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Virtual inertia estimation of wind farm zones with wind speed uncertainty and correlation
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Abstract: With the continuous advance of the construction of a new power system with renewable energy as the core, the
penetration rate of wind power in the grid in various regions of China will increase rapidly. However, large-scale wind farms
cannot provide the inertia support, and after the introduction of virtual inertia control, there is also a lack of partitioned and
accurate virtual inertia evaluation methods. This paper considers the randomness and correlation of wind speed in a wind
farm, and proposes a wind farm partition virtual inertia estimation method based on the Copula function and a clustering
algorithm. First, the wake and delay effects of wind speed are considered. The probability distribution model of the wind
speed of each turbine in the field is established. Secondly, from the wind speed distribution characteristics of each turbine, a
spectral clustering algorithm is used to cluster the turbines. Then, the center turbine is selected in each area. The optimal
Copula function is constructed to describe the wind speed correlation between each area. Finally, the partitioning method is
used to estimate the virtual inertia reserve of each area in the wind farm. This paper constructs a simulation case based on the
actual wind speed and output data of a wind farm in Gansu. The simulation results show that the algorithm proposed in this
paper can effectively realize the feature extraction, clustering and division, and inertia estimation of the virtual inertia in the
wind farm.

This work is supported by the Science and Technology Project of State Grid Corporation of China (No. 522722191005).
Key words: Copula function; spectral clustering; virtual inertia

0 B|= P PR R A8 H 25 . BT X HL AL T
= AR, 1S AL S AR RS, X

B 5 X7 R R I E Y, XURE IR ) Bt 5 HHATCEEES S R0, AREfeatA 2
O A RER AT AR R D, A
HEWH: BE M8 A#9 8 % 8 (522722191005) 2R S GE ST AT BR8], R, B XK REYR R 7E 2020




-124 - €& REP B A

FERARMY (AR X3 X L) B AR 25 A B S
RN HESR 30 MW K BL BRI A AL 4 — IR
VAN B o AL IR A0 26 ] I 3 3 ek i UL o
NP DU — A SRR S, B A X
ARBHET N, R O A& SR 1 SRR
1. BRI, LI S AL AT AR R Al T T
RS R . ] R E A A T RE NI Bh S S L
MM S SRS, AR %
X N AT R A 2%, DX AL ) R A i) S s
W SRS D,

JAFEL 7 AT R 0% (18] 3 B ) R 25 S ) X N
RMLIBATIRAS . RERHI7 N R EE LS E 2 %
WUBEAHEE G, AL ) RGE S Os  TIRS AR — 2 1
FHIRAE o SCHR[6-715K ] Copula BRI 07 #r4 N XGE
FHIME . SCHR[8] % & 2 M E FE I R 2, A7 1R
FHL Th R T ) 2614 Copula BA 0 AT RS, 528 TR
FL B X TR . SCHR[9175 e 1 XUIs () I 25 AH
KM, BT 2 IuIEZ 53 A R BN Copula BB T
G I 23 o A AR e AR AL . SCHR[10-11]7%5 FE XL HE
TN R, $2 0 T 2 TR A Copula BELTIR
Ha DA SR b T

W], R4 Copula BREZEFRAEKUEAH
Ji B B A, EEMERSZIC Copula
BRI, AR DS T, HAH S RAE SZ A E
fEEEGEm, HEEREE R, Bk, ¥TEA—E
iR AR Al T, B Copula & ETBEAR Kb fEi 1k
TFERAE, FIEH T RN .

2R XU 3715 B S 9 4 R R DL B
L AR MC o R E R R N SR = R R R R D DI E P K5
b, BRI BRI R VP . SCER[15]50 BT
T XU AL - Bl B E AR A5 B H ) ) T A0 1
M HERE T, BRI AT T 3UE. ¢
BR[16]3E T XML R shREAR S E I, R T 2
AR R ANRE 27 VA ik . SCRR L7 S R
KOEME AR, A BHAIBITIRE, AR RGE
TR A I N RS ST AT VP4l . 7R IR
b, SCHR[A8)ZE G PEAL 1 Rz 4DL5E St Ao T %1
AR AR -

IR VPG IR R IR — A, 2
T HBEEXENN M ER, FEOMELER
5 SEBRE T REAF AR ORR 22, AR REME U X FL I Y AT
A5 58 1) 70 A Il

JAFEL 37 AT 0% ) P R P AR o LA
(149 AT B A FEL 37 1 P 35 AU SR A T IR R AR 1 5%
SRR SCHR[L9]H Hi T RN G o 42 il AR 9
AT, MCRANARHAE AR 7 R E L2 S AT A

