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ABSTRACT

This research proposes the coordinated control of superconducting devices, i.e. Superconducting
Magnetic Energy Storage (SMES) and Superconducting Fault Current Limiter (SFCL) for stability
improvement of the power system integrated with renewable energy sources, i.e. wind and solar farms.
The inevitable problems of wind and solar farms are the output power fluctuation and the fault-ride
through capability. To handle both problems, the parameters of SMES such as the inductance of the
superconducting coil, the sufficient initial stored energy used for stabilization, and parameters of active
and reactive power controllers are optimized. For the SFCL parameters, the resistance or the inductance of
SFCL is optimally tuned. This research project not only contributes the new knowledge of power system
stabilizing control under the scenarios of renewable energy sources, but also establishes the system

security towards the smart grid.

Keywords: Electric power system, Renewable energy source, Superconducting devices, Power system

stabilizing control
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2.1 fetuanidmsesiufialiiimfienhsfiadouaesma

Tuilogiiu msndamas i ldanwdsauaue: 185 uanuilenetregaunniuluszuy
Il Tasiiseasumasmanannnawdanuauialantszina 318 GW ludlasi) 2013 uazaah
srgaiuetissoriioslunn 4 1 [2] Taemmzsaiuauiilfinieasuiia lifumioniwiladoudes
N (Doubly Fed Induction Generator: DFIG) Lﬂuﬁﬂau%ﬁﬂﬁﬁqmﬁ’%’ummﬁﬂmﬁ'u%uadwqﬂ
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Ysudlszneudas I 1dde Aidavesnsunesinesivualdn tazeunsaaduquiga v
vuazmadllihaionlduensassaem fudu (3] Safuivansiativzilufuiuausianii
annsonfasunlamnudilsmed (Variable Speed Wind Turbine) I8 391 1aninsaadia
Uszansmmlumsulamdsnuanundsnn i Ifeswgailofeususaiuaui lawse
Wasuuasnmi3aTsned (Fixed Speed Wind Turbine) 14 [8] l¥gHaa Wi nivnfndataiuay
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M 2.1 Tnsaadaveanariuay DFIG
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Tagmni 2.1 uaaalnsaadavesnaivay DFIG N@e3IuAUTzUY (System) titevnanad Wi 1+
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Tviaa Taglaseadundnveensivaurtiailsznoudlomnieanuiia lndumiionit (Induction
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Converter) AN U529 C LazAIAUMULAZA LB Coupling Choke 1ABYARIANNHIAIADS 1ZAD
@ Y] { [ @ 4
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muagumssunasnunnasudwalsglilumasihd1dgage doiuanriaiiteansoniuguy
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mas lihdeenldgegaudinnnmiEsanee hinsfinaw (8]
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vds = Rsids - a)sl//qs + ﬁ (2 1)
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v, =Ri, —soy, +% (2.3)
v, =Ri, +soy, + dz;qr (2.4)
Wae = Ly + L1y, (2.5)
W, =Li, +L,i, (2.6)
w,=Li,+L,i, (2.7)

w, =Li, +Li, (2.8)
3 . .
L =21, Wady =Vl (2.9)
wazA1 L L Uz s, 811501W1A1 18010
L=L +L, (2.10)
L =L +L, (2.11)
SO, =0, -0, =0, (2.12)

Taon
[ 4
v, waz v, feusdn llihmedwmameSauauny @ weg g
[ 4
v, oz v, feusedn liihmedlsmesamimnun 4 uag g
4
i, wag i, fenszue llihmadwmamesamuwnny ¢ 1oz g
4
i, waz i, Aenszua s lsmesamuwiuny ¢ uaz ¢
A v o Y 4
v, Wag y,  Aevdngmedumamesauununy d e g
A v o Y 4
v, waz y,  Aevdngmeiulsmesmmuniun ¢ uaz g

s ﬁ@ﬁaﬂ
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%
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T Aousedawiman vl
A 1 td' o < 2
L, AemANumilenhudnm lad
A [ A ) Y 4
L AemANumilenhmesudAn 3
A ' A o Y 4
L AemaNu e Isines
A A o v Y 4
L, Aemanumilenis lvanmemudiames
A A o v Y 4
L, Aemaumilenis vanemuTanes
A 3 Aa o
o, AeAMUG T Ingle
=) 3 4
, AoAMuG1 151903
A 1 U 3 A v o <] 4 .
® ADANAANTZTNINANUT 1T IATU AN UAMUG 151093 (slip speed)

sr

A 9 s A 1 o J Y o Y

199N VADIANNAUAALABT I FoNADNUTL UL 1ABAT mwaimummmmmu"lﬂﬂmnmu
J = A1 oA v v o Y = @

VADIATIALAD T (vs) HATANMNDITUVTNANASINUALTEUY M I aumsh (2.1) - (2.3) MNT06aA

1 v J v J = n 9 o dy

mummmamuwuﬁmmwaﬂ% Lmzﬁ”lll”liﬂlﬂlfJuﬁllﬂ"li‘lWJJllﬂﬂﬂu
W =, —Ri,) @, (2.13)
l//qs = (vds _Rsids )/(_a)s) (214)

V/s = \' V/dsz + V/qsz (215)

o J 1 W 1 a3
HAZMUMIAIVANIVY Field Oriented Control (FOC) vz iviuald v, Hawmiy v, uag v, Sanily

Y 1
[ =

¢ v & [ a1 g 4 A A (Y
AUd AUy AU, LAz y, wlaAudugud [8] AU awaumsi (2.5) e y, ANy

4 =\ n 9 o dy
quiansooulnildast

P— (2.16)

] =) @ [ ~ A = 1T W 4 9 ~ =~
IFUAYINUAVTNUNITN (2.9) LUD W, HAUNINUGUY HAZUNUAIITNUNITN (2.16) FWITDIVYU

[T

Y
aumsnsadautman il 18 el

3 L .
]-; :El’lp(—L—mlerS) (217)
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waztmiualdnszua i i, snaumsh 17) dunszua’lliidrds i, , vesneuneiined

Y J = A @ n Yo 2
1’”\1@11!15W]65‘1]3ﬁ1u1iﬂl611ﬂuﬁuﬂ’lﬁw (2.17) Iﬂﬂﬂﬂgﬂiﬁlﬁlﬂ JU

2L T,

-t (2.18)
3’7me%

ldr _ref =

a 1 I o d @ % a I J
Taoussdauiman i (7)) aansagnimualdainemnavesarniuguii le Falisunmiluem

a a

1 J < s A @ < J Y < J Y
Wa@]1\153‘”31\1?’]31”Lj?jjl@]@jﬂjﬂ (a)r) ﬂllﬂ']AlllﬁijjlﬁﬂjﬂANf’]Q (a)ref ) Llagﬂ'flllﬁf.lijlﬁﬂjﬂfmﬂﬂ

G e

o o o A A o Y 4 4 9 a
@, ﬂzﬂﬂﬂ1ﬁuﬂ3~l"lil"lﬂﬂ"lﬂﬂll‘1/‘l‘17‘h P a1umnn 2.1 HazoNHUA IHABUNBT DI NINATUNT A

o w 1g 4 o w v W
aguidsluaiion o, Tmutlugududnzamsadounasmiidaliliedonvonuiay

Y
v A

DFIG nuawi 2.1 laaail

0,=0,+0,. =0, (2.19)

{ o 1w 1 a3 4 o w
nnfidmuald y, vy y ues v, Sauugudndiesainsamdddilfadon o, Tdaw

e dg’
TUNITANU

Qs = Im[(vds + jvqs )(ids + jiqs )*] = _vdsiqs (220)

HazNANMIN (2.6) unuadluaumsn (2.20) 1218

) :_des (w,-L,i,) (2.21)

s

A a Y1 o w A 9 J
MINAUNITN (2.21) ﬁHJTiﬂ’E]‘ﬁ‘UT(’JUlﬂ’Nﬂﬁﬂ’J‘UﬂiJﬂ1ﬁﬂ17‘lﬂ1lﬁuﬂu O, NMIAUAFIAADITIUITD

aruguarenszud I i, Feezgnimualnildidunszuadieds i, , vazusaiuliihdieds

qr_ref

¢ ¢ ¢ 0 a
"llENﬂ@um@ﬁlﬁ@ﬁﬂﬂﬁﬁuiﬁmﬂi Vir rg WSV i]$ﬂﬂ‘iuﬂllﬁﬂﬂﬂﬁﬂi]ﬂﬂll"ll@\‘lﬂﬁzL!ﬂ'é}NfJ\‘l

qr_ref

iy o MO0

qr_ref

A o < ' 4
LHAZINDUIAUNITN (2.7) LA (2.8) unuaadly aunsi (2.3) wag (2.4) AW19D

Y
Weuaunslu laaail

v,=Ri, -, (Li +Li.) (2.22)

rigr m°qs

v, =Ri, +o,(Li, +L,i,) (2.23)

qr
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) Yy A 4 4 Y 4 ° o A
uazu‘smu"lﬂﬂmnawe@ﬂaunaimmmﬂmuiimm Vir ref Uag v AZUINTIUNUFAUNITN

qr_ref

o a { s s s
(2.22) waz (2.23) 3¢ lausedn T8989 v, * uaz v, * Mldnruguasunedmeinediulsnes

AUTUNIT

Vi

I

= vdr + vdrire/' (222)

* —
v, =V, +Vv (2.23)

qr_ref
7 =Y ° o 4 v <
wazusaau liihdreds v, ¥ UAg v, MUUNU 4 uag g audauiazilasuily

[ § o LY o a 4 a [
dayana lWheusla v e ldadndyguduihaiagaleismsaindygyruvogaany

rabc _ctrl
o {
anunal I ewad (Pulse Width Modulation) Llﬂﬁ]”lﬂﬁllﬂ13‘ﬁ (2.13)-(2.23) TITDUTAINITAIUAY
s ¢ ) Y Yo = Y Y ° a o
m@ﬂﬂ@u!ﬁ@ilﬁ@iﬂTﬂﬂTuIim@ﬁllﬂﬂﬂﬂTW‘V] 2.3 "])'QL']JHG]'J?"I'J‘]_Iﬂll‘ﬂ1ﬂﬂ1ﬂﬂ1§ﬂ1u3mw1§1ﬂlﬁﬂi
A o A A o Y o =~ ¥ (% A
‘llfNLﬂﬁﬂﬂﬂ'lluﬂvlwﬂ“ﬁuﬂﬂu’lllﬁgﬁlﬂfﬁﬁﬂﬂﬂﬂuwll@‘ﬂ\‘]‘ﬁllﬂ4?5]'3 o PI-A PI-B PI-C uag PI-D

o v ¢ ¢ v ¢
FMTUADUNOTINDINIAIU 1510DT

2 2
F, |Tracking| @re Iy Rylar = g (Lylgr + Lylgs )|
Curve _ Vs _ 4 Var
o, L T, | 2 LT, ldr _ref L Var_ref Xy x
__r PI-A 3n,Ly, T X s X dq
2 = Vrabe _ctrl
-
(o] iqr _ref Var _ref Var *
®—>{pi-C ® ® e
+ - v,
qr
Orer Igr Ryigr + @5 (Lyigy + Lypigs )l

MW 2.3 MINIUAUAINLAY DFIG vesnaounesnesnasulsnes

§+ vdch —_ E
C wlLi
ldéc E G Rc Lc' i
N A H
> ()M — TR —
vds Vdgc

™ Taseaimuiuinny d



-+ ach —i

e g a)chldgc RC LC E
TS
Vqs ngc

@) Tassadramuuuinu g

MW 2.4 29I3TUYAVDI Coupling Choke

U 4 4 a a 1 .
uazmummmimmueumﬂaunasmasmaﬁ’mﬂsmzwmimmmmm coupling choke ATMNIND

3 @ { 3 Y o &2
2.1 nazamnsouaauiuisesauyaldnenini 2.4 vaz@euduaunisussau T 1daail

vdgc = vds - vdch
v. .. =V —chh

q8¢ qs

Taed

A v 4 4 Y a
Vige AT V. ﬂ6LLiQﬂHlIWﬁWJ@Qﬂ@uL’Jﬂim’f)ﬁ/]”lﬂﬂﬂ!ﬂiﬂﬁnmmjuﬂu d uag g

q8¢

Ver HOE Vv, Aouseau lihanaseuuea coupling choke MUUUWINY d LT ¢
R ABAIANUA UM UV coupling choke

L AoMIAMUYHE211v09 coupling choke

Fausaan il v, wag v, marldnnaums

vdch = Rcldgc - a)chlqgc

vqch = Rclqgc + a)chldgc

(2.24)

(2.25)

(2.26)

(2.27)

uazileldussaulihdeds v, ., wor v, ., Winnamsasugunssua Wi i, ues i A

nmsnfFeuieununseualiihdede i, , wer i, .,

wagnszua Wi i, 1d9inmsniugu
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@ a J v & { o @ a {
usean lhasaed 7, auiu mnaumsi (2.24) - 2.27) aunsadamssau Tldidedannou

¢ ¢ ¥ a v o A
NBIABINNATUNIA v, * o Vioge * QAAUNITAIU

* — — —
Vdgc =V vdz?hire/' Vien (228)

v *=yp —vy

qgc qs qch_ref v

(2.29)

qch

Y a o w =4 { 3
uazusaau Ii1eBe v, * uaz v * muuwuny ¢ uaz ¢ awdauiizannsoasuiy

[ A Y Y o @ o a J 9 any 9 @
dayana Ivldhawla v e lyasndyaraduiadagaieIsmasndyguuoganaIy

gabc _ctrl

A . o s
AITUNI D N GG L!aﬁﬁnﬂﬁllﬂ”liﬁ (2.24) - (2.29) ﬁ1ﬂ15ﬂllﬁﬂ\1ﬂ15ﬂ3ﬂﬂll"llﬂx‘lﬂﬂuL’J'ﬂimﬂﬁﬂ”lx‘]gﬁl!ﬂ

a

Y o d‘
salddaning 2.5

Vpciink _ref idgc Reigee = O Lelyge Vs

Vdch

® P

Vpciink

Vaabe _ctr
-
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lgge _ref
H v o 4 4 a
mwﬁ 2.5 NIIAIUNUMITUAY DFIG Gummuwaﬁmmmaﬁ’mﬂm

