ulation. The orders of 

the m achine and  m echanical m odel do  not have direct influence on the creation 

of a valid  RT configuration; nevertheless, they do affect the com putational time, 

and the outcom es are very interesting. Looking at the T rt for Setup 9-10 and  21- 

22, it w as found tha t the h igher order WRIM m odel w as actually p rovid ing  better 

dynam ic in RT sim ulation. A lthough this w as an interesting discovery, the topic 

w as ou t of the scope of this study.

After successful com pilation, the m odel can be sim ulated in the RT simulator. 

But, this does no t autom atically qualify the sim ulation as runn ing  in RT. To be 

qualified as RT sim ulation, all the processes related to solving the com plete m odel 

m ust be finished w ith in  the given tim e-step. The results for Setup 13 and  14 w ere 

included as exam ples of un-qualified RT sim ulation since their Trt have exceeded 

the corresponding Ts . For the six Setups (1, 2, 9, 10, 21, and  22) that can be 

sim ulated in RT, the tim e d istribu tion  w ith in  a fixed tim e-step is presented in Table 

4.4.

The d istribution  of a single tim e-step has clearly show n that com putation w as 

the m ain task  taking up  m ost of the processing time. O n top of com putation, other 

processes, such as com m unication, also occupied a sm all portion  of the given time- 

step. Idle tim e is the best indicator for successful RT sim ulation. As long as all the 

processes are fitted into the fixed tim e-step, the idle w ill be positive. The large idle 

tim e indicates tha t the single DFIG configuration has only taken up  a small portion 

of the available capacity from  the sim ulator, and  m ore com plexity can be packed
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Table 4.4: Execution tim es for ind iv idual tasks w ith in  one tim e-step for various 
setups

Time Distribution ( /̂s) Setup 1 Setup 2 Setup 9 Setup 10 Setup 21 Setup 22
Computation Time 5.615 5.715 5.867 5.980 5.475 5.537
Idle Time 91.758 92.182 91.75 91.637 42.242 42.085
Data Acquisition 1.302 0.94 1.068 1.040 1.065 1.048
Status Update 0.307 0.195 0.295 0.305 0.302 0.265
Target Request Time 0.040 0.047 0.040 0.070 0.062 0.082
Host Request Time 0.035 0.038 0.032 0.038 0.042 0.037
Synchronization 0.035 0.035 0.045 0.035 0.035 0.052
Others 0.882 0.938 0.773 0.982 0.780 0.822
Total Step-Size 1 0 0 . 0 0 0 1 0 0 . 0 0 0 1 0 0 . 0 0 0 1 0 0 . 0 0 0 50.000 50.000

into the system  m odel.

To prove the authenticity  of the sim ulator, the RT sim ulation results w ere 

recorded onto an oscilloscope th rough  the digital interface. In Fig. 4.20 and  

4.21, the RT sim ulation results for Setup 21 and  22 are presented  next to their 

associated SIMULINK® off-line sim ulation results, respectively. C om parisons of 

the w aveform s clearly ascertain the accuracy of the RT simulator.

The w aveform s for Setup 21 and  22 have also uncovered an  issue related to 

the m echanical m odel for the DFIG configuration. W hen using the lum ped-m ass 

m odel, the starting  oscillations in the pow er w aveform s w ere exaggerated. The 

m ain cause of this phenom enon w as associated to the lack of dam ping  elem ents 

in the lum ped-m ass m odel. Also, the under-dam ped  m odel w ill prolong the 

propagation  of the m echanical vibrations. Therefore, the low er order m echanical 

m odel shou ld  be used  w ith  care. All in all, the un-initialized starting  of the 

DFIG is only a special case for m odel validation. In real-w orld operation, the 

generating un it should  be properly  initialized to elim inate the violent electrical 

and m echanical oscillations.

Because of its efficiency and  accuracy, the m ost detailed configuration, Setup 

22, should  alw ays be used  for bo th  off-line and  real-tim e sim ulations. This 

recom m endation is based on the results given in Table 4.3. Instead of low ering 

the com putation  time, the incorporation of the reduced order WRIM m odel has
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Figure 4.20: : Real-time and off-line simulation results for Setup 21: (a) stator-side active 
power; (b) stator-side reactive power; (c) DC-line voltage
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Figure 4.21: : Real-time and off-line simulation results for Setup 22: (a) stator-side active 
power; (b) stator-side reactive power; (c) DC-line voltage
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ham pered  the entire system 's dynam ic in RT. W ith the trade off of accuracy, the 

application of a lum ped-m ass m echanical m odel has saved less than  3s and  0.1 /xs 

during  off-line and  real-tim e sim ulations, respectively. All these facts encourage 

the use of Setup 22 for the study  of the com plete DFIG configuration.

4.5 Summary

In this chapter, the com plete DFIG configuration and  its controllers developed in 

C hapter 2 and  3 w as verified and  validated  th rough  the off-line sim ulations in 

PSCAD™ /  EMTDC™, MATLAB® /  SIMULINK®, and  EMTP-RV. After sequence 

of m odel sim plification, different configurations suitable for real-tim e sim ulation 

w ere proposed. Through the exhaustive analysis and com parison, the m ost 

feasible configuration (Setup 22) consisted of the WRIM m odel im plem ented w ith  

the com pensated loop-free Trapezoidal m ethod and  the BBC m odeled w ith  TSB 

w as recom m ended for the further studies of the com plete DFIG-based WTGS in 

both  off-line and  real-tim e sim ulations.
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5
Wind Farm Dynamics and Aggregation

5.1 Introduction

To effectively supplem ent the vast electrical netw ork, w ind  farm s are form ed 

of num erous WTGSs for greater generation capacity. The collective capacity of 

m odern  GW w ind  farm  is capable of satisfying the needs from  thousands of 

households. In order to s tudy  the effect of w ind  farm s on the grid, an appropria te 

representation for the netw ork  connected w ind  farm s is needed. H ow ever, a 

w ind  farm  m odel consisting of m ultiple highly com plicated WTGS and detailed 

transm ission system s is difficult to setup, and  the dem and  on com putational 

pow er can easily overw helm  the m odern  sim ulators. To resolve this problem , 

low er order aggregated w ind  farm  m odels w hich represent the collective behavior 

of all the WTGSs at the collection bus w ere developed.

The behavior of the grid-connected w ind  energy facilities generally unfam iliar 

to the m ass majority. Therefore, this chapter starts w ith  the sim ulation of a 

single grid-connected WTGS. T hrough the sm aller scale study, the variable w ind  

speed and  fault interactions of the m odern  WTGS are clearly dem onstrated. After 

bu ild ing  the necessary know ledge and  tools th rough  the illustrative studies, a
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w ind  farm  consisting of ten  WTGSs is m odeled for real-tim e sim ulation and  

aggregation analysis.

5.2 Background

For a very  long time, WTGSs are m odeled as a sim ple negative load in pow er 

system  sim ulation study. The m ain reason w as tha t the low  capacity fixed-speed 

WTGSs could not participate in reactive pow er regulation, and  disturbances in the 

collection system  could easily knock this k ind of WTGS off-line [3]. H owever, the 

em ergence of variable-speed WTGSs has prom oted  the change in m odeling and  

sim ulation practice. The advancem ents in design and  control allow ed the variable- 

speed WTGSs to participate in reactive pow er regulation, and  have better fault 

ride-through capabilities. Studies [3,77] have show n that integration of the new er 

w ind  facilities has increased the electric netw ork stability.

A uthorities have also recognized the grow ing capacity of w ind  generation and 

the progression in the related technologies [2,6,26]. In the upcom ing standard ized  

operation codes, the w ind  farm  is required  to support the grid  and  achieve certain 

levels of disturbance ride th rough  capability. This creates the need for a efficient 

w ind  farm  m odel to assist operators to accurately assess the w ind  farm  operation 

and  m ake the correct decisions in real-time.

5.3 Single WTGS Dynamics

The online perform ance of a stand-alone WTGS can be easily projected for the 

understand ing  of w ind  farm  operations. In this section, the interaction of a DFIG- 

based WTGS to variable w ind  source and  grid  faults are investigated using the 

schematic show n in Fig. 5.1. C onstructed from  the detailed DFIG configuration, 

Setup 22, presented  in C hapter 4, the WTGS w as connected to the 25kV  infinite bus 

B1 th rough  the distribu tion  transform er and  tw o sections of identical three-phase 

transm ission lines represented w ith  the conventional d istributed  line m odel.
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0.575/25 kV

Figure 5.1: Single grid-connected DFIG-based WTGS

5.3.1 Interaction of the Stand-Alone WTGS with Variable Wind 
Speed

The coordination betw een the m echanical and  electrical controllers is verified by 

exserting variable w ind  speed to the grid-connected WTGS show n in Fig. 5.1. 

For the 4 0 s  off-line sim ulation in SIMULINK®, the initial turbine speed w as set 

to 0 .7pu, and  initial pow er generation from the WRIM w as set to zero. To achieve 

reasonable resolution, the sim ulation tim e-step w as fixed to 50/i.s.

