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Analysis and Damp of Oscillations Caused by SSR Mode in DFIG
Based Wind Farm by Controlling of Stator Voltage in Conditions of
Maintaining MPPT

Ali Akbar Motiebirjandi®, Assistant professor, Davood Fateh?, PhD student

1- Faculty of Electrical Engineering, Shahid Rajaee Teacher Training University, Tehran, Iran, Email: Motiebirjandi@srttu.edu
2- Faculty of Electrical Engineering, Shahid Rajaee Teacher Training University, Tehran, Iran, Email: D.fateh@srttu.edu

Abstract: The subsynchronous resonance (SSR) phenomenon is a condition that the wind farm exchanges energy with the electrical
network at one or more of the subsynchronous frequencies. If it is not prevented, this phenomenon causes damages to the system.
The SSR phenomenon occurs in two following conditions: Induction generator effect and Torsional interaction effect. The SSR
occurs in the DFIG based wind farms due to the induction generator effect. In this research, by controlling the stator voltage, the SSR
is mitigated or prevented with considering the maintenance of MPPT condition. So that, with direct control of the stator voltage, line
current of the system is controlled indirectly and prevented from the induction generator effect. For this purpose, an additional
controller called SSR damping controller is used. This controller is applied to GSC converter of the DFIG. Because the SSR depends
on the speed and frequency of the generator rotor, the rotor speed is selected as the input signal of this controller. In order to
simulate, the MATLAB/SIMULINK software has been used. To verify the proposed method, a DFIG based wind farm connected to
an infinite bus by a series capacitor compensated transmission line, is considered.

Keywords: SSR, DFIG, SSR damping controller, induction generator effect, voltage control.

WAS/A Fralia Jlol o5

WASN Y Frallio ol 6

WAVITIY e (o dy gl

ez gebae ST et Jts oainnsi ol

"Bt grdigen 208 — gl e 0 S5 o82ilo — gl = Gl = Ol e g LS

Tabriz Journal of Electrical Engineering, vol. 49, no. 3, autumn 2019 Serial no. 89



oo Oblog 0905 e g Judow

YYAA 5l o o lels FA Al 3 55 oRls (55 (gwiigee aloea [ VYA

S Ll oaoslax L ab ae W=y

[al, l litwl DFIG 4 j5me ol 45,56 SSR i
oadaid)S Hlas )0 SSR ()05 |y jslaieay bas i (lg5 JUSoms
L)"‘ SSR g_w o.\ﬁj) Sl 00l ‘).5 SJ IXVELY ‘).a.d /J,...S 9
ol uliS1y  ,5b FACTS clgel Koo ailes 55 s
i g eadolml wals SR8 el SR
SVC Gl Soad JiSm gliear b bz 5V £ b
4 Jate DFIG 4 j4oe s0b g)l50 ;0 SSR U wilos,S oolaul
Slr b Jooly a5 S e |y (531 s 3Ll b (>
56 SVC 5l eolitul popdle [A] ol b ulal jo s
Olgreas GCSC 51 [Ve @l ool oals 413 owy 9,90 50 |, TCSC
b &l ;0 SSR Cawsi (51 FACTS wlgol 5l 5o (o Sagas
5 5 GCSC ;S jslatady x> po ) el 05,5 oolictl DFIG L
o5 aieo g2 (SSRDC) SSR ol e 008 ;S ol b oucS’ J o8
L ol gl SSR camds ;5 STATCOM j colinul .ca
a5 sasaid S i e [V1-V0 Al o 5 e s slayel g
oddaid S Sl o azlye (nl )3 e ool lp Al sla ) S
el 03905 oy 5 SSR igrs ;5 1, SSSC L3l 5 [NV ] e

Wiyls FACTS wlgel & el DFIG sla Jowe a5 ol
Gy ails cawslo sBaus cpl 5l wilgs o FACTS &ilgol 5l eolazul
9 WS A (g (SHge)le togzen $3)lpe 4 Ulgiee Jle
b 5 Sy FACTS @lgsl cules 5l 1, byl YL (s l0ass
SIS oM sl Sl a1 FACTS ol 5 soliul
S 5l Sl 95T, oy Lol &je0 0 45 wijls i SSR
oS SSR i )3 (5l i cnl S Sl S S
SSR awai ;o DFIG (sl o 3l oolaiwl ¢ bYo ramdy 040
DFIG L sl &30 GSC Jaws 51 VY OVF] jo oy oo Shai 4y
Jdo 4 GSC 5 eolawl .cuwl sudoslaiwl SSR canay jglatoa
5 DAl el colis SSR Gamas ,o STATCOM @ ] el
Crond jelaiedy 5251 lg ]S Sae L (RSC) L85, Caoms Joe
55 18] & e .l 05905 soliul DFIG (gob ac,30 ;o SSR
el 4535 0 100 SSR s (51, RSC g GSC Jous 90

Gl ol sadosliinl Ko sla g, 5l pe SYle Sy 0
ol 5V SSR slasy e 50 s 3 oSz LYl o Jls
a5 BLOCKING bl 51 [YY Y] jo .ol 00gei (s pSsl> oy
endS 6l 3580 mela il g ChD b 53 0
@y 2t ol Jg el sotiosliinl otomy oM 5l 5L SSR
39 SSR 15 e cowlis DFIG L (g0l g)150 ;0 SSR Cana
JHI5 Al g ams oo 59, Wl Wge il S 4 DFIG L ool )15
SIVV-YY] s 518 SSR sugay sl o s (L 5 ion
G B b Ghlae Oygods 4S5 Sl sadoslaiwl BYPASS L3

PEY

SSR: Sub Synchronous Resonance
IGE: Induction Generator Effect
TI: Torsional interaction

MPPT:

Maximum Power Point Tracking
DFIG:  Doubly-Fed Induction Generator
GSC: Grid Side Converter
RSC: Rotor Side Converter
SEIG: Self-Excited Induction Generator
FACTS: Flexible Alternating Current Transmission System
SVC: Static VAR compensator
TCSC:  Thyristor Controlled Series Capacitors
GCSC:  Gate Controlled Series Capacitor
SSSC:  Static Synchronous Series Compensator
PUCT:  Public Utility Commission of Texas
ERCOT: Electric Reliability Council of Texas

doddo )