B3 2o SR B R B R ), Jeyx R
KRS ] R AT HERA AL 1. SCiR[20-21 ]38 1 8
FHPR B 4 1 R e 2R PR AT, SR XU 37 2 2K
FERMB PR AG T Z5 ERTR, N T SRR
P ] BB PRI 25 40 A, 76 XL 3 KU AR I AR
DAZRUR KA I FL 3 W LA A T SR 2R R, BT
R, A RERT A S bR N A Ao XL P T A
BTN o

FET UL BT, ARSCHEE T R NS AL
G AR S E LR S LA B A0 AT . 18T IRSEE
RIZ, $e 7ok B s B AL S A D 1 23 DX R L
PREAMTI . B9, FRIESERZEE N THEM
B BN e KR I ME S5 BE R . HoIk, BT 4%
MLZH () RGN 2R 43 A1 SR F OUR P 3 SR R B34 T AL
HEI, SR)a, AL Copula & B IR S L E
KGERIAR M . B e, ST X I AR B A i AR

1 RURHEXMIRIL RINBRERE

1.1 RURMEX MR

X1 RS N ST KU R A G, AR
Copula EREHEAT 20 4Ts X5 T HLEE PN 305 L2 X )
FHOCHE, TN 388 I 532 0 JXU T A 498 110 L I 280 R IS S8 25
REHEAT R o

1) Copula p£%%

YT ZY4EpENL A B, RYE Sklar EHRA, %
F(X, Xy, o, X, ) N N HEREHLAE & X, X, X, [HEA
AR, SR IIA G A RN F () (k=
1,2,-,n) o HAGNARELF,F,, - F ELL, WA
7EME— () Copula B ¥ C(*) SR BEHLE & x,, X, -, X,
Wi 2 (1),

F(Xiv MOTARE Xn) = C(Fl(xl)' Fz(xz)""v Fn (Xn)) (1)

B[ KA Copula BR £ 48— R 2K LK (2),
H 0 N RSHG uwv NP &, () A Copula
BRI E A T

C(u,v,0) = 9™ (p(u, 6) + p(v,0)) 2)

2) PRGH I 7 A IR

JAFRL S PN A (R HLZEL TR XUTR (1) 22 S 32 B2 pL2H TR
()RR N BE e . Ak R R WK 1 R, BR
TEHLLH WT o A W (] XU 5% R a0 (3) s

V, =V, (1-d)

d=@—JTji)(R:LX]2 ®3)

et v, Jgmc i UL I RGEE: V, 9B TR
YRR d JoIE RIS KL




LEY, 5

T B RGE AN E 1 AR SR A X377 DX R OB Bl 1 - 125 -

JIFRHBC, « LA 7242 Ry AR X LA

PR X AR TR R K A K. Fili B X R — L
K =0.07512%,

1 KRR AR EY
Fig. 1 Simplified model of wind wake effect

KBRS, iy R B RIS 2 T
W RHUAZAE IR 2 R TR) 3R, I HLAE % R imAE
PIEILR, KGRI IEBL G IE NI . B RGE v,
MR IZy B3 AL XA j () REIR B (8] R ©, 25 FEAE
IR RML j KA

v;(t) =V, (t-7) 4

1.2 REVERAKEL

BT AL ML R R T o B
HRBE,  SEILR 37 X[ R FH D 1) 424, X
HL 37 25 WLZELAL B8 1) A 40 A7 i), Ak R A il
SR DX 3 4T IR 23 A 14 1) R
1.2.1 HLAH REE i b 2

KOEE S SRR, R CERHTBERS
ALY o IR 2R AT PR GERALE ;. ARG 2T R &
TR B KA i R AT SRS, AR 2
B

TS ]
'r"}‘h'zlx J‘Jj& f‘[“ X){
P& ‘ j- FJ‘\ )lS
RSB >
4 i %
Hns | M i i
—> % iy R

2 MEHRRLERIZE

Fig. 2 Flowchart of wind speed data clustering
SEFREEN n BIRGERIIY =y, Yy y,) s
FIHKIE S m G REEY = {3, Y,y | $EH B
BEIEFR, Kb m<n Hm#agsn 85, 1Y
e iAo aG) T

y=T Yy ielmhiednt @)