By convention [1 8 ,2 6 ,4 3 ] , the variable w ind  source (vw) w as m ade up  of four 

com ponents: average speed, gust, ram p, and  turbulence (Fig. 5.2). As show n in 

Fig. 5.3  (a), average w ind  speed for the case study  w as set to 1 1 .3 m /s . Starting at 

t =  Os, the parabolic gust w as given the am plitude of 3.0m /s  and  period of 33 .3s. 

With the am plitude of 10m /s  and  the slope of 0 .5 m / s 2, the ram ping  com ponent 

w as started  at t = 20s. Finally, the turbulence w as generated  as bandlim ited  w hite- 

noise w ith  variance of 1.2m /s .  A lthough the generation of the turbulence can be 

m ade m ore non-stationary  [2 9 ,4 1 ] , the sim ulation results proved that w ould  be 

unnecessary for the DFIG-based WTGS.

In Fig. 5.3  (b), the sm ooth u>t indicated that the turbine w as w orking as a low- 

pass filter screening out the effects of the h igh frequency turbulence in vw. By
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Figure 5.2: Synthesis of the variable wind speed

com paring the w aveform s show n in Fig. 5.3 (a) and  Fig. 5.3 (b), it w as easy to 

notice the 5s lag betw een the variations in vw and  uiT. As d iscussed in C hapter 

3, this delay w as designed into the m echanical controller to p reven t the m assive 

spinning turbine from  w earing  the m echanical com ponents du ring  the ab rup t 

response to the ever changing w ind.

As show n in Fig. 5.3 (b) and  (c), before reaching the speed lim it of 1.2pu, u T w as 

directly regulated  by altering the active pow er generation (Pe/ec). M aintaining the 

proper coordination betw een lot and  Pe/ec is critical for the WTGS control. If too 

m uch pow er w ere extracted, the turbine speed w ou ld  be p ushed  ou t of the optim al 

generation region. O n the o ther hand, insufficient harvesting of the available 

pow er w ou ld  allow  the turbine to accelerate to the hazardous speed range. W hen 

lot  reached its lim it at t = 30s, active pow er generation w as significantly increased 

to diffuse the load on the turbine and  the m echanical com ponents.

As soon as the generator reached its capacity at t = 31.8s, the pitch control 

w as activated, Fig. 5.3 (e), in order to lessen the am ount of pow er being extracted 

from  the w ind. W hen the ceasing ram p caused a huge d ip  in the available w ind 

pow er at t =  32.9s, the m echanical controller quickly responded by resetting 0pitch 

to zero to increase pow er collection from  the turbine, and  ordered the electrical 

controller to reduce Pe;ec to prevent lo t  from  collapsing. The sim ulation results 

in Fig. 5.3 dem onstrated  tha t the existing controllers can effectivly coordinate

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Sec. 5.3 Single WTGS Dynamics 89

T im e  (s )

Figure 5.3: Response of the single DFIG-based WTGS to variable wind speed: (a) variable 
wind signal; (b) turbine rotational speed; (c) generated active power; (d) generated reactive 
power; (e) turbine blade pitch angle

the m echanical and  electrical param eters to stabilize the WTGS to w ithstand  the 

d isruptive variations, and  p repared  the entire system  for the next rising w ave in 

uw. In spite of the variations in other system  param eters, the sophisticated vector 

control has kept the generated reactive pow er (Qeiec) close to zero th roughout the 

entire sim ulation, Fig. 5.3 (d).

T hrough the w ind  speed interaction study, the com plete m echanical and 

electrical controller design w as verified. To allow m axim um  unity  pow er
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generation, turbine speed w as continuously adjusted. W hen the system  

com ponents reached their limits, p roper control sequence w as engaged to sustain 

the stability.

5.3.2 Interaction of the Stand-Alone WTGS with Grid faults

Referring to the WECC low  voltage ride-through standard  presented at the 

California Energy Com m ission hearing, w ind  p lan t w ill be required to ride 

th rough  a "norm ally cleared single-line-to-ground or three-phase fault on a 

transm ission line connected to the p lan t sw itchyard or substation" [2]. Therefore, 

three case studies w ere setup to exam ine the reactions of DFIG-based WTGS to 

disturbances in the transm ission system. For better com pliance w ith  the standard  

from WECC, the first tw o studies w ere specifically designed to investigate the 

influence of the m ost com m on single-line-to-ground and three-phase fault on a 

grid-connected WTGS for a period  of 0.15s. A lthough the tw o-phase-to-ground 

fault is rare [79], the study  is included to provide m ore inform ation on the control, 

protection, and  operation of a WTGS under hazardous conditions.

In the off-line sim ulator SIMULINK®, the study  cases w ere evenly d istributed 

along a 40s tim e line and  sim ulated w ith  50/is resolution. This collective 

exam ination provides a com parative overview  on the im pacts generated  by 

various fault situations on different system  param eters. Since the focus of this 

sim ulation w as to study  the fault response of the given WTGS, the w ind  speed w as 

kept constant at 11.3m/s, and  no extra protective devices w ere im plem ented. To 

allow fast convergence tow ards the steady-state, the WTGS w as initialized to have 

the turbine ro tation speed (ujt) =  0.96pit, generated  active pow er (Pe;ec) =  0A6pu, 

generated  reactive (Q eiec) =  0 . 0 pit, and  BBC dc-link voltage (Vdc) =  1250V".

5.3.2.1 Case 1: S ing le-line-to -ground  fau lt

W hen the system  reached its steady-state at t = 10s, a 9cyde /0 .15s single-phase- 

to-ground fault w as created in the m iddle of the transm ission system. As show n 

in Fig. 5.4 (a) and  (c), the phase-fl voltage at bus B2 and  B3 w ere im m ediately
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dropped  to zero. A t the d istribu tion  transform er low -voltage side, the loss of 

phase-fl voltage caused disruptive ripples in |V |̂ (Fig. 5.5 (a) and  5.6 (a)) w hich 

w as the m agnitude of the WTGS supporting  voltage. From the ripples recorded in 

the w aveform  of Vdc, Fig. 5.5 (e) and  5.6 (d), it w as realized tha t the oscillation in 

|Va\ has been propagating  th rough  the electrical com ponents du ring  the fault.
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—  VC

0 .05  -

i  -0.05

2
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■2
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Figure 5.4: Three-phase voltage and current waveforms at bus B2 and B3 during the 
single-phase-to-ground fault
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Figure 5.5: Impacts of the single-line-to-ground fault on the WTGS internal parameters: 
(a) magnitude of the supporting voltage; (b) turbine rotational speed; (c) generated active 
power; (d) generated reactive power; (e) DC-link voltage

W ith phase-a g rounding  th rough  a sm all im pedance at bus B2, a huge 

unbalanced current w as d raw n  to ground, Fig. 5.4 (b), d istorting the balance along 

the line. Fig. 5.4 (d) show s that the single-phase-to-ground current has caused the 

sw elling in phase a and  c current at bus B3.

U nder the given fault conditions, the controller w as able to m aintain  the WGTS 

online. O nly a sm all dip in Pdec and  Qeiec w ere observed in Fig. 5.6 (b) and
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Figure 5.6: Zoom-in view of Fig. 5.5: (a) magnitude of the supporting voltage; (b) 
generated active power; (c) generated reactive power; (d) DC-link voltage

(c); respectively, at the beginning of the fault. This tem porary  capacity loss w as 

caused by  the sudden  reduction in average |V |̂. As active pow er generation fell 

w hile the m echanical pow er captured  from  the w ind  stayed constant, the turbine 

accelerated (Fig. 5.5 (b)) resulting in the increase in reactive pow er generation. 

H owever, the fast acting controller resum ed Peiec to its pre-fault level w ith in  0.02s. 

In order to sustain  balance betw een the m echanical and electrical torque, active 

pow er generation w as increased to slow dow n the turbine. Reduction in u T w as 

then directly m irrored in the falling of Qeiec from  t = 10.02s to t = 10.15s.

W hen the fault w as norm ally cleared at t = 10.15s, huge in-rush current from 

the sudden  engagem ent of phase-a has created h igh  frequency oscillations in all 

three phases, as show n in the voltage and  current w aveform s in Fig. 5.4. W ith
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relatively low  dam ping  in the 50km  line, the oscillations lasted for approxim ately 

0.075s. At the end  of the oscillation, |l/s| w as stabilized to its pre-fault value.

From the post-fault response show n in Fig. 5.5 (a), (c), and  (e), the grid-side 

converter controller w as found sensitive to the changes in \Va\. W hen the fault 

w as cleared, huge in-rush current caused h igh am plitude jum p in |W| w ith  the 

duration  less than  0.001s. H owever, the controller w as sensitive enough to pick 

up  the variation  and  tried  to reset the DC-link voltage. Because the variation in 

Va w as very  abrupt, the controller perceived tha t as a com m and for step-change in 

Vdc- This w as w hy the signature under-dam ped  response appeared  in Vdc after the 

fault, and  p ropagated  th rough  the line causing variations in Pe;ec.

By restoring |V^|, a new  set-point w as reached for wr . This ab rup t shift in 

turbine speed has caused m inor d isturbance in Q eiec. Since the speed variation w as 

sm all (0.02%), Q eiec w as quickly driven  back to its optim al value for un it pow er 

generation. W ith the given shaft stiffness, the m ulti-m ass m echanical system  

settled to its steady-state in 5s.

