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ABSTRACT

This thesis presents a comparison of time-domain dynamic models used for a fixed-speed
induction generator. Two types of the models are developed on the basis of 5" order equations
and 3" order equations. The models are constructed and implemented using MATLAB/Simulink.
Case studies are performed with particular consideration on three-phase fault responses and
connecting of capacitors at the stator of the induction generator. It is found that the results
obtained from 5" order model give more satisfactory transient responses, and should be used as a

representation for the induction generator in power system transient studies.
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. . s/ 9/ ¥ o
converted to mechanical work) HAUINVOUNDN @Ai INAUNITVINAUNITAWANUITINNNG

yoalsmesaz ldmueausadaiman ihesnin
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Tem 2 20 [w(’?’ds’ la:s)"'(a) ®, )( dr', qr ﬂ" "dr)] (2'30)

Tdanudusiug luaumsn 2.23 1214
2’ A’ lds > ( ' qr ;{' Ia’r) = Lm(idriq: o, iqrids) (2.31)

AuN159 2,30 awsoou1a ln Taeldnudunusauaunmsh 2.31

iR
em= 2( qrdr dr qr)
=R Lo )
Ei(ldslqs 3 ;{qs!ds) (2.32)
G

=575 Ln (Caplys ~arlas)
¥ . . Lok
nnaumsvouasodinna limilsnhnnamniamss aunsoagy1diy

aumsTulSinaues gdo vunseusndIdas: ldRwmITIen 2.1
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AUNMITUTITUNTAADS
Vg = Pﬂqs + @Ay + ar;tqs
vd, = pﬂ’df e wlqs + rsids : (2.33)

= p’q'os + rSiOS
o A:{ o
AUMTUTIAUN L5n0T

qr—p +(C€) w)'a'dr'l-rlqr

vdr = pﬂ'dr - (60 -, );{‘(;r + rrldr (2.34)
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W =w,A V %50 per unit (2.37)
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x=aw,lL QW30 per unit (2.38)
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3 a a v da ] A = 1 o
aumsvunsevondedaseluglveslandifondesdoiuni (p ) uazaSuenuausy

(x) ansoagl Tddsnsei 2.2

A O = a a
M3 2.2 auntsnaianiosinsna fhimsahuunsoudrededaszlugilves yuaz x
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AUMSUIIAUNTARDS

— @ p
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o P 9 " a P~
gumsnandinoIndesaesIuin

Was | | %is + Xm 0 0 X 0 0 iy
7 0 Xyt X 0O 0 %y 0 fl iy
y/?s _ 0 0 X ' 0 0 0 1?, 2.42)
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Var 0 Xy 00 xptx, 0
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quMsuIIla
3 -0,
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3 B
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3
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wadariu aunsadenidnseudaeldianua 4 wuy Taemstmuagies o THTimeang
Feroli
. o= n5oUNIBWDATE (arbitrary reference frame)
2. @=0: NIOUBNDIAIAIND] (stationary reference frame)
3. o=w,: nsaué’wﬁﬂsma? (rotor reference frame)
4 w=w,: NsOUNNDIF InTiia (synchronously rotating reference frame)
maidennseuddaiielFlumsaaumyines  szduegiuilymiinauls Tao
swoziBoaveadnznIoudeBa fidei
22.6.1 N3OUBIBIBAIE (arbitrary reference frame) : n3OUSBIHAMUATRIAY d-
q nyudoanusalan Taodmuamii o 39 o deunsadhy g au wieudis
inlsn/donld aumsvenseudredeiinansdeaumsi 2.402.43 uazIesAuyanada

uanedeglin 2.3
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2.2.62 N5OUDDIMANDT (stationary reference frame) : NTOVHDIT]
nnwiauny d-q gniadaegivmmaes liyy @ Tugali 2.2 fiswhdugud Seilfuau g
nutuunuusaadeuimanveala a wed  dwmsuaunmisussdum ldnnmsimualy
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AUMIUTIAUNAAADS

Vqs - w—bqu + ?'qu.s
P e
V= ——W g + Tl (2.44)
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_P -
Vos = —=WosFlshis
[0

v A o
AUMITUTIAUN 151005

' i, } =@, ] 1t
Rl W K LS LT Mz
) @y,
<y __ P — o ' ret
Vars T War T g * Gl (2.45)
@y @y,
’ P
Vor == Yor +rr'i;r
@y,