LZﬁﬁﬂ?ﬂﬂuuvuﬁﬂﬂ(PIConnnﬂeﬂ
szuumuguildarniuguuuniile (PL Controller) H30ARIUANIUDTAT U NN
N o J @ I { ] [} o :
SIER TS (Proportional Integral Controller) 11ﬂ518Lﬂui%1J‘l_lﬁﬂ’J‘]JﬂllQ1EJLLE1$l13J§ﬂ’J”|w})"]JG§)’f)u3J1ﬂ a4
% < o w @ Aa {1
amuauuuui levzilumsihdasversmnsunumsazauanuianalnvesdoya iU 1ay
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werhamuguilieuisunuainiuguIson q szmu landnuguuuui leszlinnudeuas
1 o L o a (% 1 ! { o
Tiigsennlumsiililszgnd 1 [13-15] s ldTaudionldmuediandevde Tasamnhwn1dlums
o I J Aa { a 1 @ '
avuaunaziluaanuHanalaninanaNuEanA 19U a1l s TunszuIuNIsIAEAIA Y
v o ¥ Ay v R a o A vo &
Aoamsvosdanlsiundesms Iy sansoesuieainuguuuuiile Idasl

= A (Z

@ o U . I ' { %
AINIUAUNHIDAINIUANLUUTATIU (Proportional Controller) %ZLﬂHﬂWﬂQﬁﬂ?ﬁﬁﬂ‘ﬂ%ﬂ
Y

& 2 A

< [ ' 2 Ao Y [ ' 1 a A A
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Fop =K pe(?) (2.30)

Tagh

e Aod YR IUBUNAVBIVBIAINIVAY

K, fodanveedadiu

P, fodyanmv100nvoIiInIUauILURN
A

t AvIAN

(2 (3 a o J I @ U
A1a1u9u TenToa1n1UANIDUYSWUS (Integral Controller) 1T udadIuvosn 1
a a I a [
AANATIAATNTISYSLINTUBIAITUNANA A IﬂﬂﬂgllﬁﬂﬂlﬂUWﬂijﬁJeﬂ'E)QFI'J”IIIWﬂwa”lﬂiunﬂ‘]f']\‘ll']a”l
N o a 1 a { @ v J
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= 3 Y v 2
G]f\iﬁ’liJ’lﬁﬂlLﬁﬂﬂl‘]JuﬁﬁJﬂWﬁhlﬂ JU
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A o N o J
K,  feoasvenslInus
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o ~ o q ¥ vy A 1 a Ay Y <
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f"I’JTJf’;IiJLL‘]J‘]JW"I,?]ﬂzlﬂuﬂ1iu1ﬁ1]ﬂﬁ‘ﬂ (2.30) ey (2.31) 33UNUY LLE]%HJEJUL']JL!E‘T?JﬂﬁNai’mllﬂﬂ\ﬁ!
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V=V (0,(0),0,(1))+V,(5,(2),6,(t)) (5.7)
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Optimal Superconducting Coil Integrated Into
DFIG Wind Turbine for Fault Ride Through
Capability Enhancement and Output Power

Fluctuation Suppression

Tanapon Karaipoom and Issarachai Ngamroo, Member, IEEE

Abstract—The vital problems of the grid-connected doubly
fed induction generator (DFIG) wind turbine are the fault ride
through (FRT) capability and the output power fluctuation. To
tackle these problems, this paper focuses on the optimization of
the superconducting coil (SC) integrated into a dc link of the
DFIG wind turbine for an enhancement of the FRT capability
and a suppression of the output power fluctuation. The de—dc con-
verter, which is used to control the exchanged energy between the
SC and the system, is additionally connected between the grid
side converter (GSC) and the rotor side converter. During nor-
mal operation, the SC acts as an energy storage device to exchange
energy with the system so that the power fluctuation of the DFIG
wind turbine can be alleviated. On the other hand, when severe
faults occur in the system, the SC is used as the current limit-
ing inductor to suppress both overcurrent in the rotor and stator,
and overvoltage in the dc link of the DFIG. In the optimization,
the inductance of the SC, the initial necessary stored energy in
the SC, and the proportional integral (PI) parameters of the dc—
dc converter are tuned simultaneously so that both objectives can
be achieved. Simulation study elucidates the control effect of the
DFIG wind turbine with the optimal SC.

Index Terms—Doubly fed induction generator (DFIG) wind
turbine, fault current limiter (FCL), fault ride through (FRT)
capability, optimization, power fluctuation, static synchronous
compensator (STATCOM), superconducting coil (SC).

NOMENCLATURE
W d-axis stator flux linkage.
Ws g-axis stator flux linkage.
Wy Stator flux linkage.
w Angular speed of the synchronous d—g
frame.
Wiy Wref Actual and reference rotor speeds.
Ws Synchronous speed of the d—q frame.
Wer Angular slip frequency.
AD Deviation of the duty cycle.
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d and q axes rotor voltage reference of
the rotor side converter.

d-axis stator voltage of the DFIG.

d- and g-axis stator voltage reference of
the GSC.

Actual and reference g-axis rotor volt-
age of the DFIG.

q-axis stator voltage of the DFIG.
Required voltage compensation by the
SC.

Actual and reference d-axis choke volt-
age of the GSC.

DC voltage of STATCOM.

DC voltage reference of STATCOM.
DC-link voltage.

DC-link voltage reference.

DC voltage error.

Three phase voltage reference of the
GSC.

Actual and reference g-axis choke volt-
ages of the GSC.

Three phase voltage reference of the
rotor side converter.

Terminal voltage of the DFIG.
Reference voltage for the fault detec-
tion.

Weighting factors.
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I. INTRODUCTION

OWADAYS, wind power penetration highly increases in

power systems. The total wind power installation was
about 280 GW globally by the end of 2012 [1]. Especially, the
wind turbine with doubly fed induction generator (DFIG) has
been paid attention extensively, because the DFIG has many
advantages such as low installation cost, low power rating of
converter, and active and reactive power controllability [2].
Nevertheless, the DFIG wind turbine faces two inevitable prob-
lems, i.e., the FRT capability and the output power fluctuation
[3]. For the FRT problem, because the DFIG wind turbine is
very vulnerable to the grid faults, it may not be able to ride
through. These faults may result in a large voltage dip at the
connection point of the DFIG. Subsequently, the voltage dip
will cause the overcurrent in the stator and rotor windings which
may be damaged [4]. To protect the DFIG from the grid faults,
the disconnection of the DFIG will be performed. As a result,
the system stability will be adversely affected. With the high
penetration of the grid-connected wind power sources, the FRT
capability is significantly required for the DFIG wind turbine to
mitigate the system instability. On the other hand, the DFIG
wind turbine also suffers from the output power fluctuation
problem of during normal operation. This problem negatively
influences power quality, stability, and system frequency and
voltage [5].

Generally, an enhancement of the FRT capability is the
installation of a crowbar circuit across the rotor terminals [6],
[7]. When the overcurrent is induced in the rotor winding due
to the grid faults, the rotor terminals are short circuited by the
crowbar circuit so that the rotor side converter can be isolated.
Due to the short circuit by the crowbar, the DFIG is changed to
the squirrel cage induction generator, which consumes the reac-
tive power from the grid. To solve this problem, the reactive
power sources such as supercapacitor [8], static var compen-
sator [9], and STATCOM [10] are applied to alleviate the large
voltage dip of the DFIG terminal so that the DFIG can ride
through the faults. In addition, the dynamic voltage restorer
[11], which is connected in series with the grid, is used to
compensate the line voltage during grid faults so that the FRT
capability of the DFIG can be improved. In [12], the super-
conducting magnetic energy storage (SMES) unit is applied to
enhance the FRT capability of wind and photovoltaic genera-
tion systems under the instantaneous outage or surge condition.
The SMES control effect on the FRT capability is examined
when the fault location is far from renewable energy sources.
However, when the fault location is adjacent to the SMES unit,
the SMES control effect is deteriorated. Consequently, the wind
and photovoltaic sources may not be able to ride through the
faults. In [13], the resistive type-superconducting fault current
limiter (SFCL) is used to reduce the fault current level at the
stator side of the DFIG and improve the FRT capability. With
increasing the resistance, the further improvement of the FRT
capability can be achieved. Nevertheless, the higher the resis-
tive value, the larger power loss will occur. The optimal value
of the resistance should be considered.

Recently, a superconducting coil (SC) has been installed in
the combined SMES and SFCL for limiting fault current and
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alleviating power fluctuation [14]-[17]. In these works, the SC
in the SMES unit, which is normally installed in parallel with
the system bus, is also connected in series with the transmission
line via a rectifier. In addition to an energy storage function
of the SC during normal operation, when any short circuits
occur in the power grid, the SC is automatically connected
in series with the transmission line and acts as the fault cur-
rent limiter. The combined SMES and SFCL are applied to the
damping of tie-line power oscillations and the compensation of
terminal-bus-voltage fluctuation of the wind turbine generator
[18]. In this work, the series and parallel compensation using
SMES which is placed at the wind generator terminal bus, is
proposed. Besides, in [19], the SMES-based excitation system
for the DFIG wind turbine is presented. The SC is installed
between the rotor-side converter and the grid-side converter of
the DFIG wind turbine via a dc—dc converter. With the high-
efficient energy storage and the quick response of the SC, the
active power transfer between the rotor side and the grid side
can be controlled independently. As a result, the SC can be
used to alleviate the output power fluctuation of the DFIG wind
turbine. Additionally, various circuits of the DFIG wind tur-
bine incorporated with the SC circuit using current and voltage
source topologies have been proposed in [20]. The SC is used
to alleviate the output power fluctuation during normal oper-
ation of the DFIG. Under the occurrence of the grid faults,
the SC is automatically inserted into the stator or rotor circuit
and used to limit the stator or rotor overcurrent. This study
shows that connecting the SC in series with the stator pro-
vides better FRT performance than connecting it in series with
the rotor.

Even the DFIG incorporated with the SC circuit presented in
[19] and [20] provides the satisfactory control effect, the set-
ting method of system parameters such as the inductance of
the SC, the initial stored energy of the SC, and the propor-
tional integral (PI) parameters of converters has not been clearly
mentioned. Without appropriate parameters setting, the FRT
capability enhancement and the power fluctuation suppression
of the DFIG with the SC circuit may not be achieved.

This paper proposes the parameters optimization technique
of an SC integrated into the dc link of the DFIG wind turbine
for the FRT capability improvement and the output power fluc-
tuation alleviation. During normal operation, the SC, which acts
as an energy storage device, is employed to smoothen the out-
put power fluctuation of the DFIG wind turbine. When severe
faults occur in the power grid, the SC is used as a fault current
limiter to suppress the overcurrent in the stator and rotor cir-
cuits and the overvoltage in the dc link. In the optimization, the
inductance of the SC, the initial stored energy in the SC, and
the PI parameters of dc—dc converter are tuned simultaneously
so that both the FRT capability and the suppression of output
power fluctuation can be achieved. The optimization problem is
solved automatically by a particle swarm optimization (PSO).
Simulation study by MATLAB/SimPowerSystems shows that
the optimal SC integrated into the DFIG wind turbine provides
superior effect on both objectives than nonoptimal SC, battery,
and STATCOM.

This paper is organized as follows. First, the DFIG wind tur-
bine with the SC and controllers is described in Section II.
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Next, the proposed optimization is explained in Section III.
Subsequently, Section IV provides simulation results. Finally,
the conclusion is given in Section V.

II. DFIG WIND TURBINE WITH SC AND CONTROLLERS
A. DFIG Wind Turbine With the SC Circuit

Fig. 1 delineates the SC circuit integrated into the DFIG
wind turbine [20]. The DFIG mainly consists of GSC, dc—dc
converter, and RSC. The GSC and RSC are voltage source con-
verters. The SC is connected to the dc side of GSC and RSC via
a dc—dc converter. Besides, the SC is commonly connected in
series with the stator of the DFIG and the transmission line via a
three-phase diode bridge rectifier and three isolation transform-
ers. During normal operation, the SC acts as an SMES unit. By
the control of dc—dc converter, the SC can be used to control
the energy exchange with the system. As a result, the output
power fluctuation of the DFIG can be alleviated. On the other
hand, during the grid faults, the SC is automatically connected
in series with the transmission line by the control of dc—dc con-
verter with the switching signal for the FRT enhancement. The
SC is used to suppress the overcurrent in the rotor and stator
circuits, and overvoltage in the capacitor C'. Note that the input

Comparator

IRridr = Wy (Lriqr ot Lmiqs )

Lar

Vrabe _ctrl

——

abce

signal of the comparator, which is the switching signal Sy, is
obtained from the fault current detection.

Figs. 2 and 3 show the RSC and GSC control schemes,
respectively [21]. At the normal operation, the RSC controller
is used to control the rotor speed and the reactive power output.
The reactive power control is conducted by the quadrature axis
current in the RSC control scheme. Here, the reference reactive
power is set to zero so that the actual reactive power output of
the DFIG is controlled to be zero. In other words, the DFIG
neither absorbs nor supplies the reactive power from/to the
system. On the other hand, the objective of the GSC controller
is to maintain the dc-link voltage by controlling the power from
the GSC.

B. DC-DC Converter Controllers

Fig. 4 shows the SC controller for the dc—dc converter, which
consists of PI1 and PI2, for smoothing output power fluctuation
of the DFIG wind turbine. The input signal of PI1 is the dif-
ference between the actual power output of the DFIG and the
reference power output of the DFIG. The output signal of PI1 is
the change in the dc-link voltage signal, which is proportional
to the change in the DFIG power output. Subsequently, adding
the output signal of PI1 to the reference dc-link voltage and
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comparing with the actual dc-link voltage, the input signal of
PI2, which is the dc voltage error, is obtained. Here, the refer-
ence dc-link voltage is set at 1500 V. The output signal of P12 is
the duty cycle deviation which is adjusted by adding 0.5 to get
the duty cycle between 0 and 1 for smoothing power fluctuation.
Comparing the obtained duty cycle and the sawtooth signal, the
driving signal Sy, for the controlled switches in the de—dc con-
verter is achieved. Subsequently, this driving signal is sent to
the comparator in Fig. 1.