5.3.2.2 Case 2: Three-phase-to-ground fault

After all the transien t from  the previous fault study  has com pletely settled, a 

9cycle/0.15s three-phase-to-ground fault w as triggered at t = 20s. As show n in 

Fig. 5.7 (a), the voltages at the g rounded bus B2 w ere reduced to zero. However, 

Fig. 5.7 (c) show ed tha t the voltage at bus B3 w as only low ered to a m inim um  

point and  then  g radually  increased. By inspecting the w aveform  of |W| in Fig. 5.8 

(a) and  5.9 (a), it w as found tha t the voltage took 0.02s diving to its low est po in t at 

0.0268p,ii and  slow ly increased to «  0.3pu.

Since the line section betw een bus B2 and  B3 w as cut off from  the ideal source, 

the only voltage support w as from  WTGS. Because the electrical controller lost its 

frequency reference, the grid  supporting  voltage w as generated at an arbitrary  

reference fram e w ith  very h igh  frequency. This loss in synchronism  has also 

affected the current th rough  bus B3. Fig. 5.7 (d) show s tha t the three-phase 

currents w ere derailed  from  the norm al abc frame. D ow n the line to bus B2, the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Sec. 5.3 Single WTGS Dynamics 95

va

0 .05

-  - v c

-0 .05

4

2

0

•2

va

0.05

-  - vc

-0.05

— ld B3

— ib B30.1
-  -  ic

0.05

-0 .05

-0.1
20.119.95 20 20.05 20.15 20.2 20.25 20.3 20.35 20.4 20.45

Time (s)

Figure 5.7: Three-phase voltage and current waveforms at bus B2 and B3 during the 
three-phase-to-ground fault

currents w ere increased because of the near zero grounding  resistance. However, 

the balanced com m on ground  has converged the current back into the ordinary  

three-phase reference fram e at the g rounded  bus B2 (Fig. 5.7 (b)).

At the instan t \V3\ reached its low est point, Fig. 5.8 (c) and  (d) show  that Petec
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Figure 5.8: Impacts of the three-phase-to-ground fault on the WTGS internal parameters:
(a) magnitude of the supporting voltage; (b) turbine rotational speed; (c) generated active 
power; (d) generated reactive power; (e) DC-link voltage

and Qeiec w ere d ropped  to zero and  rem ained constant until the fault w as cleared. 

Inspecting w aveform  of VdC in  Fig. 5.8 (e) and  5.9 (d) revealed tha t the grid  voltage 

supporting  pow er the w as p rov ided  from the rotor th rough  the BBC. D uring the 

fault, Vdc w as continuously increased to alm ost double the controlled value to 

release the pow er from  the rotor. W hen IKI w as reduced, the am ount of pow er
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Figure 5.9: Zoom-in view of Fig. 5.8: (a) magnitude of the supporting voltage; (b) 
generated active power; (c) generated reactive power; (d) DC-link voltage

flow ing from  the stator w as decreased. To direct the constant m echanical pow er 

to the grid, the only rem aining pa th  w as th rough  the rotor term inal. This increase 

in pow er transfer has increased |V"S| and  Vdc over time. N evertheless, the rotor 

could only release a portion  (30%) of the total pow er available. Consequently, the 

im balance in m echanical and  electrical torque drove the turb ine to h igher speed, 

as show n in Fig. 5.8 (b).

W hen the fault w as norm ally cleared at t = 20.15s, the ideal source forced all 

the voltages and  currents in the transm ission system  back to the norm al three- 

phase reference fram e w ith  the sam e fundam ental frequency. Sim ulation results 

presented  in Fig. 5.7 dem onstrate that the dam ping  of in-rush current created high 

frequency oscillations th rough  the transm ission system. A lthough the m agnitude
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of the three-phase fault w as m uch larger, the balanced post-fault behavior w as 

far less dam aging  than  tha t observe in Case 1; the transient voltage and  current 

am plitudes w ere very close to their steady-state values.

Because the transien t behavior in the grid  w as m oderate, the post-fault 

oscillations in  |US| w ere relatively small. W hen | V,| w as restored, the system  

regained its generation capacity th rough  the reactivated stator path . H uge am ount 

of pow er release w ere recorded in the Peiec and  Qeiec w aveform s, Fig. 5.9 (b) and 

(c). This sudden  shift in the pow er direction has collapsed the DC-link voltage. 

Steady reduction of Vdc (Fig. 5.9 (d))to zero after the fault indicated tha t less and  

less pow er w as transferred from the rotor. Instead, the turbine speed  w as reduced 

during  the post-fault energy release, and  pow er started  to flow back into the sub- 

synchronously ro tating rotor. This w as w hy  the Vdc w as pushed  back to a very high 

value m om entarily  after d ipp ing  to zero. As the entire WTGS reaches its steady- 

state, all the electrical param eter rested their pre-fault operating conditions.

Since the pow er variation w as significant du ring  the three-phase fault, the 

acceleration and  deceleration of the turbine becam e m ore obvious. H owever, the 

w aveform  of lot show ed that the m axim um  change in speed w as less than  3%.

5.3.2.3 Case 3: T w o-phase-to-ground fau lt

This case study  investigates the effects of 9cyc/e/0.15.s tw o-phase-to-ground fault 

at bus B2. As show n in Fig. 5.10 (a) and  (c), the fault applied  at t =  30s forced 

the phase-fl and  b voltage at bus B2 and B3 to zero. With the unbalanced three- 

phase voltage and  sm all g rounding  resistance at bus B2, huge distortions in the 

line currents w ere observed in the results presented  in Fig. 5.10 (b) and  (d).

D uring the fault, the w aveform  for \VS\ show n in Fig. 5.11 (a) w as essentially 

the sam e as the phase-fc w aveform  given in Fig. 5.10 (c) w ith  dc offset, and  the 

average w as ~  50% below  the nom inal value. Unlike the single-phase-to-ground 

fault stud ied  in Case 1, the huge oscillations propagating  th rough  the WTGS has 

caused the divergence in electrical control, w hich w as p roved  by  the collapsing Vdc 

w aveform  show n in Fig. 5.11 (e) and  5.12 (d). This break dow n of electrical control
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Figure 5.10: Three-phase voltage and current waveforms at bus B2 and B3 during the 
two-phase-to-ground fault

w as resulted  from  the loss of synchronism . As tw o of the three phases d isappeared, 

the controller has loss its ability to accurately calculate the positions of the various 

reference fram es, in w hich the essential vector control took place. Blindly im posing 

control in som e arbitrary  fram e has only p rom pted  the divergence.
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Figure 5.11: Impacts of the two-phase-to-ground fault on the WTGS internal parameters: 
(a) magnitude of the supporting voltage; (b) turbine rotational speed; (c) generated active 
power; (d) generated reactive power; (e) DC-link voltage

Since the average |VS| w as reduced by half, the th roughpu t of active pow er 

from  the stator w as deducted  by alm ost the sam e am ount, Fig. 5.11 (c) and  5.12

(b). Predictably, the im balance of the in ternal torque has accelerated the turbine 

and forced a h igher o u tp u t of reactive power, as show n in Fig. 5.11 (b) and  (d), 

respectively.
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Figure 5.12: Zoom-in view of Fig. 5.11: (a) magnitude of the supporting voltage; (b) 
generated active power; (c) generated reactive power; (d) DC-link voltage

Before com plete system  failure, the fault w as cleared at t — 30.15s. As show n in 

Fig. 5.10, the im m ediate in rush  of current from  phase-a and  b has created the high 

frequency transients in the line voltage and  curren t w aveform s. Sequentially, the 

increase of |V |̂ has boosted  the active pow er generation from the WTGS. Extracting 

the energy stored in the rotating turb ine and  rotor m asses has reduced lot arid Qeiec- 

Before the in ternal torques reached the equilibrium , reactive pow er w as absorbed 

through the DC-link to strength  the rotor flux for transm itting  m ore pow er to the 

stator th rough  the m agnetic flux linkage.

Benefited by the rap id  reaction of the controller, Vdc w as quickly recovered to 

support the pow er dem and  from  the rotor. For the electrical system  to reach its 

steady-state, approxim ately 0.6s w as needed. W ith the m uch larger inertia and
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slow er controller, the post-fault oscillation in ujt  lasted for 5s.

5.3.2.4 Sum m ary  of Case S tud ies

The results from  the three case studies proved  that the DFIG-based WTGS has its 

inherited capabilities to w ithstand  different kinds of line faults in the transm ission 

system. M ore inform ation w ere gathered for the further studies in controller 

im provem ent, protective device design, and  operation practice for a w ind  energy 

supported  netw ork.

Sum m arizing overview s of the sim ulation results given in Fig. 5.13 helps in 

com paring the im pact aroused by  different line faults on various param eters that 

are in ternal to the WTGS. Excellent im m unity  to single-line-to-ground fault w as 

observed in the first case study. Relatively small disturbance w as recorded in 

the generated active and  reactive pow er du ring  the fault. H owever, the post

fault response has dem onstrated  the need for current-lim iting device in the line 

to reduce the influences of the unbalanced post-fault in-rush current on |l/s |, Fig. 

5.13 (a). It w as also found that the reduction in  the grid-side electrical controller's 

sensitivity to term inal voltage w ill im prove the post-fault transien t response in 

active pow er generation.