S sleglpe b sl las 4 DFIG gyl g0l g)l5e oads Jaie
& ° 1) (SSR) ggyfaw p5 wass enny oz Jliol (55>
oS ol oy SIS 5 ol Wae il 55 5 36 oagy ol oyl
(H) 5555y i e ool s % DFIG L sob 30 50
5 osliil el G b (T1) stonn oM sz, Jlazs|
3L g)le 5 ol s JUl sl (S5 6 Slaglier b o>
aniiallple oS Yo o0 Jlo 4o el oa el Yo o0 Lo )
IO e 0 ol oy ly JUil gl (PUCT) ul55S
Ul Cgm 0 uizmed 0ged oolaiul aeye 00 gilegl e
Jl sl 2oy £ (s ilog ez b (o 5] JuST 28,5 Biguoaive
L DFIG 4 jexe (g0l o8, S aS dged oolianwl (S uS1 les
ol asie Yo Sl o Lol el e o] & Sl 10+ g
L L (ERCOT) L5 (S isIl liabl <8 yanil DFIG
2 SSR Ggl g w88 18 elad Ojg0h 6w 3l 0adl
s 4 s s s oo L oS alisl ol s ols &, ol &)l
Oygods odll ez a0l b g0l as i a3 3 S7E 50 2>
Sl g ol (G9,Sam ) Sllogs aziiye g 285 13 elad
aa Jlo ol 3 DYlas o jls ool g s s lagsls @
Lol &SI DFIG b (g0l £5l56 ;0 SSR (o dioyo ol )Sal,
DFIG L (ool gl ;o oy (nl Gend 5 () (5 5k Lol
il ool Jds @ g eadplnl S g 31 b oaiil
Sldlls & 5L G35 s sl O3 925 5 LW 515
3,18 3929 (5 i
R 53k &)l 5o SSR i jslaraty [¥] ) wisai (ol
ol e el sasiass ey (SEIG) o0 095 ol (sla 63l 55 4
Jsbiiesmanas ol sniosliiul SSR Ciprds (sl UPFC 5l az e
e Olgreds 9,5 nj oS e o b (BLII oaisS JuS Sy
&l SVC 5 dd-Al s ool oasamd & L jo oSS oaisS S

Tabriz Journal of Electrical Engineering, vol. 49, no. 3, autumn 2019

Serial no. 89


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=6&cad=rja&uact=8&ved=0ahUKEwicncy2we7XAhXDKMAKHeeXChoQFghJMAU&url=https%3A%2F%2Fwww.mathworks.com%2Fmatlabcentral%2Ffileexchange%2F49074-self-excited-induction-generator--seig-&usg=AOvVaw3-y0twDKLyXMCSnXq3PD3R
https://en.wikipedia.org/wiki/Static_VAR_compensator
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=5&ved=0ahUKEwiy-teGw-7XAhVrIsAKHeguARgQFgg7MAQ&url=https%3A%2F%2Fpaginas.fe.up.pt%2F~ee04109%2FDocumentos%2520e%2520imagens%2F42-GCSC.pdf&usg=AOvVaw136T24BVpnCrlbkrTAcVFZ
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwi28KrRwO7XAhUGM8AKHV8lChUQFgglMAA&url=https%3A%2F%2Fwww.puc.texas.gov%2F&usg=AOvVaw0ZMEpQGW5hlKf3cBtee022

oo Oblog 0900 e g Judow

YYAA 5l o o lels FA Al 3 55 oy (5, (gwdigee aloes [ VY29

S0 IV il s b SSR G186 (g lall o S ger
G 02l JEl b S S8 4y 45 DFIG L g0l as) 50
S by s ol 0 Jla] Sl Joato Coliion o 4 53
$xSo ol 3 56 )bl 5 SSR olas, 5l soleniny s,
Ol e Bas a4 008l b S jsbay ool ool Lecas
w3 Sl colerin (g SIS L oS Sl oog (nl (35
alads il o el SSR o8y o) o (5 kb Laas jegdle S sy
3 e b aoml cpl &S 09l Laas 55 (MPPT) g iSTos

g es 03 VYV F] atile axlye

ol 0490 ootuaminnnd Jagb) 9 ‘SJLGJJA' Y
o5y 51 SSR sdy (owyp 9 Seslud syl Jubow jshaneas
G 0]y Jlisl L S b aS 59 e oolitul DFIG L sob
V] gol e b (DSl Jaie Colis o omd SO 4 55
Joe Joles (50b o8, G O jg0as Wilgi oo g0l 40,50 SO [vf
gy o alive ol asyie S sloyial iy solad a5 1555 000
S OlF ereme plp ool acyie Oly ks el Jolae g3k
Sl ¥ 5135 00 L ol aey50 S Jle (sl 098 o0 WaolSy

R R R s

DL [ .- E,
H O )
X X Rl \l X

Mrsc[Easclpti

O 4 Jaio DFIG b (60L ¢yasy95 JEEE il 0590 i 1Y SO
S S jluglpr b Sl Sl

dg0 B o Sl e5ly5 Y olee -Y-1
Silwdoe (F-)) Ly, &jgoa dg0 gz o B jo LW 81,55

I¥Alogs s
X =AX+BU M
X :[iqs’ids'iOS’iqr'idr’iOr " (Y)
U = [vqs’vds'VOS’Vqr'Vdr’VOr]T (Y)
S

Pglee ol e Glol LSS 0 5 0SS LS
kel 53 5l S Slapmli 3 L Sbya sleadlie ol Sina
Joe & 65552 SSR g4 5l nlpl 08 wialss jone ol
@b &)l Wl Wse 151 (L3 SSR e o 28 (b oo
L b clley o ol Wee 1 15 el colis DFIG L
3 d9dee Sl b )3 (G ygods 1 5 (nl g Sgd o oo
&5 DFIG L (ol ol5'g 15 5l oolitsl &g 50 45 snislgie [Y¥]
# @y @Uls Qi bpld Gl Jy ol 0 bl ol
colie @ s3lazdl Lldjl 5 05l SSR conlin 5 gy Cinns
5 0955 5 IS5y 5HYE YO Y N s pimen s
Ay s s, 5l a5 cadeslatul SSR (amds jo 510 o pu
Siloi)p ol Sl b oS sadleie [YV] x> pe o ol
e lie (B9, Sl 4 a5 55 (5559 SSR I g0 il
s i el Cilittes ghan ceslie sl & 15