NNANMIN 2.4 tazaunsi 2.45 dnndouiusesmnamanaialddsgli 2.4 uae

ag ¥ @ A ) all o) &
ﬂu’{ﬂalﬂlliqauwﬂ‘lUHﬂﬁlﬂlﬂﬂinﬂ’]ﬂQu

Vs =V, cos(6, +y) (2.46)
Vys =V c08(0, + y — 27/3) (247)
v, =V, cos(6, +y +2x/3) (2.48)
Tay 6, TAwmiu og Tavi o, fo anudadapdlaniauas ¢ Ao na
y e Anuisudu
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AuNIIN 2.49

Vys 1o, 712 N2 v
vy, =% 0.—\B32-+3/2 v, (2.49)

v, 2 12 12 |

cs

vnaumsh 249 9218 v, Sauimiy

2 1
vqs 25' Vas __2"(vbs +vcs)

= %[Vm cos(, + ) - % (=¥, cos(b; + 7))}

23y, 0,

=V, cos(d, +¥) (2.50)
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way vy, Ay

———Vy, +—V
2 2
#ﬁ[
1/2:-[ -\/_V sin(6, +y)]

==V, sin(@, +y) (2.51)

ERR
Y& = cs

=~ Vs )]

2
3
2
3
2,
3

: = " P " 1 e ) 4
MnaumMsh 2.50 wemuldhusaRuivaalaunany q Sawmdunssdula a v
g/ P 4 o = @ I~ a0 v w =
WNVAIAMANDS TUMIUBUAINUAUNIZUAVULUIAY q Pezlnumdunszuama a #
e
aanesAuuiy Mnaseileah i hideuduam lumsudasndusin/Sue d-q T
Ysnalua abe Taoisrannsagmasus siunaznszuavoura a Tdanmvoaussdunas

ATZUTVULUIINU q

L
2.2.6.3 N30U1DBITIADS (rotor reference frame) : NFOUIIDITILNY d-q 3yuAIL
o ' o 7 d o ° Y = d’ Y R Y
ANUITWNAUANMEI TIneT Mvuemsiinuvensouddeil 18 lasmsIf o fiswidy
4 a - o o v ° =
AN TN 151003 o, taztunisussaum ldnnmsimuald o = o, Tuaumsi 2.40

¥
AL 2.41 At
AUMIUSIRUNTAADS

P o,
Vos S0 Wes T
@y, @y

‘//ds + rs’q.s

P @ .
Vy =—Wy——— +ri (2.52)
ds o, Was @, qu stds

P
Vos = Wos T rslos
@y

o o &
AUMITUTIAUN L5100T

' p

vqr = w_qur +rr’qr
P 3

Var =W +1iy (2.53)
@y,
P

Vo, =-—y. +ri,
@y
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VUM 2.52 wazaumsh 2.53 inn@ouihuasesauyamanata lddegii 2.5

H E[qj ] . 2

Igs Is Wp ™ds X Xir o
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AN—( T AW

+ +
Q% 3 ;
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fas 4 Wy Tgs Xis Xir e o
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310 2.5 2aaseuyantanada d-q uunsoudda lsnesveunseinsna il uniioni

vnaumsusty 3 aftudhmanesn 2.46-248 waswnduussiu d-q vunseu

gvalswed 18Taunsdmuald @ lugumisn 2.1 Sawndo 0, selfmmSndnsudasds
auMsh 2.54

Vs cosd, cos(8, =27/3) cos(6, +27/3)|[v,,

e = % sing, sin(6, ~27/3) sin(8, +27/3) [ v, | @54
Vos 1/2 1/2 1/2 Ves

d‘ - 1 ar
nnauMIn 2.54 0214 v, awiiy

Vos = %[vm cos 6, + vy, cos(8, —27/3) +v,, cos(6, +27/3)]

—i—Vm [% cos(b; +y — !9,)]

=V, cos(s&, +y) (2.55)
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Vg = %[vm sin@, + v, sin(@, — 27/3) + v, sin(8, +27/3)]

2 1 ;
=§'Vm *E[—3sm(9, +7-6,)]

= -V, sin(sé, + ¥) (2.56)

@ =t =1 Y o o a a 3 & dy
NAVMITUTIAUN 2.55 Az 2.56 i lanamuseduiimadlidiunodes Fansedl

weduswes I Tamesae 1dnszualamesuuuuaunu q @,) Hawihdunszualamesia

a (ig,)

td
2.2.6.4 N59UB13D9BI I3 (synchronously rotating reference frame) : N30UH19841]

unu d-q myudaoanusadalasde Tasmsdmuald o = o, Tuaunsh 2.40 uas 2.41 M

ym ¥ o o ﬂv
MW lAuseduaail
AUNTSUTIRUTAADS
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qs PR oy s " "stqs

b
D @p \
Vi s Wi r—V, Fri (2.57)
s o, /s w, gs " 's'ds
.y, ;
Vos = ;Wos F il

b
o o [4
AUMIUTIAUN 151ADT

P a)e—a), ' rer
Vor =~ Vor + (__—)Wdr + rrlqr

— @ 5 .
Vi =£w;,—[h]wq,+r::;, (259)
@, @,



25

nNauMsh 2.57 uazaunsh 2.58 didowihnssauanmainlddsgili 2.6
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Fgs I Wy Tgs X X W "o g
= AN—( = (O
+