By qualitative m easure, the sim ulation results for the three-phase fault 

highly agreed w ith  tha t reported  in  [47]. Even w ithou t any protection device 

im plem ented, the WTGS w as still able to survive the m ost severe line fault. 

N evertheless, the study  has revealed the vitality of the converter protection 

devices. W hen the three-phase fault w as encountered, the converters w ill be 

highly stressed by  the reversal voltage and  current from the rap id  charging and 

discharging processes (Fig. 5.13 (e)). W ithout a protection device, the m agnitude 

and  du ration  of the h igh  voltage and  current m ight p u sh  ind iv idual sw itches over 

their therm al lim it causing break dow n.

A m ong the three line faults studied, it w as concluded tha t the tw o-phase-to- 

ground fault w as the m ost dam aging as it caused the divergence in the electrical 

system  control. To prevent dam age to the com ponents, the WTGS m ust be
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Figure 5.13: Overviews of the impacts from the various line faults

disconnected from  the grid  w hen the length  of the fault exceeded a specific 

threshold. H owever, the stability m aybe im proved by m odifying the controller 

to retain its synchronism  w ith  the only rem aining phase voltage.

The relatively constant wt show n in Fig. 5.13 (b) should  encourage the 

ongoing developm ent of h igher rating WTGSs [2]. H igh rating  WTGS requires 

a larger turb ine to capture m ore pow er from  w ind , and  the increase in turbine 

m ass w ill substantially  increase the stability of the entire system. From the
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fault response studies, the captured  pow er w as found buffered in the spinning 

m echanical com ponents. W hen the electrical parts  failed to d istribute the power, 

the m echanical com ponents w ill be accelerated to tem porarily  sustain  the excess 

power. If the m ass of the turbine and  stiffness of the shaft w ere increased, 

the unevenness in w t du ring  faults m ight be further reduced. N evertheless, 

the electrical system  m ust be strengthened, and  m ore system atic fault clearing 

p rocedures should  be taken to handle the huge am ount of post-fault active and 

reactive pow er discharge and  absorptions, as show n in Fig. 5.13 (c) and  (d).

M ainly benefitted by the fast acting pow er electronics and  controllers, the DFIG- 

based WTGS has proven com petent in m eeting the em erging LVRT requirem ents. 

To further im prove the perform ance and  stability, the recom m endations discussed 

above can be considered. W ith the given WTGS m odel, new  controller design or 

protection device concepts can be easily im plem ented and  tested using softw are 

sim ulators off-line. N evertheless, if users w ish to verify the functionality of an 

existing hardw are, em ploying real-tim e sim ulation w ith  a HIL setup  w ill be an 

accurate and  econom ical option.

5.3.3 Real-Time Simulation of the Complete DFIG-based WTGS

To m axim ize the benefit of the com plete DFIG-based WTGS m odel presented  in 

the previous sections, a RT tim e counterpart can be developed w ith  the hardw are 

interfacing feature enabled. O n the RT sim ulator, the developer can sim ulate the 

RT WTGS m odel in h igh  resolution and  generate the necessary results for the 

external devices connected th rough  the fast digital and analog I /O  m odules. If 

the device is still in the pre-fabrication stage or has lim ited availability, it can be 

m odeled and  sim ulated in a separate node, and  interfaced w ith  the m ain node tha t 

is executing the grid-connected WTGS in RT.

In order to dem onstrate the HIL concept using RTX-LAB sim ulator, the setup 

presented in Fig. 5.1 w as sim ulated in RT. M easurem ents at different points of 

the system  w as exported  th rough  the digital I /O . By feeding these sim ulation 

results to an  external oscilloscope, w hich could be replaced by any other hardw are
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Figure 5.14: Voltage and current waveforms at bus B2 and B3 : (a) at the beginning; and 
(b) at the end of the supply voltage sag

devices, RT behavior of the WTGS w as m onitored. To mim ic the com m ands sent 

from  the external devices, the w ind  speed m odel and  the fault generator w ere 

sim ulated in a separate node.

As show n in Fig. 5.14, the m aster subsystem , prefixed w ith  'SM_', contains 

the com plete WTGS and  the transm ission system  m odels; the slave subsystem , 

prefixed w ith  'SS_', contains only the w ind  speed and fault generator m odels. 

Since the p reparation  of the m ost com plex DFIG configuration for RT sim ulation 

has been dem onstrated  in C hapter 4, developers only need  to ensure that the 

transm ission system  w ere constructed using the built-in  discrete SPS models.

The signals transm itted  betw een the subsystem s m ust be defined as states w ith  

the postfix '_s'. By inserting a step-delay, as show n in  Fig. 5.14, the scalar value 

w as autom atically converted into a state. If m ore accuracy is required, the pole-
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zero com pensation technique discussed in  section 4.4.3 can be applied.

For exporting data  th rough  the I /O  m odule, a hardw are synchronizing 

controller block called "OpHSDIO " m ust be included in the m odel. By sim ply 

feeding the desired signals to the controller block, external devices w ould  receive 

the corresponding signals at the assigned ports.

After the pre-com pilation, the executables for the subsystem s w ere loaded onto 

tw o separate nodes. W hile the w ind  speed signal and  the fault com m and w ere sent 

from the slave to the m aster subsystem , m easurem ents w ere sim ultaneously taken 

and  delivered to the oscilloscope. This h igh b andw id th  com m unication is centrally 

m anaged by  the Field Program m able Gate A rray (FPGA) controlled netw ork 

interfacing card. A lthough no actual device w as involved in this dem onstration, 

the operation  principle, setup, and  dem and  on com putation resources w ould  be 

nearly  identical.

The RT sim ulation w as executed w ith  50fj,s tim e-step. To exam ine the 

sim ultaneous response of the WTGS to variable w ind  speed and  line faults, the 

w ind  signal sim ilar to tha t illustrated  in Fig. 5.3 (a) w as fed to the aerodynam ic 

m odel, and  sim ilar line faults patterns investigated in the previous section w ere 

im posed to the transm ission line.

In Fig. 5.15-5.17, the side-by-side com parison of the oscilloscope traced RT 

sim ulation results w ith  the corresponding off-line sim ulation results recorded from 

SIMULINK® prove the accuracy and  stability of the RT m odel. O ver the 4 0s  

sim ulation tim e fram e, the sim ulator capabilities w ere able to perform  the complex 

m athem atical calculation w hile supervising the intensive com m unication am ong 

different hardw are  com ponents. However, the sim ulator w as still un d er utilized. 

From the perform ance m onitoring log, Table 5.1, the m axim um  com putation tim e 

w as 15.375/i,s for the node runn ing  the m aster subsystem . To finish the execution 

cycle for the slave subsystem , only 2 .257[is w as needed. Including the 6.628/i.s 

overhead for com m unication, the m axim um  execution tim e w as still w ell below  

50/is.

The v irtual HIL RT sim ulation presented  the opportun ity  for applying the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Sec. 5.3 Single WTGS Dynamics 107

cPreVu ; 1.6

0 0 20 40V
(a)

TekPreV ui________f-

iBI 330mV"

2.25

IVM.OO S A Ch> / 5.00 V -0.4

(c)
20 

Time (s)

Tek s to p

-0.38.
645mv

(b) Time (s)

40

Figure 5.15: Comparisons of the oscilloscope traced RT simulation results (left) with the 
corresponding off-line results generated using SIMULINK® (right): (a) turbine rotational 
speed; (b) generated active power; (c) generated reactive power
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to-ground fault

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Sec. 5.3 Single WTGS Dynamics 109

e s t o p 0.04

•0.04
10.1 10.39.9SO; 1.00 V \

II '2 0 0 .0 0 0 ms (a)

Tbk s to p
4l

A A A  A A ft 

V V V V V V !
W ::!;

■-: .'-I/ ^ O' '.J1 v' V

arm 3.24 V M40.0ms A ch 2 J  5.00 V

11 2 0 0 .0 0 0 ms

c S t o p  i , ,  ■ »— ;— , 7 7 , 1 , M ,
41

. . . .  j . * . . .

: V ;
. . : > j! i

« J ' ' :•
i ■ ■ • i

5 ; ! r i i  /'

P A A l f \
A A A A A A A . : ' i: ■!

1 ! ' i / 1;  W ' -  : : ; ■ i h - y * - :
i/ v 1/ V ;V W ; ; : ■ ; . i y . ! , :

V 1; ;i; , ;  ' 'i

/ ! » :
. . 1 /.............. '•

a m  2 .7 6  V M'40.0ms A C h 2 I  5.00 V

Time (s)

0.13

19.9

(b )

20.320.1

Time (s)

11 ^  2 0 0 .0 0 0 ms

0.11

-°-1129¥
(C )

30.1 30.3

Figure 5.17: Comparisons of the oscilloscope traced RT simulation results (left) with the 
corresponding off-line results generated using SIMULINK® (right): phase-a current at bus 
B3 during (a) single-phase-to-ground fault; (b) three-phase-to-ground fault; (c) two-phase- 
to-ground fault
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Table 5.1: Perform ance log for the RT v irtual HIL sim ulation
Time Distribution Master (/xs) Slave (fis)
Computation Time 15.375 2.257
Idle Time 24.770 39.819
Data Acquisition 0.995 0.305
Status Update 0.290 0.290
Target Request Time 0.062 0.067
Host Request Time 0.045 0.047
Synchronization 0.075 0.054
Signal To Master - 6.628
Signal From Master - -
Signal To Slave - -
Signal From Slave 6.628 -
Others 0.840 0.533
Total Step-Size 50 50

com plete WTGS m odel into practical research and  developm ent studies. U sing the 

proposed  WTGS m odel as the fundam ental build ing  block, developers can easily 

m odify the system  to m eet their specific needs. W ith the flexible softw are and 

hardw are configuration, the study  can be expanded to include m ore details and 

m ore com ponents.