Here, the cooperative control of GSC and SC controllers
is conducted to regulate the dc-link voltage. Accordingly, the
power compensation from the SC can be used to alleviate the
power fluctuation of the DFIG wind turbine.

As shown in Fig. 1, the power flow relation at normal
operation can be expressed by

Poric = Pstator + Fasc- (D
In addition, Pggc can be shown by

Pssc = Paciink + AP (2)
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Note that without power compensation from the SC, Pggc is
equal to Pyciink. Here, AP is expressed by

APE = AVE - T, 3)

Note that AV{ can be obtained as shown in Fig. 4. By
controlling AV, APE can be modulated to alleviate the
fluctuation of Pppig during normal operation.

The cooperative control of the GSC controller in Fig. 3 and
the SC controller for smoothing power fluctuation in Fig. 4 can
be explained as follows. When the actual power of the DFIG
is lower than the reference power, the SC controller is con-
trolled to supply the stored energy from the SC to the dc link.
This causes an increase in the dc-link voltage and the stored
energy in the dc link. On the other hand, the GSC controller
tries to reduce the dc-link voltage by releasing the increased
energy in the dc link to the system. As a result, an increase in
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the GSC power can compensate a decrease in the DFIG power.
The dc-link voltage can be maintained at the reference dc-link
voltage.

Fig. 5 shows the control block of the fault detection based on
the terminal voltage of the DFIG. This control block is used to
select the operating mode between the smoothing power fluctu-
ation and the enhancing FRT capability. The terminal voltage of
the DFIG is compared with the reference voltage to detect the
occurrence of fault. Here, the reference voltage is set at 0.9 p.u.
When the actual voltage is lower than the reference voltage, the
monostable circuit generates the signal S, to activate the SC
controller (PI3) for the FRT enhancement as shown in Fig. 6.
Because the PI3 aims to keep the dc-link voltage constant, the
difference between the dc-link voltage and the reference dc-link
voltage is used as the input signal of PI3. Based on the dc-link
voltage error, the stored energy in the SC can be supplied to
the dc link so that the voltage deviation of the dc link can be
eliminated. The output signal of PI3 is the duty cycle deviation,
which is added by 0.5 to get the duty cycle during grid faults for
the FRT enhancement. Comparing the duty cycle and the saw-
tooth signal, the driving signal Sga for the controlled switches

Egco (M)
Isco (KA)

ol 20sL 0 s L s L L L
0 10 20 30 40 50 60 70 80 90 100

Number of iterations

Fig. 11. Convergence curves of the optimized parameters.

in the de—dc converter is obtained. This driving signal is sent to
the comparator in Fig. 1.

The cooperative control of GSC and SC controllers dur-
ing grid faults aims to keep the dc-link voltage constant by
exchanging stored energy with the system. However, when the
fault occurs at the DFIG terminal, the GSC cannot exchange
energy with the system. As a result, the GSC controller cannot
maintain the dc-link voltage during grid faults. After the fault
clearing, the GSC absorbs the energy from the system, in order
to recover the dc-link voltage to the normal value. To support
the GSC controller during grid faults, the SC controller quickly
releases the energy stored in the SC to the dc link so that the dc
voltage can be kept constant.

III. PROPOSED OPTIMIZATION TECHNIQUE

The SC parameters, i.e., coil inductance, initial coil current,
initial stored energy, and parameters of PIl, PI2, and PI3 are
optimized so that the following objectives are achieved:

1) to alleviate the output power fluctuation of the DFIG wind

turbine effectively during normal operation;

2) to reduce the overvoltage in the dc link during faults;

3) to suppress the overcurrent in both stator and rotor during

faults;

The optimization problem can be formulated as follows:

Minimize
tsim tyo
J=W1-/|AP\dt+W2~ |AVqe| dt + W3
to ti1
tro
: /|AIR|dt+W4'Esco- 4)

th

Subjectto  0.001 < Lgc < 10H
1500 < Isco < 3000 A
0.00l < Kp; <1, 01<Kjp;;3<3

0.001 < Kpy <100, 0.001 < K72 <1

0.001 < Kp3 <100, 0.001 < Kr3<1
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where

1
Esco = = LscIsco’

3 &)

Here, the weighting factors are set as Wy, = 0.2, Wy = 0.5,
W3 = 0.3, and W4 = 1.0. Note that the fourth term in the right
side of (4) which is the initial stored energy in the SC is mostly
influenced by Wj.

In this study, the PSO [22] is applied to solve (4). Fig. 7
shows the flowchart of PSO that can be explained as follows.

1) Set the number of particles = 40 and the initial iteration

=0.

2) Perform the time simulation by MATLAB/SimPower

Systems.
3) Obtain the value of the objective function of each particle
from step 2) and select the minimum value.
Then check the condition
If Jo1a < Jpest, then Jgiq = Joia.
If Jola > Jpest» then Joia = Jpest.

4) Update the parameters of the SC and PI controllers for the

next iteration.

5) Check the stopping criteria. Here, the number of iteration

is set at 100.

6) Repeat the optimization until the stopping criteria is

reached.

IV. SIMULATION STUDY

Fig. 8 shows the DFIG wind turbine connected to the infi-
nite bus [20]. The DFIG parameters and PI parameters of RSC
and GSC controllers are given in Tables Al and A2, respec-
tively, in the Appendix. The MATLAB/SimPowerSystems is
used for optimization and simulation study [23]. The parame-
ters optimization is conducted under the wind speed A as shown

in Fig. 9, whereas the temporary three-phase fault at bus 2 is
applied at t =4 s for 150 ms. As a result, the convergence
curves of four terms in the objective function and the optimized
values of Esco, Isco, and Lgc are delineated in Figs. 10 and
11, respectively. Based on (5), the optimal Lgc is also influ-
enced by W,. Accordingly, the convergence curve of Lgc is in
the same fashion as that of Wy - Fgcg.

The optimized results of the SC and PI parameters are given
in Tables I and II, respectively. In simulation study, the effect
of the DFIG with the optimal SC is compared with that of
the DFIG with the nonoptimal SC. Here, the nonoptimal SC
is set at 5 H. From Table I, it can be observed that the initial
stored energy of the optimal SC is much lower than that of the
nonoptimal SC.

First, to evaluate the power smoothing performance of the
DFIG with the optimal SC, the simulation study is conducted
under the individual wind speeds A, B, and C without applied
fault. Fig. 12(a)—(c) shows the active power output of the DFIG
wind turbine in case of wind speeds A, B, and C, respectively.
For the DFIG without SC, the active power output of the DFIG
severely fluctuates. Conversely, the output power fluctuation is
suppressed by the DFIG with the nonoptimal SC. Nevertheless,
the DFIG with the optimal SC shows superior stabilizing effect
on the power fluctuation to the DFIG with the nonoptimal
SC. The output power fluctuation of the DFIG is completely
eliminated.

Fig. 13(a)—(c) depicts the dc-link voltage in case of wind
speeds A, B, and C, respectively. Fig. 14(a) shows Psiator,
Pgsc, and Pprig in case of the DFIG with the optimal SC
under wind speed A. It can be seen that the Pgsc is con-
trolled to compensate the fluctuation of Psiator 0O that Pprig 1S
smooth. This simulation result is consistent with (1). Fig. 14(b)
shows the dc-link voltage in case of the DFIG with the optimal
SC under wind speed A. As in (2) and (3), the dc-link voltage
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TABLE I
PARAMETERS OF SC

TABLE I1
PI PARAMETERS OF SC CONTROLLERS

Parameter Nonoptimal SC Optimal SC
Lsc (H) 5 0.198
Isco(kA) 2.106 2.106
Esco(MJ) 11.08 0.439

PI parameters Nonoptimal SC Optimal SC
Kp1, Kn 0.01, 0.05 0.0425, 1.9811
Kp, K 0.5,0.1 9.4074, 0.9683
Kp3, K3 0.0005, 0.001 49.186, 0.5042

changes in the same way as Pggc. The GSC controller tries
to keep the dc-link voltage constant. These results confirm the
cooperative control of the GSC controller and the SC controller
during normal operation.

Next, the DFIG with the optimal SC is compared with the
battery for the power smoothing effect. Fig. 15(a) shows the
DFIG wind turbine system with the battery which is installed at
the DFIG terminal. Fig. 15(b) depicts the model of the lead-acid
battery [24]. To alleviate the active power output fluctuation of
the DFIG at bus 1, the active power and reactive powers at bus
1 are used as input signals of the battery controller as shown
in Fig. 15(c). The battery parameters are given in Table A3 in
the Appendix. PI parameters of the battery controller are appro-
priately selected as provided in Table III. Fig. 16(a) shows the
active power flow at bus 1 under the wind speed A. In case
of without battery and DFIG without SC, the power output
of the DFIG largely fluctuates. On the other hand, the battery
can effectively alleviate the power fluctuation. Nevertheless,
because the control response of the lead-acid battery is slower
than that of the optimal SC, the control effect of the battery is
lower than that of the optimal SC. Fig. 16(b) shows the power
output of battery and the power compensated by the optimal SC.
Because the power compensated by the optimal SC is higher
and faster than that of the battery, the power smoothing effect
of the optimal SC is better than that of the battery.

Besides, the integral absolute error (IAE) of the active power
deviation at bus 1 is used to evaluate the control effect of the
battery and the optimal SC. Fig. 16(c) depicts the comparison of
IAE of A Pgys1 while Table IV provides the percentage of IAE
of A Pgys1 against three patterns of wind power. Obviously, the
percentage of IAE in case of the optimal SC is much lower than
that of the battery. This implies the superior power smoothing
effect of the optimal SC over the battery. Fig. 16(d) and (e)
shows the dc-link voltage and the stored energy in the dc
link, respectively. It can be observed that the maximum dc-link
voltage is 1513 V while the maximum stored energy is 28.61 kJ.

Next, to evaluate the FRT performance of the DFIG with the
SC, the simulation study is carried out under the wind speed
A while the temporary three phase fault at bus 2 is applied at
t = 4s for 150 ms. Fig. 17(a) depicts the terminal voltage at
bus 2. Based on the grid code of Germany EON [25], the wind
turbines must tolerate 0% of voltage dip at the connecting bus
with duration up to 150 ms. The magnitude of voltages in case
of the DFIG wind turbine with SC and without SC decreases to
almost zero and recover to the normal value. The DFIG wind
turbine with SC and without SC can ride through the fault.

Fig. 17(b) shows the active power output of the DFIG wind
turbine. In case of the DFIG without SC, the power largely
fluctuates. On the other hand, the DFIG with the optimal SC
provides better stabilizing effect than the DFIG with the nonop-
timal SC. The power fluctuation quickly reaches the steady state
value.

Fig. 17(c) shows the EM torque of the DFIG. In case of the
DFIG without SC, the EM torque severely oscillates. In con-
trast, in case of the DFIG with the nonoptimal SC and the
optimal SC, the EM torque oscillation is damped out effectively.

Fig. 17(d) depicts the mechanical speed of the DFIG rotor. In
case of the DFIG without SC, the mechanical speed largely fluc-
tuates. The speed fluctuation is suppressed effectively in case of
the DFIG with the nonoptimal SC or the optimal SC. In partic-
ular, the speed in case of the optimal SC takes shorter time than
that in case of the nonoptimal SC to return to the normal value.
It can be observed that the DFIG wind turbine takes 20 s to
return to its nominal speed. This is because PI parameters of
the PI-A controller in the speed control loop of the RSC control
scheme as shown in Fig. 2 are setas Ky_p1 =band K41 =
0.025. It can be proved that the response of the mechanical
speed will be faster if K4_p; and K 4_j; are set at higher
values. Fig. 17(e) depicts the difference between the mechan-
ical power input and the electrical power output. Clearly, after
fault clearing, the different power in case of the DFIG with the
nonoptimal SC still oscillates while that in case of the DFIG
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Fig. 16. (a) Active power flow at bus 1 (wind speed A); (b) battery power and SC power (wind speed A); (c) IAE of APpys1; (d) de-link voltage; and (e) stored

energy in the dc link.

TABLE III TABLE IV
PI PARAMETERS OF BATTERY AND STATCOM CONTROLLERS COMPARISON OF THE PERCENTAGE OF IAE OF APBusl
Battery STATCOM DFIG wind DFIG wind
Wind speed turbine without Battery (%) turbine with
Kgr.p1=2.5, Kpr-nn=5 Kst.p1=10, KsT.n =15 SC (%) optimal SC (%)
Kgr-p2=5, Kpr.12= 8 Ksr-p2=3, Kstn=5 Wind speed A 100 26.51 8.05
Kpr.p3= 2, Kpr.13= 15 Kstr-p3=4, Kst3=10 Wind speed B 100 32.34 6.23
Kgr.p4= 35, Kpr-14= 10 Kst-pa=5, Kst-u=15 Wind speed C 100 30.20 7.36

without SC returns to zero. This causes the oscillation of the
mechanical speed in case of the DFIG with the nonoptimal SC.
Fig. 17(f) shows the SC power. Because PI parameters of the

SC controller for smoothing power fluctuation in case of the
DFIG with the nonoptimal SC are not optimally set, the SC
cannot suitably exchange the power with the dc link. The RSC
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Fig. 17. (a) Terminal voltage of the DFIG; (b) active output power of the DFIG; (c) EM torque of the DFIG; (d) mechanical speed of the DFIG; (e) difference
between mechanical power input and electrical power output; (f) power of SC; (g) active power of stator, GSC, and DFIG; (h) dc-link voltage; (i) stored energy in
the SC (SC with Lgc = 5 H); and (j) stored energy in the SC (SC with optimal Lgc = 0.198 H).

which extracts the power from the dc link cannot provide sat-
isfactory damping effect on the mechanical speed. As a result,
the mechanical speed in case of the DFIG with the nonopti-
mal SC still oscillates. These results signify that the proposed
optimization is significantly required for the SC and converter
controllers.

Fig. 17(g) shows the active power of stator, GSC, and
DFIG with the optimal SC. During faults, all powers drop
to zero. After the fault clearing, the DFIG power returns to
the normal value by the power supply from the stator and
the GSC.