97y (S W oy b SSR I sax g9 (e
2 g sl el saaisls o] s a4 [YA AL o a5 5l
el o5az313,y SSR w4 RLC (5o by, S5 L [Y4]
&l lazsls y SSR oy g aslllas 4 35 (VoY) Fains
Gl ey & Vol g, o S L [YY] s g
el oaaz3ls 5 SSR 51 b Jles|

Ol 000 0929 DFIG L (g0l ¢ )l50 a4t 0 a5 coge 9090 Ll
Oezed 9 Ol sadg Ol lacad, bl esliul jglaiedy a5 ol
3ol me Hlbeas (MPPT) gy iSTas cdl o cgolassl LYs 4
S8 L Jasl gl lBl ey Koo s gl5e cnl )0 Bk
sl Jlaiml (Jg el golaill g pgu o (S35 5w s3lu] 2
2 095 xSslr sany ol Sl b aS ol (g 0 1) SSR enyyy
3 Sogee o Ll cwl sasaisls ;y SSR Gamdy 4y (i &2l se
MPPT Lii> a5 coul saiplo! slaigfas SSR cinds calpe o
Lylyd Lis b 3825 nl )0 09 48,5 LA )0 mae Sus lgieay
Lol oalbaiSlsy DFIG L (g0l g)l50 ;0 SSR canai 4y MPPT
AN GBEDFIG L (sob g)l30 ;0 SSR aSul &y 4z b 4559k
ol sl Sl oad Sl g e S opl el Sl Wae
4 SSR eaisS e Jus o 4 (Lol J s S Jleel b polaie
SSR | cs"‘l-’ &bl 51 GSC Jowe Hgslinl 5Ly J S Coad
2 Sam 90 lul il 5Ly S8 col sl Josay (¢S5l
Wlg5 oo maliime yod ysboty o5 Jale s Yyl conl onsiass 5 L
a5 SSR 5l 56 o bl Lol ele)las b, s 2l )
6t a8 el Lale Ll .oyles (6 5ok (Canl IGE slas, lon
Jodo (B )l (oliaS g g5 B 5D MPPT (sla el )y
Sl sy Ho5g) Sy g S 4 QU Wee ST a5l
00iiS e S a4y (6995 JUSmws (lgreds 5 531,35 )98, ey
S8le s 5o cgolpinn By, Brawal jelaieds .uwl culoslaiwl SSR

Tabriz Journal of Electrical Engineering, vol. 49, no. 3, autumn 2019

Serial no. 89



oo Oblog 0905 e g Judow

YYAA 50l oF o lels FA Al 3 55 oRls (5 (gwiigeo aloea [ VY) +

(-Di-Dy) Dy 1 Tuing. QY]
o 2H, 2H, 2H, | r,1 | 2H
4 o, |= Dy (D -Dy) 1 x| @, |+] =2
dt| _"| | 2H, 2H, 2H, "I | 2H,
K, Ky, 0 4o

39155 5559y Sy Nbled @, (g0l (s Sy Sibled g a5
el oy 98 G I AT b sty HgleaS Sl Ty
55105 (So Sl elaS T, g ol lawss cadolm] jglias T
(PerUnit Yoty Juio & ppods (1) alaly o byt soled cun
Dgbee dmele (V1) abaly Gl 5 (oSl pslias anil e
35S (MPPT) ol iSTas a0, Caws 4 olateds
OwS LOOKUP - Jour o wlol 5 azrpe (So xSl
&y slde b S o bl 9oz (nl 58 () 992)395 o0

3 Jlosl L) 1S 4y 5 ool (S Sl jglias

T, = 0.5Xy, (g ey — s iar) 0

7 8 9 10 11 12

0.75 0.85 0.95 1.05 1.15 1.25
0.32 0.49 0.69 0.95 1.25 16
0.43 0.58 0.73 0.90 1.09 1.28

o] e o515 9 DFIG o Jows slo ) S Joo -Y-Y
Seoligs aile (Swlys gileJoe 4 5L 58 DFIG sl Jos
4o abal; &0 DFIG laJowe 0 DC il ()55 4 by

Ol 1y ggdge cal V1Y) Lals) o5 09doe (s5ledae ol

.u\.}.‘bbu’_a

C-VDc-d\(;tDC =—(P.+P,) avn
P, =0.5(vy, iy + Vg dgr) \Y)
QAD!

Py =0.5(Vyq dgg +Vag-lag)

bgiye sheb> Olg5 Py g RSC Juwe & bgype (ii> ol B oS
RSC Jaws 30 (29,5 slajldy coifa vy g v, .ondl 0 GSC &
9 7sr sbolr cSaly 50 Geizes wile GSC
ail> o ol @e og2s (V) JSb aidloe GSC 9 RSC Jue
83 ze iled |, GSC 5 RSC (sla Jus iy DC
o) S 5 SSR enyay anllae 5 Seols sjle o sl
GSC 4 RSC (sl Jows J,iiS jelatads (1) S5 o oadoslslis
JyS 4 LOOKUP Jguz SeS b 3 MPPT o5 o oolazu!