5.4 Wind Farm Structure and Dynamics

Studies on the single grid-connected WTGS has provided  the fundam ental 

bu ild ing  blocks and  the necessary tool-set for the m odel construction and  analysis 

of a w ind  farm. To bring  out the m ost salient characteristics of a w ind  farm, its 

electrical connections and  physical attributes m ust be clearly defined.

5.4.1 Structure of the Wind Farm

As show n in Fig. 5.18, the ten  DFIG-based WTGSs of a w ind  farm  w ere electrically 

d iv ided  into four groups. Each WTGS had  its ow n 0.575/25kV distribution 

transform er connected to the sub-collector bus (cBl - 4). Through the collector 

transform er, the voltage is boosted to transm ission level 138/cV. A t the end  of the
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Figure 5.18: Wind farm schematic

parallel feeder, the infinite bus B1 is backed by an ideal three-phase voltage source.

The geographical illustration show n in Fig. 5.19 indicates tha t the WTGSs w ere 

equally spaced on the sam e altitude w ith  no surrounding  obstacles. Average w ind 

speed w as assum ed to be the sam e across the entire w ind  farm. In the direction 

indicated in  Fig. 5.19, the gust, ram p, and turbulence rid ing on the average w ind  

speed w ou ld  concurrently affect WTGS 1, 2, and  3 first; then  4 and  5; and  so on.

Referring to the physical descriptions given above, the detailed w ind  farm  

m odel w as developed un d er MATLAB®/SIMULINK®. For the best accuracy, the 

com plete WTGS m odel verified in the previous section w as em ployed. Since the 

study  w as not focused on the protection system , the relays and  circuit breakers 

w ere ignored. W irings in ternal to the w ind  farm  w ere om itted m ainly due 

to their low  im pedances and  relatively short length. N evertheless, the cables 

connecting the sub-collector buses to the m ain collector bus, and  the transm ission 

lines supporting  the entire w ind  farm  w ere represented w ith  the conventional 

distributed  param eter line model.
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Figure 5.19: Physical attributes of the wind farm and the hypothetical wind direction

The m ain  reason for m odeling the line sections betw een the collector and  sub

collector buses w ith  the 50km  d istribu ted  param eter line m odel w as to introduce 

a tim e delay. This delay is critical for the latter m odel separation technique 

em ployed for the real-tim e sim ulation of the detailed w ind farm  m odel. A lthough 

the line length  and  the im pedances associated w ith  the line m ay no t reflect the 

real w orld  situation, the practice is considered valid  for the s tudy  of real-tim e 

sim ulation realization and  aggregation technique developm ent.

5.4.2 Dynamics of the Wind Farm

In order to reflect the geographical location and  distance, the w ind  speed signals 

feeding to different WTGSs w ere indiv idually  coordinated. Since WTGS 1, 2, and  

3 w ere the first to be affected by  the w ind  digressions, the w ind  speed patterns, 

Fig. 5.20 (a), experienced by these three WTGSs becam e the m odulation  reference. 

As the average w ind  speed w as set to 11.3m/s, a 19.16s delay w as created for 

the forefront of the w ind  variations to reach the consecutive sets of WTGSs. This 

explains w hy  the variations in the w ind  speed signals sent to WTGSs 4 and  5, Fig. 

5.20 (b), w as started  at t =  19.16s. Based on the sam e principle, the w ind  signals 

delivered to WTGS 6, 7, and  8, Fig. 5.20 (c), and  those generated for WTGS 9 and 

10, Fig. 5.20 (d), w ere respectively delayed by 38.32s and 57.48s w ith  respect to
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Fig. 5.20 (a).

Time (s)

Figure 5.20: Synthesis of the variable wind speed signals for (a) WTGSs 1, 2, and 3; (b) 
WTGSs 4 and 5; (c) WTGSs 6, 7, and 8; (d) WTGSs 9 and 10

For the 100s off-line sim ulation, all the WTGSs w ere initialized un d er exactly 

the sam e conditions. Control objective for the WTGSs w as to produce m axim um  

active pow er at un it pow er factor. Sim ulation tim e-step w as fixed to 50fis. As 

the aggregated behavior of the w ind  farm  is m ore im portant, the active (Pcou) and 

reactive (Qcoii) pow ers at the collector bus w ere m easured  and  presented  in  Fig. 

5.21.

The variations in Pco« w ere the recordings of the collective w ind  farm  response 

to the w ind  alternations. Since the m easurem ents w ere taken at the collector bus, 

the w aveform  of Qcou show ed how  w ould  the 50km  line section affect the collective 

reactive pow er. W ith the given controller design, the WTGSs w ould  only m onitor
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Figure 5.21: Wind farm response to variable wind speed measured at the collector bus: 
(a) generated active power; and (b) generated reactive power from the wind farm

and regulate the reactive pow er at the low -voltage side of their ow n distribu tion  

transform er to zero. As the in ternal w irings w ere ignored, the pow er factor at the 

sub-collector buses should  be very close to unity. H owever, the active currents 

flow ing tow ard  the collector bus have excited the shunt capacitances associated 

w ith  the cables, and  in tu rn  increased the reactive pow er generation.

To form  a h igh  resolution benchm ark for later aggregation studies, fault 

response of the w ind  farm  w as investigated. The three kinds of grid faults studied 

in Section 5.3.2 w ere im posed on the first transm ission line at bus B2, Fig. 5.18. 

By observing the collector bus active and  reactive pow er w aveform s depicted in 

Fig. 5.22, the w ind  farm  w as proved  to be capable of rid ing th rough  all the fault 

d isturbances, and  the responses w ere very closely resem bling the corresponding
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Figure 5.22: Wind farm responses to various grid faults measured at the collector bus: (a) 
single-line-to-ground fault; (b) three-phase-to-ground fault; (c) two-phase-to-ground fault

results recorded for the single grid-connected WTGS.

5.4.3 Real-Time Simulation of the Wind Farm

Solving the w ind  farm  m odel dem anded  com putation pow er of eight 3GHz CPUs. 

To com plete the 100s off-line sim ulation in SIMULINK®, 10022.0s w as needed on 

average. O ne w ay to increase the sim ulation tu rnaround  tim e w ould  be executing 

the m odel on a RT sim ulator. Besides speed increase, the added  features from  the 

sim ulator w ill also extend the range of investigations, such as HIL testings.

By referring to the com putation time recorded for the RT sim ulation of a single 

grid-connected WTGS in  Table. 5.1, it w as concluded tha t a m axim um  of three 

detailed WTGS m odels can be sim ulated on a single cluster node w ith  the tim e-step 

fixed to 50[is. In order to evenly d istribute the com putation load across a target
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F ig u re  5.23: D iv ision  of the detailed  w in d  farm m odel for RT sim ulation

cluster, the com plete w ind  farm  w as d iv ided  into four subsystem s, as show n in Fig. 

5.23. C om m unication betw een the m aster and  slave subsystem s w as established 

th rough  the Bergeron transm ission line m odel [80].

D ue to the length  and  characteristic im pedance, electrical signals send from  one 

end of a transm ission line w ill be received at the other end  w ith  a tim e delay 

r . Because of this delay, the transm ission line can be m odel as tw o separate yet 

in terdependent portions. By know ing the history term s from  one portion, the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Sec. 5.4 Wind Farm Structure and Dynamics 117

other portion  can calculate its p resent state using sim ple nodal analysis. After 

splitting the transm ission line m odel in two, one portion w as retained in the 

m aster subsystem  connecting to the collector bus, and the second portion w as 

accom m odated in the slave subsystem  linking the WTGSs. O nly the h istory  term s 

from  bo th  portions w ere com m unicated to either side w ith  a step-delay.

T ransm ission  S y s tsm  and  W TQ8 10 M odsls

O perating  RT • U nux  C|lO perating  RT • U nux

W TGS 7 ,6 ,9  sn d  T ransm ission  U n s  M odsls
IB  CPU
’ I 2 O p srs tln g  RT • Linux O p s rati rig RT • Linux

Figure 5.24: Distribution of the subsystems across the target cluster

In theory, this m odel division technique should  also increase the sim ulation 

speed. Since the entire electrical netw ork w as d iv ided  into four parts  linked 

w ith  data signals, four sm aller sets of state-space m atrices shou ld  be form ed to 

represent the linear electrical com ponents. Based on the DFIG optim ization studies 

in Section 4.4, a sm aller state-space m atrix can be solved w ith  less time.