=2 (i-1)+1
m

1.2.2 MR ETE IR K

it B HF(Spectral Clustering Algorithm, SCA)
DA Ay 2t 4 SRS 1) A A 9 B R e A Kl 4 il
B, REEATRIARIGREA S 1|] L3RS, IS4
JR AR,

1) F TP B AR AL B

BA M ARKIEEAR IS X (X, X, Xy ) » 3
HREAN KU T 28 xi ARy Lo BREQBE RS L
Y% ) P AN A TR SR B . KU 2R X
A g 2 18] P RR 2 B8 XM

%:nghwﬂmf,H:LzmM (6)

2) I T IS RRAE AR AL B B

TEAFHERAE RPN, ASCRAME R
A R 2 38 R B ) T R FR bR . L3 — ) )
BRI RGE T2 x, B n MATRRAE, X, %, X, s B
A REAEIINEZRA Py, pyyeeey P, » UHZEHS T BB IR T 28
Xi PR ME Ho 2 SN

Hy (P Py p) == pInp,
i=1

, (7)
0<p<1 > p-=1

TR B R/ S 7 f 2R P30t sh AR S, I (RO
LRI BIFE RO . AR, AN XU i 2R 1015 2R
ARLRRAHIT, D00 2% o 2 1 ik sh AR ALL P el s

R it T 2430 3o T AT 2 (KA A P
ERFESEE, ML TR AL RERE, A B
SRR BE B BT U SRR FE AR UL XU H A5 4k
LRI T IR, SEILXIZ P & X3 R 4
2 NEZATRIREF

AT A A=Ay, VR 3
Fime 1 a3 T a s ATR SER LA XGE H A2 10 ih
LRHEAT IS, WPHUEE A O WL X ME S o A1 AT
& Hk, FIH Copula & E M SALEE O 5l
S 2 18] T AR s B ARHEALAE O JRGE
PEA AT R A

[ENERETE R i

PR S P 43

u] FH B A

I —— b b bl e aa |
VB AR : E RS . AR |

SR » Bl :l i :
A e R S E— U | || | |
1‘ U 45 ‘ : :‘ R 4 e | s | ||
! i AR R : i('upularﬂ 4

! i
‘ Bl ‘ b ‘ BB ML X
i ! 1
I ! 1

........................................

Fig. 3 Available inertia of wind farm
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Fig. 4 Speed-power curve based on load reduction control

Fz 1 BT REEHXIRXE

Table 1 Wind speed range based on load reduction control

YOS IR X [ 6 [l

IRRGE X e st Veurin<V<Vw1
R X i 5 A s Vw1 <V<Vw
e AR X g gt Vw2 <V <Veut-out

£ ABB'A" il X I A, R AR ], R AL
IBATIRE N MPPT #6427 d Yol th 2k,  BlIm] S



LEY, 5

T B AN E 1k S A S PR A X L3 70 DX R AU B A - 127 -

TE U H A, JX— KRN R XUE X BCB' X
3% KLt v e o BR A, 380 oL g e R 3R A sl 5
B d %IkECR, FOHRIEX: CD X o4k |
BORFEE 1.2 pu.o JHIE AR i K 2R H br
BRATSCHTIR A = A KGR X SE, R TIA
JRTEE BRI T D) R, 52 KGR BLRR A X
PLICIR IR I s AT BE R E TR RE T, Ak, X
HNLALE B S OL T AS H R RGURMN,
AR
TEARNGEIX, SRRy d %S, DR AE 1
VRS RABEIE RHCo (4, 5) » TR (LA)FT R
Coge=(L=d%)Cp s (14)
T oo A MPPT B2 IR B K XU RES 3R R 2K
RBEFH R R B R T M A L A FIEREE Ay 5 i) o
B ARREX B f A%, CHI Cooae RAFIIE R
N A% BRI LE o B I AR FL R RE S, R AR
RHLFE RS RIE T R A
. GApV

(15)

A o ARBHEEE; p NRBISE: G
IWHEFEIORHG R VXL Fr a4z VO RGE

RIS AT T R X, KO E R AE
ARBEPEHITARE L, I ML 7 AN 2 il X
KA RAA, PR %R F T REL R AL,
SRS B 5 G 158 R XN

. Y (VAR (16)

Vwz ~ VY

2 LRI A 3] RO Th 2 PE g XN, XL
A BIMEE = R @, A i AWLEEAT Ik d %
1217, RTEBSE IR P Ul N L-d%)P,, 1
AR

MR ASCAT S o] R SRR VAL T2, K
AR EE G XTSRRI R iR .