,OS rs x}s x;f f. I or
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311 2.6 s TUYANIIWA TN d-q VuNTEUSIBT InsTTaveunTasinsna Inimiiuni

NNFUMIUTIAUN 2.46-2.48 utlaaaidlunsady d-q vunseud 98T Tasiiald Taoms

fmuald @ Tuaumish 2.11 Saumiu 6, sldwnindmsilasieaunmisi 2.59

cos@, cos(0, —27/3) cos (6, +27/3)| v,

Vos
Vg =§ sin@, sin (0, —27/3) sin (8, +27/3) | v, (2.59)
v, 1/2 12 1/2 Ve
VNN 2.59 9214 v, U
Vys = %[vmz cos @, + vy, cos(@, — 27/3) + v, cos(0, +27/3)]
= 1;'—1’,,,[%(:05(@r +y- 6’,)}
(2.60)

=V cos(y)
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Az v, IAwmnu

Vg = %[vas sin @, + vy, sin(6, — 27/3) + v, sin(6, + 27/ 3)]

=§Vm *%[-3sin(9, +7-6,)]

=V, sin() (2.61)

o 24 1 a 9 o ) 1w o g
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& =1 ' ' - A w1 o o
Vgs =V, 102 v, = 0 Faeziin 18 v, Wlumnsiinasiidumivmoeaveussiu dimiy
d & a ’d W
sz Temiotranilavesnseudadeiinie 14 lumsesnuuvszuunluguiloundu(feedback

controller design) iV ldnuaumsFuduvounsosdnsna i umiioni
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thaumsn 3.19 Tdunuluaunmsn 3.18 1214
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Number of poles 6
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45

Stator leakage reactance 0.071 Q
Magnetizing reactance 1.987 Q
Rotor resistance 7.821 mQ
Rotor leakage reactance 0.142 Q
Rotor inertia 7.4 kgm2
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Parameters Value
Cable resistance 9.4 mQ
Cable inductance 17 uH
Transformer resistance 2.7mQ
Transformer inductance 47 uH
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Rotor speed for a torque step
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4.3.5 MINANTIAUANT IV (voltage sag)
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Electromagnetic torque for voltage sag
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4.3.6 MINAUTIAUAUT IV (voltage swell)
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Phase-B stator current for voltage swell
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Rotor speed for voltage swell
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Abstract

This paper presents a comparison of dynamic models used for a grid-connected self-excited
induction generator. Two types of the models are developed on the basis of 5" order equation and 3° order
equation. The models are constructed and implemented using  Matlab/Simulink. Case studies are
performed with particulat consideration on three-phase fault responses of the induction generator. It is
found that the results obtained from 5" order model give more satisfactory dynamic responses, and should

be used as a representation for the induction generator in power system dynamic studies.
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900 kW, 690V, 50 Hz, 4 poles, 1510 rpm,
r g = 0.0034 ohms, r', = 0.003 ohms, Xy, = 0.055 ohms

x', = 0.042 ohms, Xy =16 obms, Jg = 35184 kg.mz
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Time Domain Models for Fixed-speed
Induction Generators

8. Jaikhan and A. Kunakorn
Department of Electrical Engineering, Faculty of Engineering,
King Mongkut's Institute of Technology Ladkrabang,
Chalongkrung Rd., Ladkrabang, Bangkok 10520, Thailand

.W-MpsperpmlmpnﬂMQﬂﬂm—
domni:dyuanﬂcnodelsmadfwaﬂnd—:pe_edlndncﬁm
mm.mnqmdmmnmww-mm
nts‘ordueqnlﬂmsmdﬁ“nrﬂ:rcqmmmgan
constructed and implemented using MATLAB/Simulink. Case
studies are performed with particolar considerafion on three-
mnmmmwmdwg&m
of the induction generator, 1t is found that the resnlis obtained
from 5 order model give more satisfactory transient
mmud:hq-wbnw:diinwmmme
Induction generatar in power system transient studles.