A fter loading the executables for the four subsystem s onto the target cluster 

(Fig. 5.24) RT sim ulation of the w ind  farm  w as started  and  sim ulation results 

w ere exported  to an  external oscilloscope. By com paring the RT sim ulation results 

w ith  the corresponding off-line sim ulation results from  SIMULINK® (Fig. 5.25 

and  5.26), the m odel division technique w as validated. H owever, the perform ance 

log tabulated  in Table 5.2 signalled the need  for further m odel simplification. 

Sum m ation of the com m unication overheads and  the com putation tim e revealed 

that the cluster nodes w ere w orking at their lim it un d er the 5 0 /is  tim e constraint.

The last row  of Table. 5.2 show ed tha t the tim e-step has overrun  the 50 fis limit.
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Figure 5.25: Comparisons of the oscilloscope traced RT simulation results (left) with the 
corresponding off-line results generated using SIMULINK® (right): phase-fl voltage at the 
collector bus during (a) single-phase-to-ground fault; (b)three-phase-to-ground fault; (c) 
two-phase-to-ground fault
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Figure 5.26: Comparisons of the oscilloscope traced RT simulation results (left) with the 
corresponding off-line results generated using SIMULINK® (right): phase-# current at the 
collector bus during (a) single-phase-to-ground fault; (b)three-phase-to-ground fault; (c) 
two-phase-to-ground fault

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Sec. 5.5 W ind Farm  A ggregation 120 

Table 5.2: Perform ance log for the RT sim ulation of the detail w ind  farm  m odel
Time Distribution Master (/xs) Slavel (/xs) Slave2 (/xs) Slave3 (/xs)
Computation Time 16.327 42.420 42.758 42.300
Idle Time -2.887 0.035 0.033 0.038
Data Acquisition 1.442 1.420 1.337 1.352
Status Update 0.515 0.370 0.363 0.375
Target Request Time 0.075 0.075 0.073 0.075
Host Request Time 0.042 0.040 0.040 0.037
Synchronization 0.042 0.043 0.035 0.039
Signal To Master - 6.338 6.432 6.178
Signal From Master - 1.992 2.117 1.975
Signal To Slavel 6.338 - - -
Signal From Slavel 14.768 - - -
Signal To Slave2 6.265 - - -
Signal From Slave2 0.075 - - -
Signal To Slave3 6.415 - - -
Signal From Slave3 0.040 - - -
Others 0.933 0.545 0.472 0.909
Total Step-Size 53.278 53.278 53.278 53.278

Because the sim ulator needed  m ore tim e to finish the necessary com putation  and 

com m unication, the tim e-step w as autom atically expanded. It w as obvious that 

the com m unication overhead w as the m ain cause of the overruns. As the intensive 

com putation has already p ushed  the nodes executing the slave subsystem s close 

to the tim e limit, no t enough m argin has left to handle the com m unications. 

A lthough the situation can be resolved by sim ply enlarging the tim e-step, versatile 

solutions are needed  to satisfy the m ore dem anding  studies.

5.5 Wind Farm Aggregation

To reduce the am ount of tim e and  com putational resources needed for the studies 

of w ind  farm , the m ost straightforw ard solution is to develop an aggregated m odel 

that is capable of representing the collective behavior of m ultip le or all the WTGSs. 

D ifferent levels of aggregation can be achieved through attuned  utilizations of 

the data regarding the physical attributions and  electrical properties of the w ind
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farm. In this section, three levels of aggregation are presented to dem onstrate the 

solutions for som e of the poten tial obstacles.

5.5.1 Level One Aggregation

A ccording to the w ind  farm  layout and  w ind  direction given in Fig. 5.19, strong 

correlation betw een the vertically aligned WTGSs allow ed division of the w ind  

farm  into four regions, as show n in Fig. 5.27. To represent the collective generation 

capacity w ith in  each region, an  equivalently  rated  WTGS m odel can be used. For 

exam ple, the replacem ent WTGS m odel of Region 1 had  the rating  of 5.01M V A  =  

3 x 1.67M VA

The h igher rating WTGSs w ere derived directly from the existing m odel w ith  

the nom inal rating  of 1.67M V A  . Since the WRIM in  the existing WTGS m odel 

w as specified w ith  per-unit param eters, its o u tp u t capacity can be proportionally  

increased by changing the base power. There w as no need to change any other 

param eters because the replacem ent m odel m ust inherit the m echanical properties 

and  the controller characteristics. The four aggregated m odels w ere directly 

connected to the four sub-collector buses show n in Fig. 5.18. Since the w ind  

speed signals show n in Fig. 5.20 has already accounted for the sparsity  of the w ind  

farm , they w ere directly applied  to the four aggregation m odels. D ue to the rating

 ̂ - -  - - :  ̂ .  ■ — J . — .  .  _  ■ '  “  J  ■ — • .  — \ ' " — J  '  ~  1 1 • j

X  1

X

Figure 5.27: Division of the wind farm for Level One aggregation
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Figure 5.28: Comparisons of the variable wind speed responses generated by the detailed 
and Level One Aggregation model: (a) generated active power measured at collector bus; 
(b) generated reactive power measured at collector bus

differences, the w ind  speed signals show n in Fig. 5.20 (a) and  (c) w ere applied  to 

the aggregated WTGSs representing Region 1 and  3, respectively; the aggregated 

m odel w ith  double the nom inal capacity representing Region 2 and  4 w ere fed 

w ith  the w ind  speed signals show n in Fig. 5.20 (b) and  (d), respectively.

By grouping  and  replacing the WTGSs experiencing sim ilar w ind  variations 

w ith  an  equivalent m odel, the average off-line sim ulation tim e w as halved to 

5542.0s. In Fig. 5.28, com parisons of the sim ulation results accredited the 

aggregation technique. A t the collector bus, the variable w ind  speed responses 

generated  by the aggregation m odel w ere very close to those p roduced  using the 

detailed w ind  farm  m odel. U sing (5.1) and  (5.2), the m axim um  discrepancies
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found in  betw een the collector bus active and  reactive w aveform s w ere 0.92% and 

3.70%, respectively.
m a x (  Pdetail P'agg)  /  c  1 \

£p  = - - - - - - - - - - p - - - - - - - - - - - - - -  P - U
* detail

UICIX^Qdetail Qagg) / C
e Q =  ------------7a-----------------  (5-2)

W detail

w here Pdetail and  Qdetaii w ere defined as the collector bus active and  reactive 

pow er generated  using the detailed w ind  farm  m odel, and  Pagg and  Qagg w ere 

representing the collector bus active and  reactive pow er generated  using the 

aggregated model.

The electrical connections at the sub-collector buses m ay be the m ain contributor 

to the discrepancies. Since the loadings on the cables beh ind  the sub-collector 

buses w ere altered, the cum ulative behavior at the collector bus w ould  be changed. 

U nder the m agnified view s given in Fig. 5.29-5.32, the deviations becom es m ore 

obvious. For the single-line-to-ground and  tw o-phase-to-ground faults, Fig. 5.29

(a) and  (c), the aggregated w ind  farm  m odel tend  to under estim ate the oscillations 

in Pcou and  Qcou- M inor dc-offsets w ere also observed. By referring to Fig. 5.30 and 

5.32, the discrepancies w ere better depicted  as the m ism atching high frequency 

voltage and  curren t com ponents. In the enlarged views, the w aveform s generated 

by the aggregated m odel could only outline those generated  by the detailed w ind  

farm  m odel; h igher frequency jitters w ere not closely m atched.

W hen com paring the results for three-phase fault, Fig. 5.29 (b), it w as found 

that the m agnitudes of the post-fault pow er spikes w ere slightly exaggerated. This 

exaggeration w as caused by the apparen t m ism atches in the post-fault voltage and 

current w aveform s, Fig. 5.31. A lthough the pa tte rn  and  tim ing of the responses 

w ere still considered accurate enough for electrom agnetic transien t analysis, the 

m isrepresented w aveform s during  the fault w ere undesirable. Since the third 

harm onic w as filtered by the star-delta connection of the transform er, the forth 

harm onic becam e the m ost prom inent com ponent in  the voltage w aveform , Fig. 

5.31 (a). H owever, the aggregated m odel w as not able to precisely m atch the 

am plitude and  phase of this dom inating harm onic com ponent.
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Figure 5.29: Comparisons of the fault responses generated by the detailed and Level One 
Aggregation model: (a) response to single-line-to-ground fault; (b) response to three-phase 
fault; (c) response to two-line-to-ground fault

5.5.2 Level Two Aggregation

For further aggregation, the w ind  farm  w as d iv ided  into tw o parts  from  the 

m iddle. This setup  required  tw o equivalent WTGS m odels w ith  five tim es the 

nom inal generation capacity. In order to preserve the physical attributes of the 

w ind  farm , the w ind  speed signals w ere finely adjusted.

For the first equivalent m odel representing WTGS 1-5, the w ind  speed pa tte rn  

w as constructed from  the w aveform s show n in Fig. 5.20 (a) and  (b). Since three 

of the five WTGSs should  experience the w ind  pattern  show n in Fig. 5.20 (a), 

and  the rem aining tw o should  experience w hat w as depicted  in Fig. 5.20 (b), 

the m agnitudes of the gust and  ram p w ere scaled accordingly. As show n in Fig. 

5.33 (a), the average w ind  speed w as still m ain tained  at 11.3 m /s. For the second 

aggregated m odel, the re-scaled com posite w ind  speed signal show n in Fig. 5.23 

(b) w as applied.