Bk 2. nfHBEEEX N

fi\: Copula . KuE-FIERRR

IR

1) FF Copula FEig LA AT N 280 2 5 HLEE
A B AR LR L f (E):

2) X £ (E)AR 4 3R4F o] A5 & (1) A 28 20 A iR 4L
¢ (E);

3) KH =7 B - HUE AR 70 A5 21 3 A ek A
ol2 T 1-al2 HEZRAE AL X FEATLAE XS B (AR AR, 53001
TS RE AL o] AR & XA R ER

4) W X HL I & HLEE AT 15 B sk AT 4 KU
W] B BAS XA, [ER RS 56

=

U B AL, SRS L AT 5 &A1 5
5) far iR T R, E AT

3 BEHIME

ASCUUH A AR M OS], 3 A R LA
BN 5 R, A AR o A A v
JRGHHE X K R 3 e T S R XTI AT DA, ARt
AT G F RS, e IO XIS 70 m s 2 AR XU
B, KWLGE— A58 GW82. RJJK LA X H
WZHULIMIZR 1 AR 2.

S o N
o
12le © o °© G o T
2 . o
[e]
o
£ 9 o
= o @©
= o o o
Z 6l
3_
WA — 5 g
0 .
0 2 4 6 8 10 12

5 B /km

5 REIAH LA LIRS

Fig. 5 Coordinate distribution diagram of wind farm units

3.1 REIANBERELESX

AT NI RS0, TERIEHE K,
33 LA R LR R H W 6 Fos, B D
TR RE B 58RI B B I E A, %AE
N, UL R LY, RRHH K4 n, R
ROR BT FRCR A Tt

0.25

0.20

0.15}F \

0.10 ¢

D
—

0.05}
L

2 1 6 8 0 12 14 16
AL
B 6 XEIF 33 HILAREMR

Fig. 6 Clustering effect of 33 units in wind farm

RRBHAE G, KRR EERGREFIERT 33
& XML KGR H AL Hh 2k BEAT IR, M2 JEREE R
FHUHEALE AW 7 s o HUE R LU KGR R
Al — I ZIfEAE— e I ZE Ik SRERSAREARIL 17X
HL) NS B G ) 70 A RS IR, SRRAIR T S R




-128 -

CEEE R R

Copula BREUA S THHEE SRS AT, HidEa%s
bR S o
15 <
o + .
+ Q ++ !
12 N . T
£ 9f o
K *
= 6k
3 -
3
00 2 4 (; 8 10 12
”J Ill:“‘ﬂ‘kl‘ﬂ
15
HLER
bLE2
L3
— 107 L4
X st X
0
00:00 06:00 12:00 16:00 24:00
LR e
7 MBRAEREELH OB T Lk

Fig. 7 Clustering results and daily wind speed
curve of cluster center

3.2 XURMEXM &M Copula K3
MRHER() KAL) L RGEAH IS, R
FLAEE 1 A0 XL WL AT XS W2 1) R £ s 31 T
B oy BT o DATE B N W I X, R TE] R RE A
10 min. #E47TEAR Copula BEGEE, %2t —Jc
THUBEE o0 AT B 7 B0 AT DA ] (R R DG 1 R R i
‘Ti, JRE A B 7 BB 8 Bk

B

RIS K /p.u.

E 8 #HE 1-NRNE _tHRENESTTEHE
Fig. 8 Histogram of binary joint wind speed distribution of
cluster 1-wind measurement tower

W22 55 R B R AN KPR, g FH i) oK A
A-Copula FRECKIA =3 ¢ R A H LA T
15:3R13 =K Copula rREUfHKZS 4. Gumbel-Copula:
11.124; Clayton-Copula: 8.593; Frank-Copula: 39.510 3.
R =2 Copula ME3 % B J 43 A R AU 2 1 9
J7i o

- 7GGumbel-Copula i 5 % & 4 2 P

~76Gumbel-CopulaZy4fi ¢ % 4]

100

50

c(u,v)
Clu,v)

1.0

0.5 s
BLEFLpu. ™ Sy it .

-7GClayton-Copulafif 44 )% o £

BLEEL JXLJJ_ /p.u. 0 ‘XW A /p.u.