Index Terms - Three-phase fault, Transient eurrent due to
capacitor connection, Induction gencrator models

L INTRODUCTION

Nowadays, rencwable energy sources are widely used in
electricily generation systems becsuse there are many
WFWWMB&MUEM
cmimmsmdmeamﬂaﬁlkyofmemﬂmmhe
converted into electricity. One.of thie most iniportant energy
mecs:is\vindpow.mmepcnﬁmﬁmefwindmw
info the grid increases significantly, this means that the
presmceofwﬁ\dpowhummasuhmm’dhthepowa
system, The operation of the wind power generation is
required to provide a reliability of supply and a certain level
of stability. In addition, clectromagnetic fransients in the
wind power generation must be taken into account [1].

This. paper presents the development of time domain
uwdelshdﬁa'mmesmuﬁmdnpxdﬁnﬂ’u;him with
a squirrel cage induction gencrator, which is the simplest
type of the wind turbine technology. The squirrel cage
induetion generdtor uses the reactive power for generating
the ‘magnetizing current. Therefore in many cases,
capacitors are connected into the system to provide the
resdivepuwaMalsoastthﬁcgmc&moﬁm.
In this paper, two types of the time domain models are
described. The construction of the two-models is based on
5* order cquations and 3° i
MATLAB/Simulink. The responses of the induction
gmmoaedudthagidmmmh!&phmﬁmm
mdﬂteswiwhingopma&mofﬂ:eeapadurt!hctmnimls
ofﬂaeg:nmmdmdﬂedmdmm-edwiﬁmum
obtained from the standard model in PSCAD/EMTDC
library.

978-1-4244-2101-5/08/525.00 ©2008 [EEE

IL. MATHEMATICAL MODELS OF INDUCTION
GENERATORS

Thae arc many types of mathematical models to
represent induction generators in power system studies
[2.3,4]. The. induction generator may be modeled as a
transient reactance with a voltage source [2]. Such & model
bas been used in power system stability studies and load
flow. calculations. However, when clectromagnetic
must be used [3,4]. Bkanayake [4] proposed two models for
‘doubly-fed mmumfmnm These two models are 5™
order model and 3" order model. In this section, the
mathematical models of fixed speed induction generators are
described. The models developed in this paper are
canstructed from differential cquations based on g-d axis
fixed to a synchronious reference frame [3,4). All equations
can be shown as follows:

n

2

@)

Q)

The flux linkage equaticns

Yor=obliog -2ty gi 12y, oy &
wh xly

¥ b= 0h [(valy + E’Eww+i(w,,ﬂ-v‘bm ()
@p xis

* o [(Or D P
¥ =apl o Yt oy Vmg =V gt w]

Var=wp n-‘-‘!a;;‘w,,g—;wm-n,)m ®
The electromagnetic torque equation
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1065



The rotor speed cquation

. / ;
CL L AL S 10

3" order representation [3,4]
The voltage equations

Vqs""ﬁbﬁw‘&"'rﬁqs (18}]

'au—&ww'l-r;hb (|Z)
p

The flux linkage equations

=38, . Do, Y+ 13
¥as “(l'qs abwd') ¥img (13)

X

mvr—f(um%ywhv " (149

The 5™ arder model combines voltage equations from (1)
o (4) and the movement equation of the generator rotor
stnwnas(lo).limhmticedlhatfmf"crdc
representation, this can be achieved by neglecting the rate of
change of stator flux. lmhgeaubest’amr voltage equations.
Figures | and 2 demonstrate the MATLAB/Simulink blocks

for 5 order and 3™ arder equations.
L :
N N
I T
[ ~INEY
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L | St
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Fig. I: MATLAB/Simulink mode for 5 order equations on g-d axis.
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Fig. 2: MATUAB/Shmulink model for 3 trder equations on g axis.

LIL CaASE STUDIES AND RESULTS
The induction machine used in case studics is a squirrel-
type with rated values as follows [5]: 3-phase, 225 kW,
400 V, 6-pole, 1013 RPM. with the compensation capacitor
of 1.2 mF. The grid resistance is 12,1 mQ and the grid
reactance is 20 mQ [5],

Grid

Fault

Fig. 3: A schematic disgram for three-phase fault conditions.

The first casc study is to predict the fault currents
generated by the induction generator. Fig. 3 shows a
schematie diagram of the system under the investigation..
The temporary threc-phase fault is applied at the stator
terminals at ¢ = 4.9sec for 5 cycles, and the fault is cleared
at 1 = 5sec . The comparisons of responscs obtained from
5" order model, 3" order model and standard
PSCAD/EMTDC model are illustrated in Figures 4,5,6,7
and 8.
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It can be seen that the stator currents obtained from 5
order model are higher than those obtained from 3" order
model because the current from 5" order model has de-
offset which can not be seen in 3* order model. This gives
the different electromagnetic torque belween that of 5™ order
model and that of 3" order model. The 3% order model gives
an average value of the electromagnetic torque while the
oscillation of the torque can be obtained from the 5™ order
model [6).