Since the entire w ind  farm  w as represented by only tw o equivalent WTGSs, the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Sec. 5.5 Wind Farm Aggregation 125

(a)

I

<b)
0 5

0.4

0.3

0.2

0 1
0

0 1
02
03

0.4

0.6 10 10 05 10 1 10.15 10 2
Time (s)

Figure 5.30: Comparisons of the collector bus: phase-a (a) voltage; and (b) current, during 
single-line-to-ground fault generated by the detailed and Level One Aggregation model
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Figure 5.31: Comparisons of the collector bus: phase-a (a) voltage; and (b) current, during 
three-phase fault generated by the detailed and Level One Aggregation model
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Figure 5.32: Comparisons of the collector bus: (a) phase-a voltage; and (b) current, during 
two-line-to-ground fault generated by the detailed and Level One Aggregation model
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Figure 5.33: Variable wind speed signals for the Level Two aggregation model

electrical connections at the sub-collector buses w ere adjusted  correspondingly. 

Two cables w ere p u t in parallel to conserve their com bined effects on pow er 

transm ission.

As m ore details w ere elim inated from the w ind  farm  m odel, it w as expected 

to p roduce a degradation  in sim ulation accuracy for the exchange of higher
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Figure 5.34: Comparisons of the variable wind speed responses generated by the detailed 
and Level Two Aggregation model: (a) generated active power measured at collector bus;
(b) generated reactive power measured at collector bus

efficiency. In Fig. 5.34 and  5.35, com parisons of the sim ulation results show ed 

larger discrepancies. The m axim um  deviations w ere increased to ep =  2.42% and 

eq — 6.04%. A lthough the w ave shapes for the fault responses w ere still very close 

to those p roduced  by the detailed w ind  farm  m odel, the exaggerated pow er spikes 

along w ith  the enlarged dc-offsets m ay lead to unnecessary concerns regarding 

fault im m unity  of the w ind  farm.

In Fig. 5.36-5.38, the fault voltage and  current w aveform  com parisons show ed 

further disagreem ents for the h igh  frequency com ponents. For the three-phase 

fault voltage w aveform  (Fig. 5.37 (a)), the am plitude differences and  phase delay 

of the forth  harm onic com ponent becam e m ore obvious.
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Figure 5.35: Comparisons of the fault responses generated by the detailed and Level Two 
Aggregation model: (a) response to single-line-to-ground fault; (b) response to three-phase 
fault; (c) response to two-line-to-ground fault

5.5.3 Level Three Aggregation

To achieve the h ighest level of aggregation, all ten WTGSs w ere collectively 

represented w ith  an  equivalent m odel having ten tim es the nom inal capacity. For 

this highly  com pact w ind  farm  m odel, the re-scaled w ind  pattern , Fig. 5.39, w as 

synthesized from  the four w ind  speed signals show n in Fig. 5.20. All the sub

collector buses w ere m erged into one, and  the cables connecting to the collector 

bus w ere com bined in  parallel. After a series of com binations, the w ind  farm  w as 

sim plified to a grid-connected WTGS.

In Fig. 5.40 and  5.41, the sim ulation result com parisons show ed higher 

discrepancies. M axim um  errors calculated for the w aveform s show n in Fig. 

5.40 have further increased eP and  eq to 8.07% and 8.15%, respectively. In the 

fault responses com parisons (Fig. 5.41-5.44) the exaggeration in three-phase fault 

responses becom e m ore severe. For the other tw o fault responses, deviations from 

the referencing sim ulation results becam e m ore obvious.
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Figure 5.36: Comparisons of the collector bus: phase-a (a) voltage; and (b) current, during 
single-line-to-ground fault generated by the detailed and Level Two Aggregation model
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Figure 5.37: Comparisons of the collector bus: phase-a (a) voltage; and (b) current, during 
three-phase fault generated by the detailed and Level Two Aggregation model
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Figure 5.38: Comparisons of the collector bus: phase-s (a) voltage; and (b) current, during 
two-line-to-ground fault generated by the detailed and Level Two Aggregation model
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Figure 5.39: Variable wind speed signal for the Level Three aggregation model 

5.5.4 Aggregation Summary

This stud ies conducted in the previous sections dem onstrated  how  to effectively 

incorporated  the physical and  electrical prosperities of a w ind  farm  for aggregation 

purposes. In general, it w as concluded that the m acro behavior of the w ind  farm  

is determ ined  by the w ind  speed and  the geographical properties. W hen it comes 

to m atching the fast transients, such as faults responses, the aggregations of the
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Figure 5.40: Comparisons of the variable wind speed responses generated by the detailed 
and Level Three Aggregation model: (a) generated active power measured at collector bus; 
(b) generated reactive power measured at collector bus

electrical netw ork  w ou ld  have m ore substantial influence.

W hen the m odel becom es simpler, the sim ulation speed and  the accuracy of the 

sim ulation results w ere correspondingly reduced, as sum m arized in Table. 5.4. 

A pplications of these aggregated m odels should  depend  on the type of studies 

perform ed. All three m odels are considered sufficiently accurate for variable w ind 

speed analysis. W hen it comes to analyzing the electrom agnetic transien t response 

of a w ind  farm , the Level One A ggregation m odel is generally recom m ended. The 

in term ediate Level Two A ggregation m odel can be used to achieve the balance 

betw een sim ulation speed and  accuracy.
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Figure 5.41: Comparisons of the fault responses generated by the detailed and Level 
Three Aggregation model: (a) response to single-line-to-ground fault; (b) response to three- 
phase fault; (c) response to two-line-to-ground fault

5.5.5 Real-Time Performance of the Aggregated M odels

To investigate the benefit of adop ting  the aggregated m odels for real-tim e 

sim ulations, the off-line m odels w ere separated  into subsystem s. As show n in 

Table. 5.4, the Level O ne A ggregation m odel required total of three nodes to ensure 

that the sim ulation tim e-step (Ts) w as kept below  the 50/m u s  limit. H owever, the 

m axim um  com putation  (Tr t ) and  com m unication (Tcom) tim es w ere substantially 

reduced w hen  com pared w ith  those recorded for the detail w ind  farm  m odel.

The real-tim e perform ance show n in the th ird  row  has h ighlighted the benefits 

of the Level Two A ggregation m odel. First of all, the num ber of nodes required for 

runn ing  the m odel in real-tim e w as drastically reduced to one. This im provem ent 

no t only reduced the dem and  on the com putational hardw are, b u t also im proved 

the sim ulation perform ance. Since no inter-node com m unication w as required, the 

30.853/rs com putation  tim e alone w as easily fitted into the 50/i.s bracket. W hen 

the accuracy w as also p u t into account, Level Two A ggregation m odel becam e the
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Figure 5.42: Comparisons of the collector bus: phase-a (a) voltage; and (b) current, during 
single-line-to-ground fault generated by the detailed and Level Three Aggregation model
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Figure 5.43: Comparisons of the collector bus: phase-a (a) voltage; and (b) current, during 
three-phase fault generated by the detailed and Level Three Aggregation model
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Figure 5.44: Comparisons of the collector bus: phase-a (a) voltage; and (b) current, during 
two-line-to-ground fault generated by the detailed and Level Three Aggregation model

Table 5.3: Off-line execution tim es and  errors associated w ith  different levels of 
aggregation

Model No. of WTGSs Rating(s) (MVA) Tavg (s) eP (%) eQ (%)
Detailed 10 1.67 10022.0 - -
Level One 4 3.34 & 5.01 5542.0 0.92 3.70
Level Two 2 8.35 3330.7 2.42 6.04
Level Three 1 16.70 1942.1 8.07 8.15

m ost suitable candidate for real-tim e studies of the w ind  farm  interacting w ith  

variable w ind  speed, and  single-line-to-ground and  tw o-line-to-ground faults.

Because the Level Three A ggregation m odel resem bled a single grid-connected 

WTGS, the am ount of resources required  for real-tim e sim ulation w as the low est 

am ong the three aggregation m odels. C onsidering the am ount of tim e needed 

to develop, com pile, and  finally ru n  the sim ulation in real-tim e, the Level 

Three A ggregation m odel is highly  recom m ended for tim ely variable w ind  speed 

studies.
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Table 5.4: RT execution tim es for ind iv idual tasks w ith in  one tim e-step
Model No. of node(s) Ts (/xs) Trt  (ms) G om  (/XS>

Detailed 4 53.278 42.758 33.901
Level One 3 50.000 28.822 15.477
Level Two 1 50.000 30.853 -
Level Three 1 50.000 17.953 -

5.6 Summary

First, a single WTGS and  transm ission system  m odel w as setup  to verify the 

perform ance of the com plete DFIG-based WTGS m odel developed through the 

previous chapters. From the case studies, the com plete WTGS m odel has 

dem onstrated  its capability to generate un d er varying w ind  conditions w hile 

riding th rough  different kinds of grid  faults. Then, the com plete WTGS w as 

used to construct a grid-connected w ind  farm  for the s tudy  of aggregation. Three 

different levels of aggregation m odels w ere developed to increase the efficiency of 

w ind  farm  studies in off-line and  real-tim e sim ulations.
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6
Conclusions and Future Work

The w ind  farm  aggregation techniques developed in this thesis w ere the product 

of different levels of w ind  energy system  studies. First, the fundam ental theories 

and  designs of a DFIG-based WTGS w ere explored. After apply ing  the properly  

designed control system s, the com plete WTGS m odel underw en t a series of off

line and  real-tim e verifications as well as various interactive studies. Then, 

the validated  WTGS m odel w as em ployed for the construction of a w ind  farm, 

w hich form ed the reference for the final aggregation study. The m ilestones 

and  inspirations for fu ture studies stem m ed from  this research are collectively 

presented in the following sections.