Fig. 17(h) depicts the dc-link voltage of the DFIG. During
grid faults, the dc-link voltage in case of the DFIG without SC
highly increases. On the other hand, the dc-link voltage can be
suppressed by the DFIG with the SC. Particularly, in case of

the DFIG with the optimal SC, the dc-link voltage fluctuation
is completely eliminated and almost constant (see the ampli-
fied figure). Fig. 17(i) and (j) shows the stored energy in the
nonoptimal SC and the optimal SC, respectively. At ¢t =4 s,
the stored energy of the SC with the nonoptimal or the optimal
Lgc increases. This implies that the SC controller during faults
can control the SC to absorb the abrupt increase in the energy
in the dc link. As a result, the increase in the dc-link voltage
can be largely suppressed. These results confirm the coopera-
tive control of the GSC controller and the SC controller during
grid faults.

Fig. 18(a)—(c) shows the stator currents of the DFIG in case
of without SC, with the nonoptimal SC, and with the optimal
SC, respectively. Without SC, the stator current during faults
largely increases. On the other hand, the nonoptimal SC and
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Fig. 20. Rotor side converter current: (a) DFIG without SC; (b) DFIG with the nonoptimal SC; and (c) DFIG with the optimal SC.

the optimal SC can limit the abrupt increase in the stator current
effectively.

Fig. 19(a)—(c) shows the GSC currents of DFIG in case of
without SC, with the nonoptimal SC, and with the optimal SC,
respectively. Without SC, the fault current is very large. The
nonoptimal SC is not able to suppress the fault current. On
the other hand, the fault current can be reduced effectively by
the optimal SC. The reason that Fig. 19(c) is different from
Fig. 19(a) and (b) can be explained as follows. Fig. 19(d) shows

the enlargement of Fig. 19(c), which can be divided into two
intervals, i.e., A and B. The interval A is under the control
of the SC controller during grid faults. On the other hand, the
interval B is under the control of the SC controller for smooth-
ing power fluctuation. When the fault occurs, the GSC current
is limited by the SC with the command signal S; from the
fault detection. The time duration of the interval A is deter-
mined by the monostable block which generates the .S; signal as
shown in Fig. 19(e), to initiate the operation of the SC controller
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Fig. 23. Stator current: (a) DFIG without SC; (b) DFIG with STATCOM; and (c) DFIG with the optimal SC.

during faults. Here, the time duration of the interval A is set
at 0.52 s. Fig. 19(f) shows the dc-link voltage. In the interval
A, the dc-link voltage is regulated to keep constant at 1500 V
by the SC controller during faults based on the Sy signal. On
the other hand, after the termination of the S signal, the SC
controller for smoothing power fluctuation starts to operate at
t =4.52s. The aim of this controller is to keep the DFIG
power output constant. It can be seen that the GSC current in
Fig. 19(d) starts to change so that the active power of the GSC
can compensate with the stator power as shown in Fig. 17(g).
As a result, the fluctuation of the DFIG power output can be
eliminated.

Fig. 20(a)—(c) depicts the RSC currents of the DFIG in
case of without SC, with the nonoptimal SC, and with the
optimal SC, respectively. Clearly, the optimal SC and the
nonoptimal SC are able to suppress the rotor overcurrent during
faults.

Next, the DFIG with the optimal SC is compared with
the STATCOM for the FRT capability enhancement. The
STATCOM is also installed at the DFIG terminal as depicted
in Fig. 15(a). Fig. 21(a) and (b) shows the STATCOM model
[26] and controller, respectively. The STATCOM parameters
are given in the Appendix. The PI parameters of the STATCOM
controller are appropriately selected as provided in Table III.
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Fig. 25. Rotor side converter current (a) DFIG without SC; (b) DFIG with STATCOM,; and (c¢) DFIG with the optimal SC.

TABLE V
COMPARISON OF PEAK VALUES IN PERCENTAGE

SySiai DFIG wind DFIG wind
vaziables turbine STATCOM (%) turbine with the
without SC (%) optimal SC (%)
Vdclink (V) 100 90.58 0.99
Isutor (p-u.) 100 94.46 59.71
Igsc (p.u.) 100 96.79 35.89
Irsc (p-u.) 100 92.10 53.28

Fig. 22(a) depicts the DFIG terminal voltage with respect to
the Germany EON grid code. The DFIG terminal voltages in all
cases are in the acceptable range of the grid code. Figs. 22(b),
23-25 show the dc-link voltage, the stator current, the GSC cur-
rent, and the RSC current, respectively. Because the STATCOM
is installed at the DFIG terminal, it cannot reduce the overvolt-
age and overcurrent in the DFIG circuits. On the other hand,
the DFIG with the optimal SC can limit all of them effectively.
Table V provides the percentage comparison of the peak val-
ues of voltage and current in Figs. 22(b), 23-25. The optimal
SC gives the lowest percentage of the peak voltage and current
in comparison with the STATCOM and the DFIG wind turbine
without SC.

V. CONCLUSION

The new optimization technique of the SC integrated into the
dc link of the DFIG wind turbine for augmentation of the FRT
capability and suppression of the output power fluctuation is
proposed in this paper. New contributions and advantages of
the proposed technique are summarized as follows.

1) The proposed technique not only guarantees the con-
trol effect of the SC for smoothing power fluctuation
and enhancing FRT capability, but also provides the eco-
nomical merit of the SC. Besides, all optimal parameters
such as SC inductance, initial stored energy, and PI
parameters of dc—dc converter can be optimally and
automatically determined without difficulty of trial and
error.
Simulation results clarify that the DFIG wind turbine with
the optimal SC provides superior control effect to the
DFIG wind turbine with the nonoptimal SC, battery, and
STATCOM in terms of power smoothing effect and FRT
enhancement. This confirms that the proposed solution is
not only theoretically feasible, but also superior to other
conventional techniques.
Although the installation cost of the SC is still expensive,
this paper presents the multifunctions and various bene-
fits of the SC integrated into the DFIG wind turbine such
as smoothing power fluctuation, solving power quality
problem, enhancing FRT capability, limiting fault current,
and improving the power system transient stability. It is
anticipated that these various benefits can significantly
support the implementation of the proposed technique in
practice.

For the future work, an experimental study which com-
pares the proposed solution and other techniques in previous
literatures will be carried out.

2)

3

~

APPENDIX

Tables A1-A4 are as follows.
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TABLE Al
PARAMETERS OF DFIG WIND TURBINE

Symbol Parameter Value
S Rated DFIG wind turbine 1.5 MVA
Vistator Stator line voltage 0.69 kV
o Synchronous speed 314.16 rad/s
n, Number of pole pairs 2
R, R, Stator and rotor resistance 0.003 p.u.
L L, Stator and rotor leakage inductance 0.11,0.07 p.u.
Ly Magnetizing inductance 2.5 p.u.
Si Rated isolation transformer 0.5 MW

Vi Isolatl'on transf.ormer. stator side and 400 V/600 V
diode rectifier side voltage

R, R Isolation transformer resistance 0.005 p.u., 0.005 p.u.

Isolation transformer leakage

L;, L, induction 0.035 p.u., 0.035 p.u.
T Isolation trar}sforrger magnetizing 500 p.u.
induction
TABLE A2
PI PARAMETERS OF RSC AND GSC CONTROLLERS
PI parameters Value
Ka-p1, Kan 5,0.025
Kg-p1, K -n 10, 15
Kcpi, Kcn 5,10
K p.p1, Kp-n 10, 15
Kepi, Ken 20, 15
K Fp1, K pn 50, 20
Ka.ri, Kgn 50, 20
TABLE A3
PARAMETERS OF BATTERY PACK
Parameter Value
Nominal dc voltage (V) 1400
Rated capacity (Ah) 50
Energy capacity (kWh) 70
Initial state-of-charge (%) 50
Initial energy (MJ) 126
Maximum capacity (Ah) 52.08
Fully charged voltage (V) 1633.22
TABLE A4
PARAMETERS OF STATCOM
Parameter Value
dc voltage (V) 1500
Series line reactance (H) 0.0001
Series line resistance (Q) 0.002
dc link capacitance (uF) 8000
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Improving Low-Voltage Ride-Through Performance
and Alleviating Power Fluctuation of DFIG Wind

Turbine in DC Microgrid by Optimal SMES With
Fault Current Limiting Function

Issarachai Ngamroo and Tanapon Karaipoom

Abstract—The vital problems of doubly fed induction gen-
erator (DFIG) wind turbine are power fluctuation and low-
voltage ride-through performance. To tackle both problems, the
new circuit configuration and optimization technique of the su-
perconducting magnetic energy storage with fault current lim-
iting function (SMES-FCL) in a DC microgrid are presented.
The SMES-FCL circuit mainly consists of two DC choppers with
common superconducting coil (SC). During normal operation,
the SMES-FCL acts as the SMES unit to suppress the power
fluctuation of DFIG. When severe faults occur in the system,
the SC is automatically connected to the system and used as
the fault current limiter. Consequently, the fault current and the
terminal voltage drop of DFIG can be alleviated. The energy
function method is used to formulate the optimization problem
of SC inductance, initial stored energy, and proportional-integral
control parameters of choppers. Simulation study confirms the
superior control effect of the SMES-FCL over the conventional
SMES.

Index Terms—Doubly fed induction generator wind turbine,
energy function method, fault current limiter, optimization, super-
conducting magnetic energy storage.

I. INTRODUCTION

N recent years, the variable-speed wind turbine with DFIG

has gained popularity as the smart renewable energy source
in the DC microgrids [1]. However, the DFIG wind turbine in-
evitably faces the crucial problems of power fluctuation during
normal operation and LVRT during the occurrence of faults
[2]. Without effective countermeasures, these problems may
seriously jeopardize the power system stability.

In the past, various circuit configurations of the combined
SMES and superconducting fault current limiter (SFCL) have
been presented [2]-[7] to solve problems in the AC power
grid. In [2], the SC is integrated into the rotor side converter
of the DFIG so that the internal currents and voltage in the
DFIG during faults can be suppressed. In [3], the series and
parallel compensation using SMES is used to alleviate power
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and voltage fluctuations of the wind turbine. However, since the
SMES in [2], [3] has no any effect on the alleviation of terminal
voltage drop of DFIG during faults, the LVRT capability cannot
be guaranteed. In [4]-[7], the combined SMES and SFCL
are used to suppress the fault current and smooth the power
fluctuation in power systems without renewable energy sources.
Nevertheless, there are no any research works which apply the
combined SMES and SFCL to overcome both LVRT and power
fluctuation problems of DFIG in the DC power grid.

This paper focuses on the new circuit configuration and
optimization technique of the SMES with fault current lim-
iting function (SMES-FCL) for improving LVRT capability
and smoothing power fluctuation of DFIG wind turbine in a
DC microgrid. The control effect of SMES-FCL is evaluated
by time simulation study in comparison with the conventional
SMES.

DC Line D (3 km)

O

Fig. 1. Study system.

II. STUDY SYSTEM AND SMES-FCL
A. Study System

Fig. 1 shows the study DC microgrid which consists of
two identical DFIG wind turbines (DFIG1 and DFIG2) with
the same MW capacity [2], SMES-FCL, DC lines, and loads.
During normal operation, the power outputs of both DFIGs
highly fluctuate. On the other hand, when any faults occur near
the DFIG bus, the DFIG wind turbines may fail to ride through
the low voltage situation and be disconnected from the system.
To deal with both problems, the SMES-FCL is placed at the
terminal bus 3 of both DFIG wind turbines.

B. SMES-FCL Circuit and Controllers

Fig. 2 depicts the circuit of SMES-FCL which is mainly
composed of two DC choppers with the common SC. During

1051-8223 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 2. SMES-FCL circuit.

TABLE 1
SWITCHING OPERATION OF DC CHOPPERS OF SMES-FCL

Normal operation During faults

Switches

Charging Discharging Charging Discharging
mode mode mode mode
N on off on off
S, on off on off
D, off on off on
D, off on off on
S5 on on off off
M on on off off
D, on on on on
D, on on on on
Swi off off on on
Sy2 off off on on

normal operation, the SMES-FCL which acts as an SMES unit,
is used to smoothen the power fluctuation of DFIG wind turbine
by a control of power charging and discharging. During system
faults, the SC is automatically connected between bus 3 and
bus 4. After limiting the fault current and alleviating the DFIG
terminal voltage drop, the SMES-FCL returns to operate as an
SMES unit to eliminate the remaining power fluctuation. Table I
shows the operation of DC chopper switches of SMES-FCL.
Note that the SMES-FCL used in the DC grid does not require
the inverter like the SMES in [2], [3] which are used in the AC
grid. Besides, the FCL part do not require the series transformer
for the impedance transformation like the FCL circuit in [4]—[8]
which are used in the AC grid. This significantly simplifies the
control technique of the proposed SMES-FCL.

Fig. 3 shows the chopper controller of the SMES part. The
control objective is to keep the power flow at bus 4 constant
by exchanging the stored energy in the SC with the system.
The difference between the actual power at bus 4 (Pp,s4) and
the reference power at bus 4 (Ppysa_ref) is used as the input
signal of the first proportional—integral (PI1) controller. The
output signal of PI1 is added to the reference current at bus 4
(IBusa_ref)- The adjusted signal of Ipysa rer i subtracted
from the actual current at bus 4 (Ip,s4). As a result, the
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Fig. 4. Chopper controller of the FCL part.

input signal of PI2 is obtained. The output of PI2 is the duty
cycle deviation (AD). By adding AD by 0.5, the duty cycle
signal (D) is achieved. Subsequently, the duty cycle signal is
compared with the sawtooth signal with 1,985 Hz to generate
the gate drive signals of switches S1 and S2 of DC chopper.
When the duty cycle is greater than 0.5, the electrical energy
is charged from the system to the SC. On the other hand,
when the duty cycle is less than 0.5, the stored energy in the
SC is discharged to the system. In this study, four PI control
parameters (K p; and Kp;, ¢ = 1, 2), the initial stored energy in
the SC and the SC inductance are optimized simultaneously.

Fig. 4 delineates the chopper controller of the FCL part. The
aim is to control the connection of the SC between bus 3 and
bus 4 when system faults occur. Here, /5,4 is compared with
the reference fault current (1 Fault—ref = 3 kA). When Iys4 is
greater than [y,,;;—ref, the monostable circuit sends the turn
on signals to S,,; and Sy,2 and the turn off signals to S3 and Sj.
Accordingly, the SC can be automatically connected in series
with the DC line.