_Iqs_ _Iqs—‘ Vs
Ids Ids Vds
g ?Os — A ?Os + B VOs
dt fqr fqr Vor f)
Idr Idr Vdr
_IUI' J _IUI' J _Vor
A=—a,GF ®)
B=w,G™ *)
(X, 0 0 X, 0 0 ]
0 Xs 0 0 Xy O
6o 0 0 X, 0 0 0
X, 0 0 X, 0 0 3]
0 Xy 0 0 X, 0
10 0 0 0 0 Xy |
R, Zx, 0 0 2%, 0
o, @,
“2x, R, 0o -Zx, 0 0
o, @,
el o 0 R, 0 0 0
) 0 MXM 0 R Mx 0
o, @, M)
Jlo-aly 0 o le-aly R 0
o, o " '
0 0 0 0 0 R

098 slagly SR Glea b Le gy 58 @ &S
@ shee a5 Gl s il obol, MIF Bl g sl
L plp GBeizs opl o0 a5 cal dg0 o5 OB (glassly uils 3
R g yolul Cwglio Ry .l oulbas 3 Jlai 0 Lo e pm
Xig tomeblise (ulS1) Xy Guizren aidlion 5y, Cwglie
X =Xig+ Xy 059, G085 ol X, bl (sas (ST,
Oygods o uilST) 5 blwglie aen il o X = X 3 X

sl e (PerUnit Yosls jlacs
&8l (g8 Sdd Jaa -Y-Y

2 ez 90 oobwl » SSR aslllas (sl (ool (g8 b (g3l Jue
Omboe o b Guygd 4 baipe pyr sl &5 09l o0 w8 S Ll
Seoliod Joo Sl Voo po b )53l 55 0 bgipo pgo 02 9 ol

LY Al sassosls olis (Valul, &) g0t cids

Tabriz Journal of Electrical Engineering, vol. 49, no. 3, autumn 2019

Serial no. 89



oo Oblog 0900 e g Judow

YYAA 50l oF o lels FA Al 3y 55 oRls (5 (gwiigee aloea /YY)

g 059 JUl bad (g5 d 5 Q slojome Glyz 5 1y 9 1 oS
b gy bl 3 e 50 d 50 Heme slajlds vy 5 vy,
B 5 B 055l ool 55 d 50 laslidy v sV -aidl oo
Xo 9 Xi e R Geizren widlioe Solb (e d 9 Q il
S gl 3l ST g s ST das Caglie o ey
Oyt B ulSTy 5 bicuwglio dagl 2 dojldy des il o o>

g o 42,5 Lla3 s (PerUnit Yoy lose

\'r Pr Pg vg
-— —
OO~
+
- = . -_—
iy Co="bc s

GSC 4 RSC sl Jawe (yus DC dil> 55 (55l Juw ¥ S

GSC Jawe s 2 Latly, -¥-0

4 OA-10) Ll 51 GSC Jowe (25,5 bz 9 5Ws s Ly,

IRCH PO
Vg = Voo + Xig g \o)
Vi = Vs — Xig-lgg %)
g =g +ig Ay
gy =g +ig an

09155 Jley 9 GSC Jowe o 9ileygamil 5 uiliST) X a8

LOOKUP |
Table

MPPT

Qs

RSC Controller

9 )53l ygiusl s clas il JS (ST X g (9,50 uil5 2
3 Gao,0 a5 00y (s 3 WlSTy X, il e el el
Sgd g0 a8 (K%) 55l oyl oz ao o Qi @ aS cwl X uilsT
Velogsica (Byma (V1) by 3abos, o3, (uilS 5 alanlya,

Loy axa

f—f, 0%

fo Sl el j55, hes Coym (Sl G531 oS
559 Jobee Cueglin pl by ool aies) sl jioS 5l Yeno

) ok pslesS (slp s Sid Joe ;3 (izmen 9 JLee! RSC
g0 48,5 5 50 (Tying
e 93 lroansS J S Glgreas Pl oaisS 8 ol
0aiiS J S o ppgmye &5l wlel (pl 5 GSC 4 RSC
Soaiss S 5l oolatwl Sl axdl .l P DFIG (g1,
5 olg eansS JyuS b a as [Ya] jo o)l 0gmg 5 500
PRS0  eadonsd (domy Slleg oo Sgnp Guizen
Pl couS J S 5l condaizlopy ogllin cole ;o cadcwal DFIG
slogly JyS ggoge [Fo] ampe uimen ol saoslil
el 0013 13 anlllans jgo polie 33 we 1S S5 L |, DFIG

Jast b Jos -Y-F
ok () ally s ol s o3l 5 JUl b (Sealos Joe

I¥A]l sl oozosls

R, 1
. -——w, -0 ——, 0
IqL XL XL IGL
la _ ® _&wb 0 _iwb I
ch XL XL ch
Vdc wbxc 0 0 —w Vdc
L 0 oX, o 0 ] 0%
T _
— 0
Xwa
+ 0 iwb {Vqs_EqB}
XL Vds_EdB
0 0
0 0
vqr
vdr

GSC Controller
s Jio 30 MPPT 305 o9 g GSC § RSC Juus 90 (sl J 8 ¥ JSa

SSR Julow- ¥

2 ol P e LS e g0l o8y, aS sl ol SSR ey
Sppo > aSe Aol @3 S Loy
b SSR oauay )l oy 1) Shlus snuay () (6 S Limpas
Lals Gyl iy Bl 5 oWl Wee 51 g0 5
S el (b W2 S il S msi;b'x o Sl
XC byl alwsgay

foakal, ol 0 0ed oo dulre f =1

n

T & . . L . e . A
el 5 5 ol aly g 09h oo ounall (9,80 5 oS LS B

Tabriz Journal of Electrical Engineering, vol. 49, no. 3, autumn 2019

Serial no. 89



oo Oblog 0905 e g Judow

YYAA 5l o o less FA Al 3 55 oils (5, (gwdigee aloes [ VYNY

SMECEe Caow 4 plesw SCwglie fgerme plply Sed s

D9 oo Ly by g A8 o Joo

' +
o: . SSR Damping j % "
@, ’? P! Controlier Vi
D)

sy yleaV | GSC 1,25 4y SSR adiiS |yee 18" Jlacl agosi :F JS
Col 595155 sl 5y b Jloe 5