6.1 Contributions

C ontributions from  the thesis can be separated  into tw o m ain sections concerning:

1. D evelopm ent of a generalized DFIG-based WTGS model; and

2. A pplication of the verified WTGS m odel for RT w ind  farm  studies.
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Since the WTGS is consisted of m any com plex m echanical and  electrical 

com ponents, the m odel developm ent and  verifications w ere system atically 

d iv ided  into three stages. In stage one:

• the com plex DFIG-based WTGS w as logically d iv ided  into three sub

m odels: aerodynam ic, mechanical, and  electrical. Interactions betw een and  

functionalities w ith in  the sub-m odels w ere clearly defined.

• the highly  efficient m athem atical form ulation describing the energy 

exchange across the w ind  turb ine w as verified.

•  an  alternative curve-fitting technique w ere presented  for extrapolating the 

w ind  turb ine pow er coefficient curves.

• detailed m athem atical equations and  their im plem entations for the m ulti

m ass m echanical m odel w ere presented.

• in -dep th  analysis of the WRIM m odel w ere included to aid the discussions 

on the m odel reductions and  param eter determ inations.

•  custom  pow er electronic sw itch m odels w ere proposed  for solving the 

technical problem s associated w ith  certain EM TP-type softw are packages.

In the second stage:

• m echanical and  electrical control principles and  the collaborations betw een 

the tw o controllers w ere clarified. The m easurem ents required  and  the 

com m ands discharged from  each controller w ere specifically identified.

• the com m anding role of the m echanical controller w as ascertained to rectify 

the confusions regarding the controller hierarchy.

• the entire electrical controller w as designed and  m odeled from the ground  

up. To endorse better understand ing  of the design, the vector control theory, 

PI controller operation, and  PW M generation w ere briefly discussed. Explicit 

dem onstrations w ere given on how  to em ploy the conventional root-locus 

m ethod for fine-tuning the critical electrical responses.
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In the final stage:

•  the m odels and  controller developed in the previous stages w ere 

m ethodically  validated  using three com m ercial softw are sim ulation 

packages: PSCA D ™ /EM TD C™ / MATLAB® / SIMULINK®, and  EMTP-RV.

• step-by-step construction of the com plete DFIG m odel w as dem onstrated. 

By going th rough  various softw are testings, the configuration w as finalized 

as the reference m odel.

•  the techniques for the m odel com plexity m easurem ents w ere explored under 

MATLAB®/SIMULINK®. By apply ing  the given techniques, m erits of the 

DFIG m odel optim ization, reduction, and  aggregation w ere better perceived.

• a m odified Trapezoidal in tegration m ethod w as developed to resolve the 

algebraic-loop that ham pered  the perform ance of MATLAB®/SIMULINK®. 

This solution w as essentially based  on the conventional pole-zero 

com pensation in discrete-tim e dom ain.

• the credibility of a sw itching function m odel, TSB, w as confirm ed, and  

the m odel w as used  to replace the SPS pow er electronic converter m odel 

resulting  in substantial gains in sim ulation perform ance. This w as the 

m onum ental step that led to the realization of sim ulating the WTGS in real

time.

• exhaustive analysis w as perform ed to define the optim al techniques for 

im proving the off-line and  real-tim e sim ulation perform ances of the DFIG 

m odel.

After identifying the fundam ental theories and  verifying different techniques 

for the DFIG-based WTGS m odel developm ent, spectrum  of the research w as 

expanded to apply ing  the developed m odel in w ind  energy in tegration studies:

• a grid-connected single WTGS schem atic w as setup  for study ing  the 

responses w ith  variable w ind  speed and  grid  faults. By com plying the
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studies w ith  the em erging operation standards, valuable insights w as 

p rov ided  for actual controller developm ent and  coordinations.

• com prehensive dem onstrations of off-line and  real-tim e w ind  farm  m odeling 

and  sim ulation w ere given. The m ain  focus w as on how  to preserve the 

dynam ic characteristics of the w ind  farm  by effectively utilizing the physical 

and  electrical properties.

• a m odel separation technique based  the discrete Bergeron transm ission line 

m odel w as exam ined for the real-tim e sim ulation of large pow er systems.

•  finally, three aggregation m odels w ere proposed  for lightening the 

com putational bu rden  and  achieving higher scalability on w ind  farm  

sim ulation studies.

6.2 Suggestions for Future Research

From this thesis, a solid foundation w as established for the fu ture research studies 

in the w ind  energy sector. Prospective research opportunities discovered during  

the study  w ere identified below:

• a m ore w ell rounded  converter bridge m odel replacem ent is needed. 

A lthough the sw itching function m odel w as efficient, its lim itations 

prevented  the proper m odeling of the hardw are protective device for the 

BBC.

• bench m ark m odels for the DFIG-based WTGSs should  be developed. 

This could be a difficult task  since there are m any different m anufacturers 

producing  variable-speed WTGS using various proprietary  technologies. 

H owever, com m on perform ance guideline should  be reached to authenticate 

the sim ulation studies.

• applications of the m odern  control theories should  be explored. A daptive or 

self-adjusting control w ould  be especially beneficial for the developm ent of
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centralized w ind  farm  controller, w hich adjust the generation depending  on 

the grid  conditions.

• further studies on the fault ride-through control should  be conducted. To 

com ply w ith  the em erging regulations protecting the interest of general 

public, the w ind  facilities m ust be properly  controlled du ring  and  after the 

com m on transm ission faults.

•  w ith  the existing w ind  farm  m odel, centralized control algorithm s can be 

developed. Controllers local to the indiv idual WTGSs should  be supervised 

by this centralized control to m eet different operation requirem ents im posed 

for the entire w ind  farm.

• m ore system atic procedure for w ind  farm  aggregation is essential for 

practical application of the techniques. Eventually, the procedures w ould  

be im plem ented in com puter aided system s for autom atic aggregation of a 

huge w ind  farm  in real-time.
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Coefficients for C p ( 9 ,  A) Curve Fitting
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Table A .l: Coefficients for Cp(9, A) Curve Fitting

i j aij
4 4 4.9686e-010
4 3 -7.1535e-008
4 2 1.6167e-006
4 1 -9.4839e-006
4 0 1.4787e-005
3 4 -8.919e-008
3 3 5.9924e-006
3 2 -1.0479e-004
3 1 5.7051e-040
3 0 -8.6018e-004
2 4 2.7937e-006
2 3 -1.4855e-004
2 2 2.1495e-003
2 1 -1.0996e-002
2 0 1.5727e-002
1 4 -2.3895e-005
1 3 1.0683e-003
1 2 -1.3934e-002
1 1 6.0405e-002
1 0 -6.7606e-002
0 4 1.1524e-005
0 3 -1.3365e-004
0 2 -1.2406e-002
0 1 2.1808e-001
0 0 -4.1909e-001
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c
Variables for Mechanical Control

Table C .l: Wind Power Coefficients

Parameter Name Recommended Value
Kpp 150.00

25.00
Tp (second) 0.01

Omax (degree) 27.00
Bmin (degree) 0.00

d6/dtmax (degrees/second) 10.00
dO/dtmin (degrees/second) -10.00

Pmax (pn) 1.00
Pmin (PU) 0.10

dP/dtmax (pu/second) 0.45
dP/dtmin (pu/second) -0.45

Kpc 3.00
K ic 30.00

Kptrq 3.00
Kitrq 0.60
Tpc 0.05
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MATLAB-code for Grid-side Converter 
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Figure F.l: Induction Machine Starting Schematics Implemented in: (a) PSCAD/EMTDC V.4.0; 
(b) MATLAB/ SIMULINK V.7.0.1; (c) EMTP-RV V l.l
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G
DC Capacitor Charging Schematics 

Implementations

Figure G .l: DC Capacitor Charging Electrical Schematics Implemented in PSCAD/EMTDC V.4.0
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Figure G.2: DC Capacitor Charging Electrical Schematics Implemented in MATLAB/SIMULINK 
V.7.0.1
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Figure G.3: DC Capacitor Charging Electrical Schematics Implemented in EMTP-RV V I.1
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DFIG Implemented with RT-LAB
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Figure 1.1: PWM Pulse Generation with RT-EVENTS V.2.4 Comparison Block
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Loop-free Trapezoidal Implementation
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Figure J.l: Loop-free Trapezoidal Implementation for WRIM in MATLAB/SIMULINK V.7.0.1: 
(a) stator-side algebraic-loop compensated with memory buffer and prediction mechanism; (b) 
original stator winding model
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3 r d  Order WRIM Implementation
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Figure K .l: 3rd Order WRIM Implementation in MATLAB/SIMULINK V.7.0.1: (a) modified 
stator winding model; (b) original stator winding model
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