“JGClayton-Copula’} 4 ¢4 £ 4]

c(u,v)
Clu,v)

T00
BB LR /pu. SRS K p, DU /. 0 0 Iﬂlluu !«m p.u.

_JGFrank-Copula) A1i e £ 1%

- JGFrank-Copulaff 5 % & p4 £ /4]

Clu,v)
o
n

0.5
HLEEL R /po, 0 O

0.5
PRSI pou.

& 9 Copula 13 2 F BR#AN 5375 BR 31
Fig. 9 Copula probability density function and
distribution function

WA p,  DUFUA LD O

Gumbel-Copula 5 Frank-Copula 0Bk A
ARG AAE, A T S nvER L E  Copula 1%1
%, R ESCHTERBR GEE B VAT AL, (4G
LE& 2,

%< 2 Copula EREHXHEERB L ERKES

Table 2 Copula function correlation measurement
coefficient and its Euclidean distance

Copula % Kendall &% Speaman Z % WK GRS
Gumbel-Copula 09101 0.987 6 0.0212
Clayton-Copula 0.8112 0.947 3 0.097 0

Frank-Copula 0.9030 0.988 3 0.0205

25 Copula 0.869 8 0.970 5 0

Frank-Copula %1 5455 Copula B8 IRk [K 2R
B4 0.0205, HiEf/h. Kendall & IABENLAS
BRI A — M, Speaman ZREHIARFEALAE
B[] (A 55k . Frank-Copula %0 Kendall Z 31
Speaman £ #5456 541 Copula bR £ 1B BE 4%



LEY, 5

T B RGE AN E 1 AR SR A X377 DX R OB Bl 1 - 129 -

it . UER] Frank-Copula BRECAREARHLAEE 1 500 X%
RGEAH SHE B AL Copula e %, R i85, H
SALEER A Copula B&% W3 3.

# 3 BHLEESM Copula EH R EBH
Table 3 Optimal Copula functions and parameters for clusters

HLEE AL Copula 6% Copula 2% WKIKFEES
BB 2 Gumbel-Copula 5.6357 0.0423
HLEE 3 Gumbel-Copula 5.7959 0.0517
HlEE3 Frank-Copula 21.649 0.016 5

3.3 AREEGXREES

R4 A7 SC BT 5 HLAE 5 00 X 18] (1) 35 L Copula
BRI B A L XGRS, S L R RS X s
XF AU RGERHES . 85, FIF(5). H(16)
W XGR SEGERIC R, A TTRTEE LU(14), K
R SRR . IJ5, 450 RIS RIS E RL8 3K
FIHLBE N 0 ATE oA, 759380 XL 37 P4 ] AR 40 A

1) A HL37 AT B E VAL

K AR ST 7 0 KL 3 e mT S B A
X (A HEATVEAY , 5 R LS SN x L 10
A 11 Fioss

Al

Al H

ol |||
16:00

0 . !
12:00 24:00

2
& 10 ATAIREXPMERIEILEEXE
Fig. 10 Actual value of available inertia and the theoretical

00:00 06:00

confidence interval of available inertia

%107

T T
— ] AR s M

—— A BLi T R
< 1) F i

= RN R R

]4:00 IS:IDO 16:00 17:00 18:00

I %1

E 11 BEREE R AT IR B sk

Fig. 11 Available inertia curve in certain time period

K 10 i H X ST R R i 2. 25518 7
SIS, fE 00: 00—11: 00 = KU X [H), ZEAEHL
IEMASC ST i BA B R R L, X
IS, XL AR IR B IE TR X, KLELEAS
FRERBERGEARLL, BHHPEREA—E, i AEHEL
IR R SR, BEAE KGR EE, £ 14: 00—
18: 00 MUK X ISR B, &l 11 o, SR(E AL
HERR I R B, 2N A ] R AL T 0,
55 S 2 B EUR

AR SRS SHE LA L RERHE R PP £
SRR AT AR, JCHGRAE b KGR RO T AR
IFROUHETRIE . B 144 HRGER FP8ah,  Skpriit
RHEE S XA N ERDY 10 41, iR 70N 6.944%.
RIS, ASSCHT R SR AL AR (X TA] 2 AT R (R
PE o SRR TCIRAEAR R I HER A 11T A5,
A SCTEAEAR KGR I HER LT, PEAR (B LR
BEPESE 5. (EAE, 7RI KOG SR AR AR BRI 8] 5
A ARV AL R IR T SEBR R, AN R SRR
PRy PEIE I, 75 RAT — 58 [ BSadE 22 18]