GSC
Controller Vg

=

mbr O

MATLAB SCdgomw 1580 5 5l (gilwamds jshaiedy Gudod pl yo
aS oabosls Hlad (V) S0 10 ol 090 i -] ool
6ol de 30 o slyls it cpl [YAlCl IEEE Ggyne piians
JEil b & SeS L oS cal Sl Ve ol b Jolae
5 Sl Jate e ond oo G e eadlex
Wloassasl )l [¥A -1 o T slo sl b
4 09d Jlod 59,50 25 58 4 by pe sl Y ]
Wilioe el plene G g heilis Ly, aSenl Jdo
Se g oad (gile b 5 abi Jo gt S Ll conl 5L
Bl Cawd 4 Ceol SSR ae (yled 45 15,50 35 w53 4 bogaye
de Gyll walize g5l e zobw jo Cwl Y pioren
Sl gl 56 (V) Jgur 998 (o) 9,50 2 o5 2
oelS,8 il ol £ = L ply SSR we uilS 3 casloaisonls
SSR e (lS 3 5 (9,500 ulS 8 Gyt Sl (9,8 gt
Gob el oalosls (Lis (V) Jgao j0 g9o50 () 05l o0 Jol>
FSZeSs, ojlal agaas LS8 molBl bes) yhis) 4y bgs e alal,
@ e 959) Seglie 9 GB3A nl Gomie s 4 5 eud
I & 0 22085 S Gl 3,1 5l 3300 (5D S
e Gl b epl by 0% akl el aily g5l pe maw
Eroge ol (B) US55 09500 (5)IMLL Cooms @ s (55lu e
daw Al 5 e Voob cepw jo (IS cpl b ams o lis |
e 65kl el prngw (Sl oo A Ve Fe ol ol
SSR os K9y » ‘) OLI C ).o‘ (;) Ji.‘u e Lol sus SSR
g odds B SeS ojlail Lldjl uisd s, oid alal, gl g oal
ol Caoglia culpl 3gdice S5 559, Jolee Cuglie ojluil
2 0gSen LU a5 48) Gl A (R Caesdy s
dga> ;o ol ey Yw Do oo oolatul g0l g)l50 5l a5 ablie
@ p3Y s e YU gl Sl g 00gy 4l e AL S
S5 56 SSR DFIG L (g0l g)l50 0 aSenl Jds a4y conl (53

R =R 18, oobeay ol aie 9,50 pj iS850
ol 58 58 e Canglie S (5110w olST g i e
» (‘59“’6" c5“"“° (Rsys )W:""‘“‘“’ Jf WSL“)“\‘“’ “\“‘95 Qﬁ)g‘:""" 2)
SIS s 5 Lz p30 S (V1) alal) 3k )50
Oygoar b olyr nlply wb wels cute (g bl
(IGE) ol Weo 3l oauay cpl 4y a5 ab oo Jial38l oasgiicg gas
(B S sl 33y o @ ST @ az g b ogd o auiS
Pl e laslly g gl po fy il B L 95w ) adlse
(f = 1) ©rgon adlie (ol JoSo (uilS 8 98 0 ol 4S5
O e ol A5 S0 0 Sebioe Sl Heis; Gl )
L.’. 9 )?‘)f(fs_fn) d"i'“‘"’ J‘“‘x" U“"lsfg L’ )935) cad e 90
Jdo 4 wgise ol (T s 35 5l wed o] o3
slose Wl ool slaolSg s )53y, Chd (P Gemiml
At SSR Jdoipenay sl ol L“QT SL,55s,
aS |5 ol e 3lasl &y g0l sleolS g, yo (T1) iz S5
Conl 35 YUY sga g0l goolSg s o siomn slaae il 3
o8 el f}y Ll,s cnl ye ) JH S5 sle s
cho 4 a5 Wl ez a4 e 01 B OV sgam 0 gaais
05 e OF 58y Jlail 1 ol 5l (YL (LS sileplz

IrAlee

Rys

i=Asin@rf,t)+e - Bsin@zf,t+6)
SSR suiiS po Jyus— F

a8 SO SSR 1 b Slley cardd jglatedy Gadss ] jo
Ceond 4y J Sl cenl saboslatwl SSR oaisS | e J uS 6l a4y

GSC e S (Yo i 59) 55135 sl (29,5 51y J S
STATCOM « _als GSC J s as olslsl ol oo Jlae!

)

el Voo 51 236 DFIG L (g0l g )l50 ;0 5.5 SSR (yioran g 0)ls
o B e 1) sl S ol sy S 4 ol o
b Ceon SOy JiS SeST L ogdioe jlaay b3 ol 0
Ol ol Sl 10 08 (6T sl (gl (2,5 5Ly lea) JLi]
@ Wge J1as Ly ol g 0lz (0505 S5 ;0 s,
ok S ol 0gdiee gl 0lz ood GRlBl cels
SSR 1 5L )bl 5l gl e fpne Hlade S s
13 SSR 00t |yee ;S 3l eolizasl gm0 3] o e 4 5,55l
JS ol a9 e Jlacl GSC )i 4y a5 sbosls i (F) S
IS ool & g8y8 S o L5 S0 5 PL IS S s
3F9) B g S Sn i n) el sl ol e
O akal) Gkl Gl 5559, (W3 ST el anls 55155
059 S Cwglie 5 eal S5 oplwl Bl a5
SsS oul Blojl el dite ke o &S (R =R /5,)

r.eq

Tabriz Journal of Electrical Engineering, vol. 49, no. 3, autumn 2019

Serial no. 89



oo Oblog 0900 e g Judow

YYAA 5l o o lels FA Al 3 55 oRils (5, (gwiigee aloee [ AT

oo S Jlosl b 45 Il 5 .35, o0 SSR 51 b (g sl o
o adbmlBl s, W Ly e, S SSRoeus
ol il Jos 4 655l SSR 1 36 (5, ILL 5l o psein
@B Jiw lyedr j989) Sy 5l a8 Sl Sle (s g9d9e
BLPORERLIV- oW uul)sl Q.;“ Lol saoslaiwl LSbLQ*“‘*’ PSS sl
Sy o)'Lh" 45‘_,’5)9.9)0 ) dJa;J) d"‘"a 45\)% | e g R
5 OS¢ 0 S5 ojlwl Lldjl 58 Joles Cuglin ol 555
S by S8 Al nlple 09500 il Sae & s
2 Exose Gl Sl e sl de 98, ojll ldl s 58,
| ER W WV Y d.la)‘)
V=R, 20 (Y1)

sys =

fl=ls|T=

Rr,eq

oo 151 5L DFIG b (g0l g)l50 ;0 SSR cas aiaS oS j5boylon
Gob cnlply 0gd oo 0ays b ol > 0 Sl alee Slcwl oW
L L > SSR ouS e J S Jlesl b ogd o ous (A) S
s, A ansly Jyus cnl &5 n) s (G2l 5 00l Ty
s JST Jobie Coglin ol a4y g 00l ial58) olail Ll
Sl Gl ol Sl 5 Ls ol (S5 il o ailey St
6oL acyie 5Ly a5 conl auzgi BB jebepl s ol Lo ol
sy apats uolS 3 5l A ke B34 e 5 il T
g oads ol Bl picws IS Ceoglin olS el g5, o