III. PROPOSED OPTIMIZATION

The energy function method is adopted to formulate the
parameters optimization problem of SMES-FCL [9]. When any
faults take place in the system, the kinetic energy stored in
the rotor and the rotor speed of DFIG highly increase. At the
same time, the electrical power output and the terminal voltage
of DFIG suddenly drop. To make the DFIG ride through this
low voltage situation, the SC is connected in series with the
system and acts as the FCL to suppress the increase in both
fault current and stored kinetic energy. Consequently, the abrupt
decrease in both power output and terminal voltage of DFIG can
be alleviated.

The energy function V' in this system can be expressed by

V= Vi (wi(t),w2(t)) + Ve (01(2), 02(1)) , M

where Vi is the kinetic energy, Vp is the potential energy,
w1 (t) and wy(t) are the rotor speeds of DFIGI and DFIG2,
respectively, 1 (¢) and d5(t) are the rotor angles of DFIGI and
DFIG?2, respectively, and ¢ is the time.
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The derivative of V' with respect to time can be expressed by

AV s [ OV dw;
dtz;((‘)wi Clt+

1=

m%wﬂ. )

06; dt

As described in [9], dV/dt which is the negative value,
implies how the total system energy decays. The more negative
dV/dt is maximized, the higher and faster system damping can
be obtained. Since dw; /dt = (Py,; — Pe;)/M;, where M;, Py,;,
and P,.; are the inertia constant, the mechanical power, and
the electrical power of the ith-DFIG, respectively, substituting
dw; /dt into (2) provides

ﬂ_iamml
dt n 1 8601‘ Mz

6Vpd5) ZaVK 1

iz 35 dt 8(.4)1 7;
3)
The kinetic energy function can be shown by
1
2
Vi = ; §Mi (wi(t) —wo(t))”, “)
wherewo(t) ( ( )Ml +W2( ) )/(Ml +M2).

Since OV /Ow; =
can be expressed by

M;(w;(t) — wp(t)), the right side of (3)

2

dV oVp dé;
P > ((wi(t) —wo(t)) Prmi + 86143 dt) —Ve, )
i=1 g
where
2
VC = Z (wi(t) — wo(t)) Pei- (6)

i=1

Due to the short period of the fault, §, P,,;, and Vp hardly
change. Accordingly, the variation of the first term on the right
side of (5) is very small. On the other side, V- which relies on
P,;, directly influences dV//dt. Here, the FCL part is used to
maximize V¢ by controlling P.; so that dV//dt becomes more
negative.

After the control of the FCL part as well as during normal
operation, the SMES part alleviates the power fluctuation. Here,
the minimization of integral absolute error (IAE) of power
deviation at bus 4 (APp,s4) is considered as

ts
/ |APpysa(t)| dt — Minimum, 7
to
where tg and ¢ are the initial and final times of simulation.
Besides, the SC inductance and the initial SC current are

optimally tuned so that the initial stored energy in the SC is
minimized as
Esco = §LSCI§CO — Minimum, (8)

where Escg is the initial stored energy, Lg¢ is the SC induc-
tance, and Iscq is the initial SC current.
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Fig. 6. Convergence curves of 1/V¢, IAE of APpys4, Lsc, and Egco.

Based on (5), (7), and (8), the multiobjective optimization
problem can be expressed as

Minimize l/VC + / |APBUS4(t)| dt + ESCO~ (9)

to

Subject to

(a) 0.01 < Lge < 5 H, (range of SC inductance),

(b) 0.01 < Igco < 2KA, (range of SC current),

() 0.001 < Kp1, Kpo, K11, K12 < 20, (range of PI gains).

The optimized SMES-FCL is compared with the SMES
unit with Lge = 2.5 H and Isco = 1.2 kA. The PI controller
parameters for the chopper of the SMES unit are optimized
by (7) with subject to the constraint (c) in (9). In this work,
the particle swarm optimization [10] is used to achieve optimal
parameters of the SMES-FCL and the SMES unit.

IV. SIMULATION STUDY

The parameters optimization is conducted by MATLAB/
SimPowerSystems [11] under the wind speeds of DFIGI and
DFIG?2 in Fig. 5, where to = 0 s and ¢t; = 10 s. In addition,
the temporary line to ground fault is applied at the point F1
in Fig. 1 at t = 4.0 s for 150 ms. As a result, the convergence
curves of 1/V¢, IAE of APpys4, Lsc, and Egco are shown
in Fig. 6. The optimized parameters of SMES-FCL and SMES
are provided in Table II. Note that the SC inductance and the
initial stored energy of the SC in case of SMES-FCL are lower
than those in case of the SMES unit. Fig. 7 depicts the power
fluctuation at bus 4 under the wind speeds in Fig. 5 without
the fault. In cases of without controller, the power largely
fluctuates. On the other hand, both SMES and SMES-FCL are
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TABLE 1II
OPTIMIZED PARAMETERS OF SMES AND SMES-FCL
Parameters SMES SMES-FCL
Ly~ (H) 2.5 0.99
Igcp (KA) 1.2 1.25
Egco M) 1.8 0.77
Kp;, K 9.74,0.16 12.11, 5.65
Kp>, Kp» 15.11, 6.21 19.01, 3.22
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Fig. 8. Terminal voltage of DFIG1 at bus 1.

able to get rid of the power fluctuation effectively. Nevertheless,
the SMES-FCL provides better power smoothing effect than the
SMES unit.

Fig. 8 shows the terminal voltage of DFIGI1 at bus 1 with
respect to the allowable voltage criteria of the AWEA grid
code of USA [12]. Based on the time duration and the AWEA
voltage criteria, the wind turbine must withstand the terminal
voltage drop up to 15% of the nominal voltage for 625 ms. In
cases of without controller and with SMES, the terminal voltage
drop is lower than the acceptable criteria of the grid code. The
DFIG1 cannot ride through the fault. In case of SMES-FCL,
on the other side, the voltage drop is in the acceptable range of
grid code. Subsequently, the voltage fluctuation is completely
eliminated. Consequently, the LVRT capability of DFIG1 can
be augmented by SMES-FCL. Note that simulation results in
case of DFIG2 are in the same fashion as those of DFIGI.
Fig. 9 shows the maximum voltage drop during faults. In case of
SMES-SFCL, the maximum voltage drops at the DFIG terminal
buses 1, 2, and 3 are in the allowable criteria, i.e. at 85% of the
nominal voltage.
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TABLE III
NECESSARY MW AND MJ CAPACITIES OF SMES

Capacity SMES SMES-FCL
MW 3.81 2.68
MJ 2.38 1.28

Fig. 10 depicts the power fluctuation at the DFIG1 terminal
bus 1. Without any device and with SMES, the transient power
drastically fluctuates. Since the fault is adjacent to the SMES
location, the SMES control effect is entirely deteriorated. On
the contrary, the SMES-FCL can effectively suppress the power
fluctuation and damp out the remaining power swing.

Finally, the necessary MW and MJ capacities of the SMES
for LVRT enhancement are given in Table III. The MW capacity
is obtained from the maximum power output deviation of
SMES. The MJ capacity is determined from the maximum dif-
ference between the initial stored energy and the energy output
of SMES. With the support of the FCL part, the necessary MW
and MJ capacities of SMES in case of the SMES-FCL are less
than those in case of the SMES unit.

V. CONCLUSION

The SMES-FCL and parameters optimization for enhanc-
ing LVRT capability and suppressing power fluctuation of
DFIG wind turbine in a DC microgrid is proposed. Study
results ensure that the SMES-FCL with lower SC inductance
and MW/MJ capacities provides better control effect than the
SMES. The SMES-FCL can be expected as the smart device to
contribute not only the stabilizing effect, but also the significant
economic merit in the future DC power grid.
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Cooperative Control of SFCL and SMES for

Enhancing Fault Ride Through Capability and
Smoothing Power Fluctuation of DFIG Wind Farm

Issarachai Ngamroo and Tanapon Karaipoom

Abstract—This paper deals with a cooperative control of a
resistive type superconducting fault current limiter (SFCL) and a
superconducting magnetic energy storage (SMES) for enhancing
fault ride through (FRT) capability and smoothing power fluctu-
ation of the doubly fed induction generator (DFIG)-based wind
farm. When the system faults occur, the SFCL is used to limit the
fault current, alleviate the terminal voltage drop, and transient
power fluctuation so that the DFIG can ride through the fault.
Subsequently, the remaining power fluctuation is suppressed by
the SMES. The resistive value of the SFCL as well as the supercon-
ducting coil inductance of the SMES are simultaneously optimized
so that a sudden increase in the kinetic energy in the DFIG rotor
during faults, an initial stored energy in the SMES coil, an energy
loss of the SFCL, and an output power fluctuation of the DFIG
are minimum. The superior control effect of the cooperative SFCL
and SMES over the individual device is confirmed by simulation
study.

Index Terms—Doubly fed induction generator (DFIG) wind tur-
bine, optimization, superconducting fault current limiter (SFCL),
superconducting magnetic energy storage (SMES).

I. INTRODUCTION

ECENTLY, the doubly fed induction generator (DFIG)-

based wind farms have been paid attentions extensively
due to low cost of installation, controllable power output etc.
[1]. Nevertheless, the DFIG faces two unavoidable problems,
i.e., output power fluctuation and fault ride through (FRT) ca-
pability. The power fluctuation due to intermittent wind speeds
may deteriorate power quality and system stability. Besides, the
DFIG is vulnerable to the low voltage situation due to system
faults. To protect the damage of the DFIG, the DFIG will be
tripped from the system. The tripping of large wind farms may
cause the system instability.

To overcome both problems, the superconducting magnetic
energy storage (SMES) has been applied [2]-[4]. Since the
SMES has no any effect on the fault current limitation, the en-
hancement of the FRT capability by the SMES may be degraded
when severe faults are adjacent to the SMES location. On the
other hand, the resistive type superconducting fault current
limiter (SFCL) has been used to enhance the FRT capability
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of the DFIG wind turbine [5], [6]. Study results show that the
higher the value of SFCL resistance, the better improvement
of the FRT capability can be achieved. Nevertheless, the high
resistance results in the high energy loss during the period of
fault current limitation. Additionally, the resistance value of the
SFCL in these works is selected based on trial-and-error which
cannot guarantee the optimal value. The problems of the high
energy loss and the optimal value of the resistance should be
taken into account in the selection of the SFCL resistance.

To tackle all shortcomings above, the new optimization tech-
nique of the cooperative SFCL and SMES is proposed in this
paper. SFCL and SMES models, optimization, and simulation
results are described.

II. STUDY SYSTEM AND MODELING
A. Study System

Fig. 1 shows the grid connected-DFIG wind turbine that is
used as the study system [7]. The SMES and the resistive type
SFCL are installed at the DFIG terminal bus 1.

B. Resistive Type SFCL Model

Fig. 2 depicts the characteristic of the resistive type SFCL
which can be represented by a time-variant resistance [5], [8].
First, the SFCL is in a superconducting (S) state and the SFCL
resistance is zero. At time ¢ = ¢, the quenching (Q) state starts,
the resistance of the SFCL increases exponentially by

Rsc1(t) = Rppa (1 —exp(—t/m1)), (1)

1051-8223 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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where Rgc1(t) is the resistance of the SFCL from the super-
conducting state to the quenching state, R,,; is the maximum
resistance, and 7 is the time constant of the quenching period.
Subsequently, at t = t., the recovery (R) state starts and the
SFCL resistance decreases exponentially by

Reo (t) = Rp2 (1 - eXP(—t/TQ)) s 2

where Rg.o(t) is the value of SFCL resistance from the quench-
ing state to the superconducting state, R,,o is the maximum
resistance, and 79 is the time constant of the recovery period.
Here, 7 and 7, are set at 1 ms and 50 ms, respectively. Since
the quenching period and the recovery period are very short,
this study assumes that R,,,; = R,,2 = Ry,.

Fig. 3 shows the SFCL model developed in MATLAB/
SimPowerSystems [9]. For the operation of this model, first
three phase currents (I, ,.) are measured and used to cal-
culate the RMS current. Subsequently, the RMS current is
compared with the fault current reference (Itauie-ref). If the
RMS current is greater than Ifa,i¢-ref, the signal “1” is sent
to the SFCL characteristic block. As a result, the SFCL starts
to operate. After that, the equivalent voltage drop across the
resistance is calculated and sent to the controlled voltage source
block. This equivalent voltage is injected to the AC line and
shows the fault current limiting effect of the SFCL.

C. SMES Model

Fig. 4 shows the SMES circuit with the voltage source
converter (VSC) control system. The SMES circuit is composed
of capacitor, DC chopper, and superconducting coil with induc-
tance (Lgc¢ ). Using the phase lock loop (PLL), the angle of the
voltage transformation from three phase voltages (V,, V3, Vi)
to d — ¢ axis voltages can be obtained. The VSC can be
controlled by four proportional integral (PI) controllers. The
first PI controller (PI-1) is used to generate the reference value
of the direct axis current (I4-rcf) from the difference between
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the actual dc link voltage (Vg.) and the reference value of the
dc link voltage (Vge-rer). By comparing I, and the actual
current /4, the obtained result is used as an input signal of the
second PI controller (PI-2). After that, the reference value of the
direct axis voltage (Vy-ref) is obtained from the output signal
of PI-2.

In the same way, the reference value of the quadrature axis
current ([,-rer) is generated by the third PI controller (PI-3)
which uses the difference between the actual voltage at bus 1
(Vius1) and the reference voltage at bus 1 (Viusi-ref) as an
input signal. Subsequently, an input signal of the forth PI con-
troller (PI-4) is obtained by the difference between I;-..; and
the actual quadrature current (I;). Consequently, the reference
signal of the quadrature axis voltage (Vj-ref) is achieved as
the output signal of PI-4. Both V¢ and V-t are converted
to three phase voltage references (Va4 g c-rer). Comparing
Va,B,c-ret With a triangular carrier waveform with 1980 Hz
provides the gate drive signal of controlled switches in the VSC.

The PI-5 controller of DC chopper is used to control the
exchange energy between the superconducting coil and the
power system. The power error signal which is calculated from
the difference between the actual power flow at bus 2 (Pgus2)
and the reference active power flow at bus 2 (Ppgyso-ref) i used
as the input of PI-5. The output of the PI-5 is a duty cycle
deviation (A D) which is added to the reference value (+0.5)
to get the duty cycle (D). The electrical energy is charged from
the system to the SMES coil when D is greater than 0.5. The
energy is discharged from the SMES coil to the system when D
is less than 0.5.