2) n] R A 1) 50 A

HHI XL M 10 :00 B S HLAL R GE H e T A5
B AT R AT, W 12 Fioss

AT A 60

; 3
1 5 /km 25 /km

E 12 ReeprAIRE S HE
Fig. 12 Distribution map of available inertia in wind farm

AP e] AS R SE PSR, A DA A S5 i
RG] R E AT XL, AR
1R AT B Al 5 SEBRME AT ORI, X2
SR TCVESEI R o SR SRR LA AT IR
B S RPMERIRZE, [RIASCON R TREN
4.055%. Sk 1A S AR AT RS AL T AT
Rtk SHER I

4  LEip

BEX 2R L SR AR R B A Al R AL, A
SO RE AL XU AL SLZH 8] KU AR G, $i2
7 EET Copula bR %S IRIELIL M K A7 73 X
B AL T Tk

30 ST s X L 37 PAY S 8 A R R e AT S
B AT, 453X R 8 RT FRR B DX 8] R LA



- 130 -

CEEE R R

A AR AT o AR H R KU L7 1 SR B U B
TR AT HEA, 7 H SRR A ST 5 7 1%
BEXS XUz HEAT 70 DRSS, ATl XS 5 25 X 3ide
#E¥) Copula PR, SEHLX L7 i AT PR J2 70 A1
HERRAL T, D9 53 B R KU g n] PR R S e
TR B S, SEENEMLL, ERX
X TAMAIL TR O . A SCRr PR SEAE
JRIEE CURIAZ A 18] s A7 E S ML B B A S BR A i)
B, AR IR SR Ak S e ¥ .

Mt %
Mizk 1 RAZBEHNESH
Table 1 Parameters of wind turbine
ZH HUE
HE K vl (Ms) 10
PO KGE Veyt-in/ (M/S) 3
IR Veuou/ (MVS) 25
MR AR RIm 41
MiZk 2 MEIAHESH
Table A2 Simulation parameters of wind farm
2 BUE
LA & 33
HUE RIKW 1500
HE LRIV 575
PG IT [R]5 Hu/s 5.04
RN 3
S E 3k

[1] HEYLEN E, TENG F, STRBAC G Challenges and
opportunities of inertia estimation and forecasting in
low-inertia power systems[J]. Renewable and Sustainable
Energy Reviews, 2021, 147.

(2] xpE, B, NTF, & K5 Bm—oaisim i

77 R A R4 ) SR T FE[0]. 4z R AE R LI
M, 2019, 2(1): 50-58.
LIU Hui, GE Jun, GONG Yu, et al. Optimization scheme
selection of wind farm participation in grid primary
frequency modulation and study of wind-storage
coordination control strategy[J]. Journal of Global Energy
Interconnection, 2019, 2(1): 50-58.

(3] ERFR, BT, R BRAE A XU AR T 8 &

Haxhl R[], B RA Ry 5 iEH], 2021, 49(9):
29-36.
WANG Tongsen, CHENG Xuekun. Variable droop
coefficient control strategy of a DFIG considering rotor
speed limit[J]. Power System Protection and Control,
2021, 49(9): 29-36.

(4] AF2L%, Ry, B, & mEER T KA

(5]

(6]

(7]

(8]

[9]

[10]

[11]

[12]

RIFFLLER[I]. = EHE 77, 2021, 54(1): 104-115.

FU Hongjun, CHEN Huifen, ZHAO Hua, et al. Review
on frequency regulation technology with high wind
power penetration[J]. Electric Power, 2021, 54(1):
104-115.

MANAZ M A M, LU Channan. Design of resonance
damper for wind energy conversion system providing
frequency support service to low inertia power systems[J].
IEEE Transactions on Power Systems, 2020, 35(6):
4297-4306.

R, EhT, BN, 55 BEZ XA ) Copula
KRR AT D] T E AL TR SR
2013, 33(16): 30-36.

LI Jinghua, WEN Jinyu, CHENG Shijie, et al. A scene
generation method considering Copula correlation
relationship of multi-wind farms power[J]. Proceedings
of the CSEE, 2013, 33(16): 30-36.

