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Fig.1 Structure of DDWF connected to weak AC system
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1 DDWF HABLREZRESEE
Table 1 State variables in DDWF
connected to weak AC system

RS 294

JERTICER A S R

Aupe Aupes

Ay Ai, RETHRAL d g Rl AL L b
Aw Aw, ¢ RBUERE 38 18 e o2 (AR it
Axy (Axy A MSC v 22 f A2 fh
Awy Axs Axg GSC A i) 25 AR fL i
Ay Aiy, GSC Hi M d g L AL it
Auyy Auy, RHLH F d g S AR A i
Aiyy ALy, FH P R g LR AR LA
A, (Axy, AOpyy,  FUHPRARZS AL B A0 AR F AR A

MRG0 R GRS , BT R G b
19 SSO #5X, I: 45 4 2 58 T 43 H7 Fil Hankel %5 5
{1, B R BRI B L R 22 R i
57 DDWF I A S5 5 RS0 W R G
21 FERGAERET

- 2 AR IR 25 7 ) 2R A K L )
BSRFPERO S 0 RL E , X A7 4 B U B, 9 B
IR . REA AT 45 0] W Gramian [ P Q W8 %
R A7 T 2R 55 i AV H R R B B, (FL 0 T
AR 5E AT 5 R G & L Gramian B PLQ FEFEAR
S M LA A DL RS i Y L
e, AT 3o A A A P TR (1) B Y
DDWF Jf A5 S0 R G, 1k -5 R e e
P-4 2% 58 19 T 4 0 . Gramian [ P Q #1% H
A1, AR (S) PR

o, 0 0
A 0 o, === 0
P:Q:E: ) . . (5)
0O 0 - o,

itEPXd‘ﬁgJ%J:ﬁ%% g; =’\//\i(PQ> , O; ﬂgi{l@f%é}‘ﬁ
i) Hankel &5 5218, A, (PQ) N PQ WIFFE(E ;3 Jy %t
FFE, ATEAII Gramian [ P Q f -0 M T
153,

P=T"'PT" (6)

Q=T1'QrT (7)

FETFIEZEXS A7 %F Gramian [§ P Q 43 fif A5 4t
SRAF P ARG T A 5RIF -

(1) X=X (8) .2 (9) fr7n 1) Lyapunov J7 F i
TToR A, A9 B0 67 BEBY R G2 09 W] 45 AT W Gramian [
PO,

AP + PA" + BB" =0 (8)
A'Q+04+C'C=0 (9)

(2) X}AJ#E Gramian [ P FfIA] W Gramian [4 Q
AT R E1E 47 fi# (eigenvalue decomposition, EVD) |
AEI(10) .

P=US.U;"
{Q = UOSOUO_I
A RS U U 3310 PO BIFFERERE ;S .S,
R R 2 EITR RN PO BIFFIESE
(3) MM U U, S .S MR,
H=SU,U.S* (11)

(4) R C12) %) H B 547 55 0650 i (sin-
gular value decomposition,SVD)

H=U/3V} (12)
A Ao ar el i Uy et el i Vi O eSS

(5) THEFEFAR AR T,

T=U,S,"°U,3" (13)

FHISRAS 1P e 00 e T X=X (1) Frs iy it
RGUME BB AT RS A 4, T A3 B R 48
R

(10)

Ax = AAx + BAu
{ o (14)
Ay = CAx
A =T 'AT (15)
B=T"'B (16)
C=CT (17)

BGISE, S 2R G A5 A IR AR S B R R AR
A Bl Ak VA R A W L PR 2H T R, AN B
Tf R A 3L S AL T AN AR 3R T 12 30 i o B A 78 1
At d a2 (18) AT LASE 3P A R 25 A2 o i
FRGARASAL B I 4, DUTT 43 B B3 B 22 GE A L 119 400
BROR
Ax = TAx
{ - (18)
Ax =T Ax
22 ETFSE5RFHRESZERBAZE
FEX PR B AR TP IR TR IR B 5 R 4E SSO
B SRA DRSS R 8, R TS 5 RTF W
RSB OREE Ik
Al S (EL 1 KN AT DA b R AE - A7 AR 285 722 S X
ZA GRS (5 Wi Y Hankel 23 S8 8K, BT X
PLFRIR A5 28 5 5 R G809 3l 2 55 P A O 1 e
Hankel 25 SELE/)N, B0 (AR S AE 1 5 R G n9 3h
ARRPEAR G R R ES o A% G011 e B vk TE 2R A7 B By
WY 300 R B DK AT S (X 7 1) 5 A R
DAR R B R . {HJ2, Hankel 77 53
(B HL BB I e~ A R 2858 15 XoF R G0 A i) 1, 1) A 5%
FREE, I ASREZRAE i X 0L 1) PR 285 A8 1 Xo) AR e I 7 152