In this study, R,,, Lsc, and ten PI parameters are simultane-
ously optimized.

III. PROPOSED OPTIMIZATION
A. Optimization of SFCL

The SFCL optimization is conducted based on the suppres-
sion of the abrupt increase in the kinetic energy in the DFIG
rotor during faults and the energy loss of the SFCL. As a
result, not only the limitation of the fault current, but also the
alleviation of the decrease in the terminal voltage and the power
output can be obtained. The FRT capability enhancement of the
DFIG can be expected.

As mentioned in [10], the first swings of the rotor angle and
the rotor speed are minimum when the kinetic energy stored in
the rotor during faults is minimized. The stored kinetic energy
when the fault is cleared (E{(), can be expressed by

Ef = Aty —t0)?, ©)
where
A= Ma2/2, “)

where M is the inertia constant of DFIG rotor, ¢, is the time
of the fault occurrence, t; is the fault clearing time, « is the
acceleration of the rotor during faults. The value of « can be
approximated by

a:(Pm_ ef)/M> (5)

where P, and P, are the mechanical power input and the elec-
trical power output of DFIG at the time of the fault occurrence,
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respectively. Here, instead of minimizing EY., the minimization
of A is carried out.

In addition, the energy loss of the SFCL during quenching
state (Fsrcr,) which is minimized, can be calculated by

ty
Fsror, = / P2(t) Ry dt, ©)

to

where i(t) is the current flow through SFCL.

B. Optimization of SMES

After the operation of the SFCL, the SMES is used to
eliminate the unbalanced kinetic energy so that the remaining
power fluctuation can be suppressed. Besides, during normal
operation, the SMES is used to alleviate the output power
fluctuation of the DFIG. Here, the minimization of the integral
absolute error (IAE) of the power deviation at bus 2 (A Ppys2)
is considered by

ts
/ AP dt, 0

t;

IAFE =

where t; and t, are the initial time and the final time of
simulation.
The initial stored energy of the SMES is determined by

Esco = LscIico/2, (8)

where Escq is the initial stored energy of SMES, and Isco
is the initial coil current. Here, Lgc and Ig¢( are optimized
so that the initial stored energy is sufficient for achieving all
objectives.

C. Formulation of Optimization Problem of SFCL and SMES

Combining (4), (6), (7), and (8), the optimization problem of
SFCL and SMES can be formulated by
Minimize A + Egpcr, + TAE 4+ Esco
Subject to
(a) 0.01 <R, <20 (range of SFCL resistance)
(b) 0.001 < Lge < 5 H (range of SMES coil inductance)
(¢) 0.1 <Iseo < 5kA (range of SMES initial coil current)
(d 0.0001 < Kp1, Kp2, Kp3, Kpsa, Kps
< 5 (range of K p gains)
() 0.0001 < K1, K2, K13, K14, K5
< 10 (range of K gains). )
The control effect of the optimized SFCL and SMES is

compared with the optimized SFCL or the optimized SMES.
The optimized parameters of the SFCL is conducted by

Minimize A + Espcr,

Subject to constraints (a). (10)

The optimized parameters of the SMES is carried out by

Minimize TAE + Egco

Subject to constraints (b), (c), (d), and (e). (11)
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The particle swarm optimization [11] is used to achieve all
optimal parameters.

IV. SIMULATION STUDY

The optimization is carried out under the wind speed pattern
A as shown in Fig. 5 and a temporary three phase fault at bus 3
at t = 3 s for 150 ms. After the optimization, Figs. 6 and 7
show the convergence curves of IAE, Esco, [sco, and Lgc as
well as those of A, R,,, and Espcr, respectively. The optimized
parameters of all devices are given in Table I. It can be observed
that the resistance and the energy loss of the SFCL in case of
the SFCL and SMES are lower than those in case of the SFCL.
Additionally, the inductance and the initial stored energy of the
SMES in case of the SFCL and SMES are lower than those in
case of the SMES.

First, the power smoothing effect of the SMES is evaluated
under three patterns of the wind speed in Fig. 5. Fig. 8 shows
the active power output of the DFIG in case the wind speed A.
Fig. 9 depicts the IAE of the power output deviation at bus 2
with respect to three wind patterns. Without any device, the
power at bus 2 drastically fluctuates. It can be seen that the
SFCL has no any effect on the alleviation of power fluctuation
because the SFCL is not able to exchange the energy with the
power systems. On the other hand, the SFCL and SMES as
well as the SMES are able to alleviate the power fluctuation
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TABLE 1
OPTIMIZED PARAMETERS OF SFCL AND SMES
Parameters SFCL SMES SFCL and

SMES

Ry, (QQ) 0.165 - 0.112

Espcr, MJ) 4.058 - 2.812

Lgc (H) - 4.521 3.827

Isco (KA) - 0.826 0.809

Egco M) - 1.542 1.252
Kpy. Ky - 4.834,2.123 2.120, 4.586
Kps, Kpp - 0.367, 6.993 4.103,7.179
Kps3, Kp3 - 2.716, 5.090 0.833, 4.592
Kpy Ky - 0.489, 4.838 0.496, 4.815
Kps, Kis - 2.971,5.079 3.092, 0.043
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Fig. 8. Active power flow at bus 2 (Wind speed A).
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effectively. The IAE in case of the SFCL and SMES is almost
the same as that in case of the SMES.

Next, the time simulation under a temporary three phase fault
at bus 3 at ¢ = 3 s for 150 ms is conducted to evaluate the
improvement of the FRT capability by the SFCL and SMES.
According to the grid code of USA AWEA, the wind turbine
must withstand 15% of voltage dip at the connection point with
duration of up to 625 ms [12]. Fig. 10 shows the terminal
voltage of the DFIG at bus 1. The voltage dips in case of
without any device as well as with the SMES are lower than the
minimum acceptable voltage of the grid code. This indicates
that the DFIG cannot ride through the fault. On the other hand,
in case of the SFCL as well as the SFCL and SMES, the
voltage dips are still in the acceptable range of the grid code.

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 24, NO. 5, OCTOBER 2014

TABLE 1I
NECESSARY MW AND MJ CAPACITIES OF SMES

Capacity SMES SMES-FCL
MW 3.561 1.609
MJ 8.06 7.778

Nevertheless, the SFCL and SMES provide better control effect
than the SFCL. The cooperative control of SFCL and SMES
not only suppresses the transient voltage effectively, but also
eliminates the following voltage fluctuation entirely.

Table II shows the comparison results of necessary MW and
MJ capacities of the SMES under the applied fault. The MW
capacity is calculated from the maximum power output of the
SMES. The MJ capacity is determined from the difference
between the maximum and the minimum energy outputs of
theSMES. With the contribution of the SFCL, necessary MW
and MJ capacities of SMES are less than those in case of the
only SMES.

V. CONCLUSION

The cooperative control of SFCL and SMES for augmenting
FRT capability and suppressing power fluctuation of the DFIG
wind turbine is proposed. The parameters optimization of SFCL
and SMES is automatically conducted to achieve the desired
objectives. Study results confirm that the cooperative SFCL and
SMES not only provide superior control effect than the individ-
ual device, but also reduce the power and energy capacities of
SMES.
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Abstract—Recently, a doubly f ed i nduction g enerator ( DFIG)
wind turbine has been extensively paid attentions as a renewable
energy s ource in the D C microgrid. However, t he inevitable
problems of DFIG w ind t urbine a re low vol tage r ide through
(LVRT) duetotheoccurrence o f faults as w ell as the power
fluctuation. To overcome both problems,a superconducting
magnetic en ergy s torage (SMES) uni t which is a ble t o pr ovide
fast control of active and reactive power, can be used. This paper
applies a SMES unit to enhance LVRT performance and alleviate
the power fluctuation of DFIG wind turbine in the DC microgrid.
The SMES circuit is mainly composed of the DC chopper. The PI
controllers o f D C ch opper a re us ed t o control the ex change
energy b etween the superconductingc oila nd the system.
Simulation study using MATLAB/SimPowerSystems ensures the
SMES control effect on both enhancing LVRT performance and
smoothing power fluctuation of DFIG wind turbine.

Keywords-superconducting magnetic en ergys torage; low
voltage r ide t hrough c apability; power f luctuation; doubly-fed
induction generator wind turbine; dc microgrid

I.  STUDY SYSTEM AND PROPOSED SMES CONTROL

Fig. 1 delineates the study D C microgrid. Two D FIG wind
turbines (DFIG-A a nd D FIG-B) are us ed to s upply e lectric
power to loads. Atthe normal operation, the p ower o utput
fluctuation from D FIG w ind t urbines causes the pr oblem o f
power quality. On the other hand, when the faults such as short
circuits take place, the DFIG wind turbine may not ride
through the low voltage situation and be disconnected from the
system. This tripping of DFIG wind turbine may result in the
system instability [1]. To tackle both problems, the SMES unit
with th e fast control of active and r eactive p ower, canb ¢
applied. Here, the SMES unit is installed at bus 1.

Fig. 2 shows the SMES circuit which is c omposed of
capacitor (C), DC chopper, and superconducting coil. Fig. 3
depicts the controller of DC chopper which is used to control
the exchange energy between the superconducting coil and the
system. T he po wer e rror s ignal w hich is c alculated from the
difference between the actual power flow through bus 1 (Pg,;)
and the reference power flow through bus 1 (P, ) is used as
the input of PI1 controller. The output of P11 is the reference
current flow through bus 1 (/. ). The current error signal
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Figure 1. DC microgrid with DFIG wind turbines and SMES.
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Figure 3. Controller of DC chopper.

which i s ¢ alculated f rom the d ifference betweent he actual
current flow through bus 1 (/g.;) and g, s isusedas the
input of PI2 controller. The output of the PI2 isa duty cycle
deviation (AD) which is added to the reference value (+0.5). As
a result, the duty cycle (D) is applied to control the chopper so
that the e nergy stored in the superconducting coil canb e
appropriately exchanged with the system. When the duty cycle
is greater than 0.5 (50 %), the current flows through the IGBT



switches S1 and S2. The electrical energy is charged from the
system to the superconducting coil. On the contrary, when the
duty c ycleis lessth an 0.5,t he current f lows t hrough t wo
diodes. The energy is discharged from the superconducting coil
to the system. By comparing the duty cycle with a triangular
carrier w aveform with 19 80 Hz, the gate drive signals of Sl
and S2 can be obtained.

TABLE L PARAMETERS OF SMES
Coil inductance (H) 2.5 Kp; 1.5
Initial coil current (A) 1200 Kp; 2.5
Initial stored energy (MJ) 1.8 Ky, Kp 5.0

II. SIMULATION RESULTS

In s imulation s tudy, t he MATLAB/SimPowerSystems is
used to evaluate the SMESc ontrole ffect. T he SMES
parameters are appropriately selected as given in Table 1. Fig. 4
shows the wind speeds of DFIG-A and DFIG-B. Fig. 5 depicts
the DC power at bus 1. Without SMES, the power fluctuation
is very high. On the other hand, the SMES can alleviate the
power fluctuation effectively. The power s moothing effect of
SMES can be confirmed.

Next, to e valuate the S MES control effecton the LVRT
capability enhancement, it is assumed that the fault to ground
occurs at point A in Fig. 1 at # =4 s for 150 ms. Fig. 6 shows
the terminal voltage of DFIG-A with respect to the acceptable
minimum voltage of A WEA grid code o fU SA [1]. Without
SMES, thete rminal v oltage dropsb elow thea llowable
minimum voltage of grid code. The DFIG wind turbine cannot
ridet hrought hef ault. Asa r esult, the DFIGw illb e
disconnected from the system. In case of SMES, the decrease
in the DFIG terminal voltage is in the acceptable range of grid
code. Fig.7 depicts the active p ower outputo fD FIG-A.
Clearly, the SMES can suppress the transient power fluctuation
after the occurrence of fault. Simulation results confirm that the
SMES placed att he D FIGt erminal noto nly effectively
alleviates the p ower o utput fluctuation, b ut also successfully
supports the fault ride through capability of DFIG.

Nevertheless, there are some problems which are necessary
to be considered as follows.

e When the fault l ocation is adjacent to the SMES, the
SMES co ntrol ef fect onan enhancement of LVRT
capability is highly deteriorated. This may cause t he
large terminal voltage drop of DFIG wind turbine lower
than the acceptable range of grid code, and the tripping
of DFIG. To handle this problem, the improvement of
SMES ci rcuit with f ault current lim iting f unction is
importantly required.

e Sincet he S MES parametersin Table Iar es uitably
selected, these parameters cannot guarantee the control
effect of SMES at other operating conditions. The
optimization t echnique of SM ES parameters such as
coil inductance, initial stored energy, and PI parameters
of DC chopper is significantly required.

These problems willb es olved byt he proposed n ew
technique which will be presented in [2].
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ABSTRACT

Doubly Fed Induction Generators (DFIGs) are
nowadays widely used in wind energy conversion
systems. However the DFIG is very sensitive to the grid
fault. Especially, the terminal voltage drop at DFIG bus
due to fault may damage both rotor side and grid side
converters because of the over current in the rotor
windings. This may result in the system transient
instability. This paper applies the resistive type
superconducting fault current limiter (RSFCL) to
enhance the transient stability of DFIG-based wind
system. The golden section optimization is applied to
automatically tune the resistive value of the RSFCL by
suppressing the increase in kinetic energy stored in the
rotor during fault.  Simulation  results by
PSCAD/EMTDC demonstrate that the proposed optimal
RSFCL is very effective for transient stability
improvement of DFIG system in comparison with the
non-optimal RSFCL.

Keywords: Doubly fed induction generator, resistive
type superconducting fault current limiter

1. INTRODUCTION

Nowadays, the penetration of wind power
generations into power grids increases significantly.
Particularly, the doubly fed induction generator (DFIG)
is extensively used in the wind energy conversion system
[1]. In the DFIG, the stator is connected to grid while the
rotor side is fed via the rotor and grid side converters. By
controlling the rotor and grid side converters, the
maximum efficiency of power conversion of a wind
generator can be achieved. With variable speed
operation, a DFIG system can harvest more energy from
the wind than a fixed-speed wind energy conversion
system of the same capacity. The DFIG offer many
advantages such as easy implementation of power factor
correction, reduced converter rating, low cost and
reduced losses. However, the main disadvantage of
DFIG is very sensitive to the grid fault which damages
the stable system. Especially, the voltage dip damages
the rotor side and grid side converters due to over current
in the rotor windings [2]. Without the proper
countermeasure, the transient stability of DFIG-based
wind system may not be maintained.