Grid

CIpu:lhrl
3

Fig. 9: A schematic dizgram for capaci itching transient

The second case study is the switching operation of the
compensation capacitor. It is well-known that when the
capacitor is in switching-on mechanism, there is an inrush
cutrent with high frequency cemponents at a natural
frequency of the system superimposing on the voltage and
current waveforms [7]. The test grid of this case study is
shown in Fig. 9 and the: comparisons of transient voltages
and currents caused by the capacitors switching among those
from 5™ order model, standard PSCAD/EMTDC model and
those from 3" order wedel are depicted in Figures
10,1 1,12,13, 14 and 15.

mi-w e g i:":ﬂ
want —¥oao)
§ »
-
el
"!'rtﬁ P Wy e s
Lot

Fig. 10: The switching capacitors of phase-A voltage.

i E— - Ot

S R TR T n
Twwectecs
Fig. 1 1: The switching capacitors of phase-B voltage.
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e e When a simplified calculation of the system shown in
Figue9mpa’ﬁrmedbylarsmmd'l‘hitinga[5],thc
natural frequency was 574 Hz. From simulation results, it is
found that the sinusaidal oscillation frequency from 5™ order
model is 588 Hz, but the result from 3" order model gives
non-sinusoidal oscillation. As a result, it is clear that 5"
arder model is the appropriate representation for the fixed
speed induction generator in electromagnetic transient

Lo
b
00|

studies.
N £ .ﬁid -._I—ﬁuﬂi "‘ﬁl
) ) e . IV. ConcLUSIONS
Pl LI Tihe snitchlng copecihory of e C vllege Two mathematical models including 5* order and 3"
e B . order models for a fixed speed induction generator have
- = been studied. The two models are developed and
implemented in the MATLAB/Simulink. The 5% order
400

modeland}"’aﬂcrmoddbawbecnmmedwﬁhtbe
results simulated using the standard model provided in
PSCAD/EMTDC for two case studies, three-phase faults
and switching transients of compensation capacitors, It has
‘ been found that the respanses from 5% order models give
more accurate results than those from 3" order models.

W ab e~ Ok
T Tenech

Fig. 13: The switching capacitors of phasé-A current, V. REFERENCES
’ y ; i [1} T. Ackermann, Wind Power in Power Systenis, John Wiley & Sons,
2005,

121 P, Rundur, Power System Stability and Control, McGraw-Hill, 1993,

[3) c.,oqwn lation of Electric Machinery, 1* ed., Prentice-
Hall, 1998,

[41 1B, Ekanayske, L. Holdsworth and N. Jenkins, “Comparison of $*
order and 3" order machine modets for doubly fed induction generator
(DFIG) wind turhines," Eleciric Penver Systems Rescarch, vol. 67, no.
3,pp.207-215, December 2003,

{8) A Larson and T. ‘Thiringer, “Measurements gn and modelling of

capacior-connecting ms o0 2 Jow-voltage prid ;c;q:pd with
e W s WV AISIVINE i ¥ rwo bines,” 5, pp. 184-188, ber 1995,
e B & Rl E )| A Pk, PRt ﬁ»&mmw Stability Studies,
’ ; Thisis for the degree of Fidontile of engineering, Chalmers
Fig. 14: The switching capacitoes of phase-B cument. i = 3 e engineering,
L | 171 A Greenwoad, Electrical Transienss in Power S) 2% ed,, John
ol Wiley & Sous, 1994,
- ' List of symbols
i 4 Symbols Meaning
< Vs vede:¥ gr dr g-d axis voltages
. fq,h%-f qr-ler- q-d axis currents
. ¥ flux linkage
T Y IS e raor' maching resistance
Fig. 15: The switching capacitoss of phase-C curent, Xy Xfy machine reactance
e anguler velocity of system
When the capacitors are connected into a system, this is an @ angular velocity of base
LC cmuit. This circuit has a sudden disturbance with an @ angular velocity of rotor
i);c’:]ﬂ]:lmmuthemmral frequency, which can be defined as J t of iiextia
’ 1 o numbet of poles
F= a5 Tem ¢lectromagnetic torque
- wliic Frmock mechanical torque
Lis the total inductance of the system Tdowp damping tarque

Cis the total capacitance of the system
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