Sl 428l 2ol 38l bas b > ase o

First Compensation =20% ,Second Compensation =70%

—~ 250F
2
i)
<
bh 200
3
150 |~ Without SSR Damping Controller
— With SSR Damping Controller

80 90 100 110 120 130 140 150
time(s)

b Gl L g a0 Vol Coejus 50 959 ) iy Slilusgs Y JSS
Voo abl o 7Y /Y 5l gl

First Compensation =20% ,Second Compensation =70%

—— Without SSR Damping Controller
—— With SSR Damping Controller

80 90 100 110 120 130 140 150
time(s)

s G131 b 5 4l 1 50 ¥ ol iy o bt ol Sl A JS3
Voo aslh o h¥e @Y 5l iyl

23,55 ks 51, GSC 4 RSC (sla J S
Wind Speed=7 m/s

50
>
2
= 40 O %* -
g X
~ 2
B~ 30 +
S0
=
" g
T 20F % XX K%=20%
% + K%=40%
& 10 X K%=60%
O K%=70%
¥ K%=80%
0 :

5 0 5 10 15
Real part of SSR Mode

sb [WTPWOSE] LS)L“"Q‘)"" c.la..o ut..,ﬂ)s‘ uuL.a‘ » SSR a» G)Dilg'lj :OJS..'::

4l Y
SSR Mode
39.2 ST .
x
391
h=
&
038.8 ® \/wind=7
g X Vwind=8
= ¥* Vwind=9
38611 @ vwind=10
¢ Vwind=11 .
38.4 : : :
-5 10 15
Rea?Part

'/.V‘ G)L“"u‘}‘-" cln...s L SSR M:?JS.&
Silwglr gl (bl 3 90t5 (ulS )9 9 SSR de gy Y Joozr

g Qo il SSR ue s
(Feats  (3»SSR (K%) g3kl

YV/AY YAIY -4.78+j238.93 AR

AKIAR] va/e8 -1.56+j185.71 AR

Y&/f- YYv/5- 5.29+j148.27 /e

FAIFA YVOY 10.31+j135.24 AR

Ya/aY Ye/oA 14.57+j126.17 e

DS Jlael e o il solaibay sy B sl
Gl s el 00 (5,8 lal sl GSC 4y SSR ouiS 10
Gl 355 gole o Slas Sy g 00g LY gilul e maw
e v S T VA R VS WA U T SR
GHILL Caaw 4 g ool Sllug Glylo piw a5 B0 0 lis
I, @blos nl (2954 SSR oaisS |y JiuS Jlesl b Lol .05, o0
30 9050 (nl 0l o0 a5 Il s o | el 5 0050 oS
ol 418 T8 ) 100 550 dalo]

Al )0 s

F9) Sy 4l p e Vb Sy ;3 LOOKUP ooz 3.l

bl Gl oy (285 515 0 b ulply ol cudgy IV
aaly> 4l p Glol) VYO 350> 5589, Copw asl 5 obol, MIF
Voo agl o Sl 5l 8 (V) ISS j0 ggose ol g
oS e ST gy e (JSS Gl b el oaalin LB
Ve il 07V Y 5l glegl s ase a8l L 5 SSR

Tabriz Journal of Electrical Engineering, vol. 49, no. 3, autumn 2019

Serial no. 89



e Sbleg g e 5 Julos

YYAA 5ol oF o lels FA Al 3 55 oKils (55 (gwiigee aloee [ VYN

2 e Yol ey ;3 GSC g RSC Jouw 98 oy oyils 59 VY IS
Voo agl ;0 Ve /Y 5l glucl ez gbaw (2uli8l b g 4l

0.2

038 1 12 14 16 18 2
time (sec)

[V #laz o qubi Y JS&

b am ams e olis | (S sl jslisS clleg (1) UKo
O e progdle oS Sl (pl 09800 Jol S8l 1 a5 (29
SOOI I IEWPUE otV ST SR STRIE N
aais cdlye Luld a5 el e Gl ol el sibag e
00,55 Gy 4l g yie Vo Caepu plen 0 (MPPT) g5 iSTas
30 azmil ol o el 4z gl BB g e Hlens dzil ol Ll
by axdlis Sl Jlos 5 5l 555 2 olerinn JiuS & ol
ial33l oimy SSR 5 b o, laubl oo anlys 5y i S8
ey Glow )3 a5 Jo s les dguze | e IS 0L G0
1) )slaS 352008 SSR 1 (2L () lubl )los it aScnl b g S
Oy 4 baiye a5 55 (Vo) JSo .l 0050 Laa> a iy Jade o
S o 9l | MPPT Laas> g3y el S5 2SI

oadosls lid el 5Ly clblwg (VY) USG jo (yuioren
SSR 3l sab gylubl 5l S el jakaieas (JSo opl b ol
oS Iyee S 5l (AL a5 asdl gl jglinl sy el oY
S RSC (cly Jowe iyt o3l 55 llogs 38 (1Y) S5 .l SSR
sa el SSR 00§ T S 5l osliul ans e olis |, GSC
Asbanils el Sllug uzen g diley ool 3 5Lds oyl

Bl i eoleininy J S slacaye obplis jshaies
250 V7] o lis (3w cnl slasslonnnds 5 58 0l sl
Ol @l 5 plel (naiz @ (ol (opp b ool i3 13 Lo
ok ez onl @l 51 S OF) JSs Jle sl o)l 9929
ol 0,55 (o0 i @ @2 0 (0l @l )0 &5 (e9dge (gl e
3 9% Exose ol oais Lol 5Ly 5 ey sl (2l e 45
ol Geb ool o0t 5,90 MPPT Lyt 5l ,6liiS a5 el ol
LW LT SRL PR VRS I IR ESPVERYA S SR PR I LA g L)