115 AR S T U E IR 0 M ) X P i R B T
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Table 2 Oscillation mode analysis of DDWF
balanced system model

PRI FRAE(E 4%/ Hz
Ao -44.216%j3 230.6 514.16
Asa -44.235+j2 601.4 414.02
As6 -209.86+j277.02 44.09

Ay -289.16 0
As -110.58 0
Ao -295.77 0
Ao -3.551 3%j33.971 3 5.41
A2 -17.060 6£j17.559 3 2.79
A -2.879 8 0
Ais 16 -4.824 3+j4.064 4 0.65
A -4.167 4 0
A -4.2262 0
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45 Hz Ju BN A, 76 DDWF J A 5558 i F- 5 2
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SRR HAT 0, S 5T KT 0.1 /9
RS R SSO KA R SRR SRS AL i, HAR
FIHI R SR BEA PR RY
SSO #EXZ 5N 3 FiR.

*3 SSOEXESH5EFHI
Table 3 Factor participations analysis of SSO mode
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Table 4 Hankel singular values of
DDWEF balanced system model
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o, 48295 12.61 a3 0.062 2 0.16
os 39108 10.21 T 0.041 8 0.11
gs  3.8290  10.00 ais 0.016 9 4.42x1072
oy 1.0109  2.64 g1 5.061 4x107°  1.32x107*
oz 07177  1.87 o7 2.2433x1072 2.57x1078
oy 0.2629  0.69 o3 1.4149x1078 2.03x107™
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Fig.2 Flow chart of retaining state variable
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Fig.3 Comparison of transient response characteristics
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Table 5 Comparison of SSO mode between reduced-
order system model and full-order system model

166 -G 1, _ 227

AE, (27)

S50 LW R GBI Ve 2 Gy
il FHAE AR f/Hz FEAEAR f/Hz
Ase 209.86+j277.02  44.09 -331.09+j270.28 42.63

Ao, 11 —-3.55+j33.97 5.41
Az —17.06+j17.56  2.79

-3.55+j33.89  5.40
-18.03%j17.41 277

H1 8 5 WH0, BB RGEAAUD & 2 B R G R
R4 SSO M, W R B 3R e A6 B RE A6 O B 4 By
RYAAY) SSO etk , TEMFFY SSO Rl A %L
3.3.2 SSO KA BH JE 1 o b
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#*6 DDWF HAABZRAFKESEEHS
Table 6 Ordering of state variables in DDWF
connected to weak AC system

F's ARG B s REB
1 Aupe 10 Auyy
2 Ai, 1 Au,,
3 Ai,, 12 Ax,
4 Aw 13 Axy,
5 Ax, 14 Aiyy
6 Ax, 15 Aiy,
7 A, 16 Ax,
8 Aiyy 17 Axs
9 Ai,, 18 Axg

BERT
SOOOO

4 REZENMFERANSERTF

Fig.4 Participation of variables to feature mode
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Balanced reduction method of direct-drive wind farm for

subsynchronous oscillation analysis
GAO Benfeng, FU Zhangqi, WANG Gang, RAN Huijuan
(Key Laboratory of Distributed Energy Storage and Microgrid of Hebei Province
(North China Electric Power University) ,Baoding 071003, China)

Abstract ; Direct-drive wind farms ( DDWF) merged into weak AC systems have the risk of sub-synchronous oscillations
(SSO). Because the DDWF model has a higher order, it needs to be reduced for actual analysis. When analyzing the SSO
problems , the existing balanced reduction method cannot accurately keep SSO modes of the system during the reduction process.
To solve this problem, a balanced reduction method for SSO analysis is proposed. This method is based on the participation
factor analysis and retains the state variables which strongly related to the SSO model. Combining with the Hankel singular value
to determine the reduction order, a reduced-order system model consistent with the SSO characteristics and dynamic
characteristics of the full-order system model is established. Firstly, a balanced system model by balancing the small signal
model of the full-order system is established. Then,the participation factor analysis is performed on the balanced system model,
combined with the Hankel singular value to ensure the set of retained state variables,and the residual order reduction method is
used to establish the reduced-order system model. Finally, by comparing the full-order system model and the reduced-order
system model , the results show that the proposed reduced-order method is suitable for the study of DDWF integration into weak
AC system SSO.

Keywords ; balanced reduction; direct-drive wind farms ( DDWF') ; sub-synchronous oscillation ( SSO) ; participation factor;

Hankel singular value ;state variables
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