To enhance the transient stability of DFIG, the
resistive type superconducting fault current limiter
(RSFCL) has been successfully applied [3,4]. However,
the resistive value of RSFCL in these works has not been
optimally tuned. This cannot guarantee the stabilizing
effect of RSFCL.

To overcome this problem, this paper focuses on
an optimization of RSFCL for transient stability
enhancement of DFIG-based wind generation system.
The optimal resistive value of SFCL is achieved by the
golden section optimization based on the suppression of
the increase in kinetic energy stored in the rotor during
fault. Simulation study using PSCAD/EMTDC confirms
that the stabilizing effect of the optimal SFCL is superior
to that of the non-optimal SFCL

2. STUDY SYSTEM AND MODELLING

2.1 Study System

Rotor Side T Grid Side

Converter I Converter Transformer

0.69/20 KV
RSFCL 2MVA  Grid

Wind Turbine

DFIG
2 MVA 0.69 KV
50Hz

Y

2 MW

Fig. 1 Diagram of DFIG with installed RSFCL.

TABLE | DFIG PARAMETERS

Rated power 2 MVA

Rated voltage 0.69 kV
Base angular frequency 314.16 rad/s
Stator/Rotor turns ratio 0.4333

Angular moment of inertia 1.99s

Mechanical damping 0.02 pu
Stator resistance 0.0175 pu
Rotor resistance 0.019 pu

Stator leakage inductance 0.2571 pu

Rotor leakage inductance 0.295 pu
Mutual inductance 6.921 pu
Rated wind speed 12 m/s

Rotor radius 41 m

DC-link capacitor 0.003 F

Fig.1 shows a wind energy conversion system
with DFIG connected to an infinite bus. The RSFCL is
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connected in series at the terminal the DFIG. The DFIG
parameters used in the model are given in Table I.

2.2 RSFCL Model

The simple structure of RSFCL is shown in
Fig.2. The RSFCL unit consists of the switch circuit, the
resistance variable which is connected in parallel to the
superconducting resistor in order to an alternative path to
the current during a fault. During fault condition, the
switch is opened and the current is limited by resistor. At
normal condition, the switch is closed and the current
flows via the switch.

Current Switch

Variable resistor

Fig. 2 The structure of RSFCL.

Generally, there are three states of RSFCL
operation, i.e. superconducting state, quenching state and
recovery state. At the normal condition, the RSFCL
operates in the superconducting state. The resistance of
RSFCL is zero. During fault, when a fault current
reaches the critical current value, the RSFCL will
operate in quenching state. The resistance of RSFCL
increases exponentially according to

Ree(®) = Ry (1—exp (TY/)) @
Where R, is the maximum resistance of RSFCL during
normal state, t; is the time constant value during
superconducting state and quenching state. At quenching
state, the RSFCL will be the maximum value R,,,. After
clearing fault, when the fault current is lower than the
recovery current, the resistance of RSFCL will change
during recovery state according to

Rsc(t) = Rmz (exp (_t/tz)) (2)
Where R,,, is the maximum resistance of SFCL during
recovery state, t, is the time constant value during
recovery state to superconducting state.

Here, the value of maximum resistance of
SFCL (R,1, Rmz) are set equal to R, since the
quenching state and recovery state are very short period.

3. PROPOSED OPTIMIZATION
3.1 Energy Function Method

The energy function of a multi-machine power
system can expressed as [5]

V = Vg(w) + Vp(8) 3

Where Vy is the kinetic energy which is the function of

the rotor speed w, Vp is the potential energy which is the

function of the rotor angle 6. The rotor angle and

mechanical speed of each generator during fault are &

and w”, respectively. The energy function during fault is
given by

Ve =V (67, w’) 4)

If V¢ is minimized, the first swing of rotor angle

can be reduced. Since the fault duration is very short, the

change in & is small so that V, rarely changes. As a

result, the kinetic energy during fault can be assumed to
be the energy function during fault, i.e.

VK]c = VK(wf) Q)
The total kinetic energy can be calculated from
Vie = Xy 5 Mi(w; = wp)? (6)

2

Where M; is the moment of inertia constant, w, is speed
of inertia center, w; is angular speed of each i"
generator. When the fault duration is very short, the
mechanical power (B,,) can be assumed to be constant.
The mechanical rotor speed during fault w,”
can be calculated by
wi’ = 0;(0) + a;t; (7)
Where t; is the fault clearing time, «; is the acceleration
of i™ generator and w;(0) is the i rotor speed at the
initial timet=0s.
The value of «; can be approximated by
a; = (Pmi — Pri)/M; (8)
Where M; is the inertia constant of i"" generator, P,,; and
Pf; are mechanical and electrical power during fault of i
generator, respectively. As a result, the kinetic energy
during fault V,fcan be approximated as

V! ~ At;? 9)

Where
A2 oM - ap)? (10)
a, & sl (11)

2?=1Mi

Accordingly, the increase in rotor angle and
speed of generator during fault is small when Vi is
minimal. Here, instead of minimizing V./, the
minimization of A will be performed. The optimization
problem can be formulated as follows

Minimize A (12)
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Subject to Ryy(miny < Rm < Rp(max)

Where Rpymax)y and Rpyminy are maximum and
minimum values of the resistance of RSFCL. This
problem is solved by the golden section optimization.

3.2 Golden section optimization

The golden section search [6] is a technique for
finding the extreme value of a strictly unimodal function
by successively narrowing the range of values inside
where the extreme value is known to exist. The golden
ratio is often called the golden section. The golden ratio
is the ratio of the sum of the quantities to the larger
quantity is equal to the ratio of the larger quantity to the
smaller one as shown in Fig. 3.

Fig. 3 Interval of a.

The interval a can be expressed as

a=a,+a, (13)
— 4 _%
== (14)
Substituting (13) into (14) yields
1
Solve for ¢
@ =0.61803
So the ranges of x; and x, are determined by
X1 = Xmax — ¢ Cmax — Xmin) (16)
X2 = Xmin + @ * (Xmax — Xmin) (17)

Where x4, and x,,;, are the maximum and minimum
values of the range. The error which represents the
closeness to the extreme value can be calculated by
err = (1 =) (Xmax = Xmin) (18)

This technique can be applied to locate the
minimum value by taking the following steps:

1. Define an interval with a single solution
inside the range sign of the curvature.

2. Divide interval into 3 point sections by
adding two internal between ends.

3. Evaluate the function at the two internal
points x; - x, and check condition hence,

If f(x;) > f(x;) then the minimum is between
Xy and X ax

If f(x;) < f(x3) then the minimum is between
Xmin aNd xq

4. Divide new smaller interval into 3 sections
and start over.

The optimization is carried out until err is less
than the tolerance limit. The x,,,,, and x,,;,, are specified
BY Rp(max) @Nd Ryp(miny, respectively. Fig.4 shows the
flowchart of golden section optimization in
PSCAD/EMTDC simulation tool.

C Start
v
Initialization
Xmax,Xmin
v

Find the range

of x1x2 ¢

v
PSCAD/EMTDC
Run Simulation

¥

/”'If/{(/)(l) > f(X2), min. between X2 and Xmax—

T f(X1) < £(X2), min. between Xmin and X1

¥

/ \
‘/Calculate error
werance Limit ?

Yes l
e N
E
\\ nd )

No

Fig. 4 Flowchart of golden section optimization.

The golden section search is suitable for both
discontinuous and continuous functions with single
variable. However, it has to search in a narrow range
since the considered function may be a non-unimodal
function. Here, the search range of RSFCL is set as
0.01<R,<1.

4. SIMULATION STUDY

After the optimization process, the optimal R,,
is obtained at 0.674 pu or 0.1604 Q. Simulations were
performed with a temporary three phase symmetrical
circuit fault occurring at the high voltage side of
transformer at t = 1.5 s for 70 ms. Fig. 5 shows the
increase in kinetic energy stored in the rotor during fault.
Without RSFCL, the increase in kinetic energy is very
large. On the other hand, the Kinetic energy is
considerably reduced by the optimized RSFCL.

" [—Wwithout RSFCL
—Optimized RSFCL = 0.674 pu

1.2, T T T T T T
1k
0.8
0.6
0.4

0.2

Kinetic Energy (MJ)

0
r L L L L L L L L L L
01 17, 18 19 2 21 2.2
Time (s)

Fig. 5 Kinetic energy stored in a rotor during fault.
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Fig. 9 Active power output of DFIG.
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a
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Fig. 10 Active power output of DFIG at different wind
speeds.

Fig. 6 depicts the terminal voltage of DFIG.

Without RSFCL, the voltage drops largely so that the

DFIG cannot ride through the fault. On the other hand,
the optimized RSFCL shows superior low voltage ride
through effect over the non-optimal RSFCL. Fig. 7
shows three phase current of DFIG during fault. Clearly,
RSFCL is able to reduce the fault current substantially.
Fig. 8 indicates the mechanical speed of rotor. Without
RSFCL, the rotor speed changes considerably. With
RSFCL, the rotor speed is almost constant. Fig. 9 shows
the active power output of DFIG. Without RSFCL, the
power fluctuation is very severe. The optimized RSFCL
shows better damping effect on the active power
fluctuation than the non-optimal RSFCL. Fig. 10 depicts
the active power output of DFIG under the occurrence of
the same fault at 8, 10 and 12 m/s of wind speed. The
optimized RSFL is able to robustly stabilize the active
power fluctuation at different wind speed.

5. CONCLUSION

The optimization technique of RSFCL for the
transient stability augmentation of the DFIG-based wind
energy conversion system has been proposed. The
optimization problem is formulated based on the
minimization of an increase in Kkinetic energy stored in
the rotor during fault. The golden section optimization is
applied to automatically tune the resistance of SFCL.
Simulation results ensure that the optimized SFCL not
only enhances the fault ride through capability, but also
improves the transient stability of DFIG effectively.

REFERENCES
[1] R. Wegener, S.Soter, “Development of Induction
Machines in Wind Power Technology”, IEEE

International Electric Machines & Drives Conference,
Vol.2, pp.1490-1495, May 2007.

Yun Wang, Shuju Hu, Dongli Zhao and HonghuaXu,
“Low Voltage Ride Through Solution for Doubly Fed
Wind-Power Induction Generator and Experimental
Validation”, International Conference on Electrical
Machines and Systems (ICEMS), pp.588 - 592, Oct. 2010.
Woo-Jae Park, Byung Chul Sung and Jung-Wook Park,
“The Effect of SFCL on Electric Power Grid With Wind-

(2]

(3]

Turbine Generation System”, [|EEE Transactions
on Applied Superconductivity, Vol.20, pp.1177-1181,
June 2010.

[4] S. Falahzadeh and H. Heydari,*“Study of RSFCL effect to
improve the behavior of DFIG during a fault”, Second
Iranian Conference on Renewable Energy and
Distributed Generation (ICREDG), pp.86-91, 6-8 March
2012.

Fang Da-Zhong, T.S Chung, Zhang Yao, “Corrected
transient energy function and its application to transient
stability margin assessment”, Fourth International
Conference on Advances in Power System Control,
Operation and Management (APSCOM-97), Vol.1,
pp.310-313, Nov 1997.

M. Akhtaruzzaman, A.A. Shafie, T. Ahsan, M.S. Alam,
S.M. Raihan, M.K. Hasan and M.B. Haider, “Golden
Ratio, the Phi, and Its Geometrical Substantiation”, |IEEE
Student Conference on Research and Development
(SCOReD), pp.425-430, Dec. 2011.

(5]

(6]

Proceedings of The 2013 International Electrical Engineering Congress (iIEECON2013)

311


https://161.246.22.23/search/,DanaInfo=.aifgh1urvznJtqrsO48y+searchresult.jsp?searchWithin=p_Authors:.QT.Woo-Jae%20Park.QT.&newsearch=partialPref
https://161.246.22.23/search/,DanaInfo=.aifgh1urvznJtqrsO48y+searchresult.jsp?searchWithin=p_Authors:.QT.Byung%20Chul%20Sung.QT.&newsearch=partialPref
https://161.246.22.23/search/,DanaInfo=.aifgh1urvznJtqrsO48y+searchresult.jsp?searchWithin=p_Authors:.QT.Jung-Wook%20Park.QT.&newsearch=partialPref
https://161.246.22.23/search/,DanaInfo=.aifgh1urvznJtqrsO48y+searchresult.jsp?searchWithin=p_Authors:.QT.Jung-Wook%20Park.QT.&newsearch=partialPref
https://161.246.22.23/search/,DanaInfo=.aifgh1urvznJtqrsO48y+searchresult.jsp?searchWithin=p_Authors:.QT.Jung-Wook%20Park.QT.&newsearch=partialPref
https://161.246.22.23/search/,DanaInfo=.aifgh1urvznJtqrsO48y+searchresult.jsp?searchWithin=p_Authors:.QT.Jung-Wook%20Park.QT.&newsearch=partialPref
https://161.246.22.23/search/,DanaInfo=.aifgh1urvznJtqrsO48y+searchresult.jsp?searchWithin=p_Authors:.QT.Fang%20Da-Zhong.QT.&newsearch=partialPref

International Smart Grid Conference & Exhibition 2013, 8-11 July, 2013, Jeju, Korea

Enhancement of Fault Ride Through Capability of DFIG Wind

Turbine by Optimal SMES Unit

Tanapon Karaipoom*, Issarachai Ngamroo**

Abstract — This paper presents the optimization of superconducting magnetic energy storage
(SMES) for enhancement of the fault ride through (FRT) capability of doubly fed induction
generator (DFIG) wind turbine. Under the occurrence of the severe faults, the DFIG may not be
able to ride through the fault and is disconnected from the system. This tripping of DFIG may
cause the system instability. To enhance the FRT capability of DFIG, the SMES is applied.
Nevertheless, the SMES coil which is one of the vital components, should be carefully specified.
Here, the optimization of SMES coil size for necessary stored energy is formulated based on
energy function technique. The genetic algorithm is applied to achieve the optimal parameters
automatically. Simulation study using PSCAD/EMTDC shows that the FRT capability
enhancement of the proposed SMES with optimal coil size is superior to that of the non-optimal

SMES with larger coil size. Besides, the transient stabilizing effect of the optimal SMES is higher

than that of the non-optimal SMES.