First Compensatlon —20% Second Compensation =70%

—W1th0ut SSR Damplng Controller
4|— with SSR Damping Controller

90 100 110 120 130 140 150
time(s)

s ial58l b g aul p jie Vool Ce gy yo (S sl gl A ISy
Yoo audl oY 1Y 5l sileyl e

First Compensatlon —20% ,Second Compensation =70%

b [ Wlthout SSR Dampmg Controller
—— With SSR Damping Controller

P (pu)

80 90 100 110 120 130 140 150
time(s)

ORIl g 4l e Vol ey 5o bl (S pSUl g ) e JSS
Voo adl o 7¥e 7Y 3l silogl e wlaw

First Compensation =20% ,Second Compensation =70%

— Without SSR Damping Controller
— With SSR Damping Controller

0 . . ! !
80 90 100 110 120 130 140 150

time(s)
by adl e ¥ ol oy 5 53135 soilnl (o295 5y VY S

Voo adlh 7Y 7Y 5l sl gaw il

First Compensation =20% ,Second Compensation =70%
T T i

— Without SSR Damping Controller
1400 == With SSR Damping Controller

80 90 100 110 120 130 140 150
time(s)

Tabriz Journal of Electrical Engineering, vol. 49, no. 3, autumn 2019

Serial no. 89



FSbleg 3503 e 5 Julos

YYAA ol oF o leds FA Al 3y 55 ols (55 (gwiigee aloes [ 1YYO

[8] R.K. Varma, et al., "Mitigation of Subsynchronous
Resonance in a Series-Compensated Wind Farm Using FACTS
Controllers”, IEEE Transactions on Power Delivery, 23(3): p.
1645-1654, 2008.

[9] H.A. Mohammadpour, and E. Santi, "Modeling and Control
of Gate-Controlled Series Capacitor Interfaced With a DFIG-
Based Wind Farm", IEEE Transactions on Industrial Electronics,
62(2): p. 1022-1033, 2015.

[10] H.A. Mohammadpour, Y.J. Shin, E. Santi. "SSR analysis of
a DFIG-based wind farm interfaced with a gate-controlled series
capacitor”, Applied Power Electronics Conference and
Exposition (APEC), 2014 Twenty-Ninth Annual IEEE. 2014.

[11] M.S.E. Moursi, V .Khadkikar. "Novel control strategies for
SSR mitigation and damping power system oscillations in a
series compensated wind park”, IECON 2012 - 38th Annual
Conference on IEEE Industrial Electronics Society. 2012.

[12] S. Golshannavaz, M. Mokhtari, and D .Nazarpour. "SSR
suppression via STATCOM in series compensated wind farm
integrations”, 2011 19th Iranian Conference on Electrical
Engineering. 2011.

[13] A.F. Abdou, et al. "Damping of subsynchronous oscillations
and improve transient stability for wind farms", Innovative Smart
Grid Technologies Asia (ISGT), 2011 IEEE PES. 2011.

[14] A. Moharana, et al. "SSR mitigation in wind farm connected
to series compensated transmission line using STATCOM", 2012
IEEE Power Electronics and Machines in Wind Applications.
2012.

[15] A. Moharana, R.K. Varma, and R. Seethapathy, "SSR
Alleviation by STATCOM in Induction-Generator-Based Wind
Farm Connected to Series Compensated Line", IEEE
Transactions on Sustainable Energy, 5(3): p. 947-957, 2014.

[16] L. Fan, Z. Miao, "Mitigating SSR Using DFIG-Based Wind
Generation", IEEE Transactions on Sustainable Energy, 3(3): p.
349-358, 2012.

[17] H.A. Mohammadpour, et al., "SSR damping in wind farms
using observed-state feedback control of DFIG converters",
Electric Power Systems Research, 123: p. 57-66, 2015.

[18] Z. Bin, et al., "An active power control strategy for a DFIG-
based wind farm to depress the subsynchronous resonance of a
power system", International Journal of Electrical Power &
Energy Systems, 69: p. 327-334, 2015.

[19] H.A. Mohammadpour, E. Santi, "SSR Damping Controller
Design and Optimal Placement in Rotor-Side and Grid-Side
Converters of Series-Compensated DFIG-Based Wind Farm",
IEEE Transactions on Sustainable Energy, 6(2): p. 388-399,
2015.

[20] H. Xie, et al., "Subsynchronous resonance characteristics in
presence of doubly-fed induction generator and series
compensation and mitigation of subsynchronous resonance by
proper control of series capacitor®, IET Renewable Power
Generation, 8(4): p. 411-421, 2014.

[21] K.R. Padiyar, "Power System Dynamics Stability and
Control", Hyderabad, India: BS Publications, 2011.

[22] K.R. Padiyar, Analysis of Subsynchronous Resonance in
Power System, 1999, Bostan: Kluwer Academic Publishers.

[23] G.D. Irwin, A.K. Jindal, and A.L. Isaacs. "Sub-synchronous
control interactions between type 3 wind turbines and series
compensated AC transmission systems", 2011 IEEE Power and
Energy Society General Meeting. 2011.

[24] J. D. S. Han C, et al, ERCOT CREZ Reactive Power
Compensation Study. 2010.

[25] K. Narendra, et al. “New microprocessor based relay to
monitor and protect power systems against sub-harmonics”,
Electrical Power and Energy Conference (EPEC), 2011 IEEE.
2011.

[26] Reader's guide to subsynchronous resonance. IEEE
Transactions on Power Systems, 1992. 7(1): p. 150-157.

[27] M. Bongiorno, Petersson A, The Impact of Wind Farms on
Subsychronous Resonance in Power Systems-Elforsk Rapport
11:29. 2011.

[28] H. Liu, et al, "Mitigation of SSR by embedding
subsynchronous notch filters into DFIG converter controllers”,
IET Generation, Transmission & Distribution, 11(11): p. 2888-
2896, 2017.

[29] H. Liu, et al, "Quantitative SSR Analysis of Series-
Compensated DFIG-Based Wind Farms Using Aggregated RLC

ol 08 4 (53959 JUSew ol 03 55 5l ez e 0
ool 48,5 0 0 (JooSS S L b 25>

e &2 @l min 9 &85l ol @l b ocnlnle
ety JUSw 5 solgiing S 5l solitul day oo L 4 V7]
Lis Ll a5 gl Bld ay oo 08 cnl a4 69,5 Olsiear
el oslie MPPT Ly,

S5 ass F

Sty 00 e (608 SSR s SBoa b @S (nl o
s ez Wl Wae 151 ySslr jshatear oS Gl ol
5 3y et S35 L Ojpoinn dedee Jloel GSC Jowse
@l g S5 36 SSR Sl e U5 (b2 ediione o J 515
A8l o el Ol (S @l wlee Jos @ 5 x55l>
A3l 6L 5 s I Sl b 3Bl 5]l
JEKs Slyiety 35 555155 95, S iles (5T sl QAN s
o8l jelaieds a5 al LUl SSR eaiiS 1w S @ (69955
Orizead el 00bazd 8l o wpais LulS 8 51 AL 55 ojladl
oS ol ol codeliamody Bz ol 40 a5 cage Hlws sloaz )
Jloel b 9 SSR 989 Laulyd )0 (g0l ae)j0 (SO0l ot 5 ol
sl 0025 553 (MPPT) )lg5 ity abaii e 51 oolgiiin S
So ) adlys JuS opl a1zl Cal Bl L g9090 0
Oeizes g lak Sl 4 ) s SSR GG HlLL Llys
oo wiloyy (o InbU 5l LS e a1y (S ST Ol adgs
Jele s oS ol ol MPPT Lyl Liis )0 )5S ol Caibge

e S bz 0sr sal38l plas a5 SSR1 LU (g lasbb

el 42138 31l

azlye

[1] L. Wang, et al., "Mitigation of Multimodal Subsynchronous
Resonance Via Controlled Injection of Supersynchronous and
Subsynchronous Currents", IEEE Transactions on Power
Systems, 29(3): p. 1335-1344, 2014.

[2] M. Sahni, et al. "Advanced screening techniques for Sub-
Synchronous Interaction in wind farms", Transmission and
Distribution Conference and Exposition (T&D), 2012 IEEE PES.
2012.

[3] M. Sahni, et al. "Sub-synchronous interaction in Wind Power
Plants- part Il: An ercot case study"”, Power and Energy Society
General Meeting, 2012 IEEE. 2012.

[4] S. Golshannavaz, et al., "Application of UPFC to Enhancing
Oscillatory Response of Series-Compensated Wind Farm
Integrations”, IEEE Transactions on Smart Grid, 5(4): p. 1961-
1968, 2014.

[5] H. Xie and M.M.d. Oliveira. "Mitigation of SSR in presence
of wind power and series compensation by SVC", Power System
Technology (POWERCON), 2014 International Conference on.
2014.

[6] D.H.R. Suriyaarachchi, et al. "Application of an SVC to
damp sub-synchronous interaction between wind farms and
series compensated transmission lines”, 2012 IEEE Power and
Energy Society General Meeting. 2012.

[71 V.P. Boopathi, et al. "Analysis and mitigation of
subsynchronous oscillations in a radially-connected wind farm",
Power and Energy Systems Conference: Towards Sustainable
Energy, 2014. 2014.

Tabriz Journal of Electrical Engineering, vol. 49, no. 3, autumn 2019

Serial no. 89



o bleg 393 e 5 Jelos

YYAA 50l o ojless FA Al 3 5 oy 5y (owdiges aloes [ VYV E

Circuit Model", IEEE Transactions on Power Systems, 32(1): p.
474-483, 2017.

[30] X. Xie, et al., "Characteristic Analysis of Subsynchronous
Resonance in Practical Wind Farms Connected to Series-
Compensated Transmissions”, |EEE Transactions on Energy
Conversion, 32(3): p. 1117-1126, 2017.

[31] Y. Song, F. Blaabjerg, "Overview of DFIG-Based Wind
Power System Resonances Under Weak Networks", IEEE
Transactions on Power Electronics, 32(6): p. 4370-4394, 2017.

[32] Y. Song ,X. Wang, and F. Blaabjerg, "Impedance-Based
High-Frequency Resonance Analysis of DFIG System in Weak
Grids", IEEE Transactions on Power Electronics, 32(5): p. 3536-
3548, 2017.

[33] W. Chen, et al., "Probabilistic Stability Analysis of
Subsynchronous Resonance for Series-Compensated DFIG-
Based Wind Farms", IEEE Transactions on Sustainable Energy,
9(1): p. 400-409, 2018.

[34] R. Piwko, et al. "Integrating Large Wind Farms into Weak
Power Grids with Long Transmission Lines", in 2005 IEEE/PES
Transmission & Distribution Conference & Exposition: Asia and
Pacific. 2005.

[35] N.W. Miller, et al. "Dynamic modeling of GE 1.5 and 3.6
MW wind turbine-generators for stability simulations”, in Power
Engineering Society General Meeting, 2003, IEEE. 2003.

[36] J.T. Bialasiewicz , E. Muljadi. "The Wind Farm Aggregation
Impact on Power Quality”, in IECON 2006 - 32nd Annual
Conference on IEEE Industrial Electronics. 2006.

[37] L.M. Fernandez, et al. "Aggregated dynamic model for wind
farms with doubly fed induction generator wind turbines",
Renewable Energy, 33(1): p. 129-140, 2008.

[38] L. Fan, et al., "Modeling of DFIG-Based Wind Farms for
SSR Analysis", IEEE Transactions on Power Delivery, 25(4): p.
2073-2082, 2010.

ulyoAJJ)JL?l)b"*&LL“*JLo)M‘W)M [Yl‘\]

0,99 s oIS 5y cwiige Alzme Mogllin Colu o sniicaal

AYAD AYEATY Slnis F o)les 5

JraS "ol e el w5 demme oz olesl [F0]
b DFIGa jeome (ool baolSy s )0 951, 5 92251 slaglss poitinns

AP 5T T Le!
[41] L. Fan,etal., "Modal Analysis of a DFIG-Based Wind Farm

Interfaced With a Series Compensated Network", IEEE
Transactions on Energy Conversion, 26(4): p. 1010-1020, 2011.

Tabriz Journal of Electrical Engineering, vol. 49, no. 3, autumn 2019

Serial no. 89