Keywords: doubly fed induction generator,

superconducting magnetic energy storage.

1. Introduction

Recently, the wind power generators have been installed
significantly in many countries. In particular, the wind
turbine equipped with doubly fed induction generator
(DFIG) is widely used in wind energy conversion systems
since the maximum efficiency of power conversion of
DFIG can be achieved with variable speed operation [1].
However, a DFIG also suffers from grid faults. When the
severe fault occurs, it may cause the large voltage dip at the
terminal of DFIG. If the DFIG cannot ride through the fault,
the converter of DFIG may get damaged due to the large
fault current. To protect the converter from the fault current,
the DFIG will be tripped from the grid. The tripping of
DFIG may lead to power system instability [2].

To improve the fault ride through capability of DFIG
wind turbines, the Superconducting magnetic energy
storage (SMES) can be applied. The SMES is the smart
energy storage device which is able to control active and
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##*  Department of Electrical Engineering, Faculty of Engineering, King
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fault ride through, genetic algorithm,

reactive powers quickly and simultaneously [3]. In [4-6],
the SMES has been successfully applied to enhancement of
FRT capability of DFIG. However, the superconducting
coil which is the most vital component of SMES in these
works has not been optimally tuned. The non-optimal coil
size of SMES may significantly affect the installation cost
of SMES.

To tackle this problem, this paper focuses on a new
optimization technique of a SMES unit for enhancement of
the FRT capability of DFIG based on energy function
method. The optimization of the superconducting coil size
and necessary initial stored energy of SMES is carried out
so that the increase in the kinetic energy stored in the rotor
of DFIG during fault is minimized. The genetic algorithm
(GA) is used to achieve the optimal parameters. Simulation
study using PSCAD/EMTDC confirms that the FRT
capability enhancement and transient stabilizing effect of
the optimal coil size of SMES is superior to that of the non-
optimal SMES.

The organization of this paper is given as follows. First,
the study system and modeling is described. Next, the
proposed optimization is explained. Subsequently,

simulation results are provided. Finally, conclusion is given.
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2. Study System and Modeling

2.1 Study System

Fig. 1 depicts the study system of DFIG wind turbine
connected to infinite bus. In DFIG, the stator (grid) side is
connected to the power system while the rotor side is fed
via the rotor and grid side converters, the maximum power
can be controlled by the rotor and grid side converters. In
normal operation, the rotor side converter is controlled to
adjust the speed of the DFIG in order to get maximum
power transfer from wind energy, while the grid-side
converter controls the dc link capacitor voltage and
operation at unity power factor. The DFIG parameters are
given in Table I. Here, the SMES is connected to DFIG
terminal at bus 1 for the purpose of compensating the active
and reactive power for enhancement of fault ride through
capability of DFIG.

Rotor Side 1_ Grid Side Fault
Converter Converter
Transformer  Transmission System
Line
N FO+——=1®
\/\ Gear bo; B RjXL
us 1 Bus 2 Bus 3
N2 DFIG e
o’

SMES ’

Fig. 1. Diagram of DFIG installed with SMES.

Wind Turbine

Table 1. DFIG parameters.

Rated power 2 MVA
Rated voltage 0.69 kV
Base angular frequency 314.16 rad/s
Stator/Rotor turns ratio 0.4333
Angular moment of inertia 1.99 s
Mechanical damping 0.02 pu
Stator resistance 0.0175 pu
Rotor resistance 0.019 pu
Stator leakage inductance 0.2571 pu
Rotor leakage inductance 0.295 pu
Mutual inductance 6.921 pu
Rated wind speed 12 m/s
Rotor radius 41 m
DC-link capacitor 7800 uF
2.2 SMES Model
Converter  DC Chopper
- Superconducting
B | _| 3 Coil
C

Fig. 2. The structure of SMES.

Fig. 2 shows the structure of SMES which consists of
voltage source converter (VSC), capacitor, DC chopper and
superconducting coil. The control block diagram of VSC is
illustrated in Fig.3. The VSC which is a three phase
rectifier-inverter, is connected to ac power system. The
phase lock loop (PLL) is used to measure the angle of the
transformation from three phase voltage (V,,V,,V,) at the
high voltage side of transformer. In the control block there
are five proportional-integral (PI) controllers.

Three phase AC Superconducting
+ Coil
AH] o R
V4 6-pulses
Vise 6 Lipe PWM
PLL ¥ ABC/dq 9 V/\,B,Crre/
| do/ABC
v, -
—_ J + Virer Vq,, ;
Vdc—re/ 0% m d-ref Pl2
t, K,=110 K, =30
7,=005s  1|7,=0005s
+ ;7 =Y
Vicrs pI-3 |2 P-4
K, ;=10 K, =3
T,=005s T, 20015

Fig. 3. VSC control block diagram.

The first PI controller (PI-1) is used to produce the
reference signal I, based on the signal voltage error
which is calculated from the difference between the actual
dc link voltage (V,) and the reference dc link voltage
(Vic.rep)- Subsequently, I, is compared with the actual
current [, measured from the low voltage side transformer
by Park transformation. As a result, the difference between
I, and I, is used as an input of the second PI controller
(PI-2). The outputs of PI-2 is the reference signal V...

In the same fashion, the reference signal I, is
generated by the third PI controller (PI-3) which uses the
input signal IG voltage error calculated from the difference
between the actual value Vj; and the reference induction
generator (IG) voltage Vg, Subsequently, the difference
between /..., and the actual current /, is an input of the forth
PI controller (PI-4). As a result, the output signal of PI-4 is
the reference signal V... Both Vs and V..., are converted
to a three phase voltage reference waveform Vj pc..r by
that, Vipcrs i
compared with a triangular carrier waveform with 1980 Hz
for generating the gate drive signal of IGBTs. Here, the
tuning of all PI controller parameter is conducted by trial
and error method.

inverse Park transformation. After
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Fig. 4. Control of duty cycle of chopper.

Fig. 4 shows the DC chopper which is employed to
control the exchange energy between superconducting coil
and system. By appropriate adjusting the duty cycle of the
chopper, the dc voltage can be controlled. The difference
between the actual power PF,; and the reference power

PGy Which is signal power error, is used as the input PI
controller. The output of the fifth PI controller (PI-5) is a
duty cycle deviation (AD) which is compared with the
reference value (+0.5). The duty cycle is applied to control
the energy transfer in the SMES coil. When the duty cycle
is greater 0.5 (50%), the energy is charged from the system
to the SMES coil. On the contrary, if the duty cycle is less
than 0.5, the energy is discharged from the SMES coil to
the system.

3. Proposed Optimization

The concept of proposed optimization of SMES based on
energy function can be explained as follows. When the
severe fault occurs in the system, it causes the change in
speed and kinetic energy of all generators. To reduce the
unbalanced kinetic energy, the power compensation from
SMES is wused. By energy function method, the
optimization problem of coil size and necessary initial
stored energy of SMES for enhancement FRT capability
can be formulated.

3.1 Energy Function Method

The energy function of a multi-machine power system
[7] can be expressed by

V=V, (®)+V,(J) 1

Where Vi is the kinetic energy which is the function of the
rotor speed (w), Vp is the potential energy which is the
function of the rotor angle (J). The rotor angle and
mechanical speed of each generator during fault are &’
and o' respectively. The energy function during fault is
given by

vV, =V, o) )

If V; is minimized, the first swing of rotor angle can be
reduced. Since the fault duration is very short, the change in
6/ 1is small so that Vp rarely changes. As a result, the
kinetic energy during fault can be assumed to be the energy
function during fault, i.e.

V., 2V (@) 3)

The total kinetic energy can be calculated from
=1 2
VK:ZEMi(a)i(t)_wO(t)) )
i=1

Where M; is the inertia constant of i generator, w, is speed
of inertia center, w; is angular speed of i generator. When
the fault duration is very short, the mechanical power can
be assumed to be constant.

The mechanical rotor speed during fault o/ can be
calculated by

o' =00)+at, (5)

Where # is the fault clearing time, «; is the acceleration of
i" generator and w; (0) is the i" rotor speed at the initial
time r=0s.

The value of o; can be approximated by

o =(P

i — i) M, (6)
Where P,; and P; are mechanical and electrical power
during fault of i" generator, respectively. As a result, the
kinetic energy during fault V¢ can be approximated as

v,/ =~ At? ()
Where
axe 1 2
A=ZEM,-(04-—0{O) ®)
i=1

1>

a, == 9)

)
i=1

Accordingly, the increase in rotor angle and speed of
generator during fault is small when V /is minimal. Here,
instead of minimizing Vi the minimization of A will be
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conducted. In case of a single DFIG connected to the
system, A can be expressed as

>

N | =

AE—Mdo? (10)

Where a is the rotor acceleration of the DFIG.
3.2 Initial Energy of SMES

The initial stored energy of SMES can be calculated
from

E lL 2

SMES-0 — 2 sc-ol sc-o an

Where Egygs. is the initial stored energy of SMES, Lgc, is
the coil inductance and /g is the initial coil current. Here,
Lgc.o and Igc.o are optimized so that the initial stored energy
of SMES is sufficient for improvement the FRT capability
of DFIG.

3.3 Optimization of SMES

In addition to (10) and (11), the integral absolute error
(IAE) of DFIG

Minimize A + ;LSC_OISC_O2 + ”APg‘ e (12

Iy

Subject to
(a) 0.1 < Lgc.p< 2.0 H (range of SMES coil inductance)
(b) 5 < Isco < 15 kA (range of SMES initial coil current)

Where 1, and ¢, are the initial time and final time of
simulation. To achieve all optimal parameters, the
GA [8] is used to solve the optimization problem (12).

4. Simulation Study

The optimization is carried out under the time simulation
by PSCAD/EMTDC when the wind speed can be shown in
Fig. 5 and a temporary three phase fault is applied at bus 3
at t = 6 s for 300 ms. Consequently, the convergence curves
of Esyes.o, Isco and Lgc are shown in Fig. 6 while that of
A is shown in Fig. 7. Table 2 provides the optimal values of
Esyges.o0, Isc.o» Lsc.o of SMES. In the simulation study, the
optimal SMES is compared with the non-optimal SMES.
The parameters Egygs.o, Isco and Lgco of the non-optimal
SMES are also provided in Table 2. Clearly, the coil size
and initial stored energy of the optimal SMES are lower

—_
[e2]

—
N

Wind Speed (m/s)
N

10
8
0o 1.2 3 4 5 6 7 8 9 10
Time (s)
Fig. 5. Wind speed.
40r
s
\2/30
220

050 100 150 200 250 300 350
Number of lteration
Fig. 6. Convergence curves of Esygs.g, Isc.o and Lgc.o.

5

1.3%49
1.2
< 1.1
;
0.9 L
0 50 100 150 200 250 300 350

Number of Iteration
Fig. 7. Convergence curve of A.

Table 2. SMES parameters.

Parameters Optimal Non-optimal
SMES SMES
Coil size 0.37H 2H
Coil current 6.64 KA 6.64 kKA
Initial stored energy 8.15MJ 44.08 MJ

than those of the non-optimal SMES. Simulation results are
shown as follows.

Fig.8 shows the increase in kinetic energy stored in the
DFIG rotor during fault. The optimal SMES is able to
suppress the increase in kinetic energy considerably. On the
other hand, the non-optimal SMES cannot reduce the
increase in kinetic energy during fault.
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Fig. 9 depicts the terminal voltage of DFIG at bus 1.
Without SMES the voltage largely drops to about 0.05 pu.
In this case, the DFIG cannot ride through the fault and will
be tripped from the system. On the other hand, the SMES
with either optimal coil or non-optimal coil can alleviate the
voltage drop so that the DFIG can ride through the fault.
Nevertheless, the voltage stabilizing effect of the optimal
SMES is superior to that of the non-optimal SMES.

Fig. 10 shows the active power output of DFIG. When
the fault occurs, the power output severely fluctuates in
case of without SMES. Obviously, the stabilizing effect of
optimal SMES is much superior to that of the non-optimal
SMES.

Figs. 11 and 12 depict the active and reactive power
outputs of SMES, respectively. The power outputs of the
optimal SMES are higher than those of the non-optimal
SMES since the optimal SMES with a smaller coil size has
to exchange the larger amount electrical energy with the
system. Figs. 13-15 show the three phase currents in the
transmission line in case of without SMES, non-optimal
SMES and optimal SMES, respectively. The three phase

current can be largely reduced during fault in case of SMES.

5. Conclusion

This paper proposes the optimization of SMES unit for
enhancement of the FRT capability of DFIG wind turbine
based on energy function. The SMES coil size for necessary
stored energy of SMES is optimized so that the increase in
the kinetic energy stored in the rotor of DFIG during fault is
suppressed. Using the genetic algorithm, the optimal
parameters of SMES can be obtained automatically.
FRT capability
improvement and stabilizing effect of the optimal SMES is
much superior to those of the non-optimal SMES. The
proposed optimization not only guarantees the optimal coil
size of SMES for FRT capability enhancement, but also
supports the SMES in terms of the economical merit.

Simulation results ensure that the
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Optimization of Superconducting Coil installed in DFIG Wind Turbine for Enhancement of Fault

Ride Through Capability and Alleviation of Power Fluctuation
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Abstract

This paper proposes an optimization technique for an
optimal superconducting coil (SC) installed in the doubly fed induction
generator (DFIG) wind turbine for enhancing fault ride through
capability and alleviating power fluctuation. The particle swarm
optimization is applied to achieve the optimal SC size, initial stored
energy in the SC and proportional-integral parameters of DC-to-DC
converters. Simulation study using shows that the smoothing power
output effect and fault ride through enhancement of the DFIG with
optimal SC is superior to those of the DFIG with non-optimal SC.
Keywords: Doubly fed induction generator wind turbine, Fault current

limiter, Fault ride through capability, Particle swarm

optimization, Superconducting coil
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