WANG Zhiwei, ZHANG Wenming, ZHANG Yufeng, et al.
Circular-linear-linear probabilistic model based on vine
Copulas: an application to the joint distribution of wind
direction, wind speed, and air temperature[J]. Journal of
Wind Engineering and Industrial Aerodynamics, 2021, 215.
Fre 8. 25 R RAIAE 77 B X L 37 K SUL 15 B 22 L B[R] 4%
HISRMS[I]. HLRRAER, 2019, 43(11): 166-178

SHI Qiaoming. Coordinated virtual inertia control strategy
of multiple wind turbines in wind farms considering
frequency regulation capability[J]. Power System
Technology, 2019, 43(11): 166-178.

WU Lei, INFIELD D. Power system frequency
management challenges — a new approach to assessing
the potential of wind capacity to aid system frequency
stability[J]. IET Renewable Power Generation, 2014, 8(7):
733-739.

e, EFRR, BEE, & FETIRS Copula BRI X
R @AY I RS ABE, 2014, 38(14):
17-22.

PAN Xiong, WANG Lili, XU Yugin, et al. A wind farm
power modeling method based on mixed Copula[J].
Automation of Electric Power Systems, 2014, 38(14): 17-22.
IR, XSGR, IRVEAT, SRR DU A ) 45
Hiief Copula bR T XU DA AR, o H
71,2021, 54(8): 182-189.

SU Chenbo, LIU Chongru, XU Shitian, et al. Mix Copula
function based wind power correlation analysis: a
Bayesian linear regression approach[J]. Electric Power,
2021, 54(8): 182-189.

AN, XJ5E, BEE, S KEHES SR E
POLABE B 42 ) b5 bR A A 4% ) [J]. R R g, 2020,
48(12): 1-7.



LEY, 5

T B AN E 1k S A S PR A X L3 70 DX R AU B A

- 131 -

GUO Xiaolong, LIU Fanglei, XU Guoyi, et al. Virtual
inertia control and fast frequency control of wind turbine
participating in frequency regulation[J]. Smart Power,
2020, 48(12): 1-7.

[(13] #XNE, S5KICFE, SAT9%, 5. F T A LA

DU R 1 5 AR T 75 FEL O A0 A A2k R 2 7 72 3],

HLJ HIA 3 5 0 DA, 2021, 42(4): 41-46.

CAI Hui, ZHANG Wenjia, PENG Zhuyi, et al. Influence
of large scale wind turbine-based virtual inertia control
technology on frequency stability of Jiangsu power
grid[J]. Power Capacitor & Reactive Power Compensation,
2021, 42(4): 41-46.

[14] Footh, R, Bk, 55 5T P[RR ] B Xt

RHLFEN R G R e T[], A, 2021, 42(12):
59-67.
XU Xinyi, WU Jiahui, YAO Lei, et al. Stability analysis
of DFIG grid-connection system applying cooperative
inertia control[J]. Electric Power Construction, 2021,
42(12): 59-67.

[15] DAVID N, WANG Zhaoyu. Physical rotor inertia of DFIG
wind turbines for short-term frequency regulation in
low-inertia grids[C] // 2017 IEEE Power & Energy
Society General Meeting, July 16-20, 2017, Chicago, IL,
USA: 1-5.

[16] YE Hua, PEI Wei, QI Zhiping. Analytical modeling of
inertial and droop responses from a wind farm for
short-term frequency regulation in power systems[J]. IEEE
Transactions on Power Systems, 2016, 31(5): 3414-3423.

[17] PRAKASH V, KUSHWAHA P, SHARMA K, et al.
Frequency response support assessment from uncertain
wind generation[J]. International Journal of Electrical
Power & Energy Systems, 2021, 134.

(18] #4itt, M, sl BTk T 3 2] 132 d 2 X

FLHLZL AT A B A 5 VA O], HR ) R GRS A=,
2021, 49(15): 169-177.
CAl Baorui, YANG Lei, HUANG Wei. Frequency
coordination control of a variable speed wind turbine
based on inertia/droop control[J]. Power System Protection
and Control, 2021, 49(15): 169-177.

[19] LEE J, MULJADI E, SRENSEN P, et al. Releasable
kinetic energy-based inertial control of a DFIG wind
power plant[J]. IEEE Transactions on Sustainable Energy,
2016, 7(1): 279-288.

[20] HE Wei, YUAN Xiaoming, HU Jiabing. Inertia provision
and estimation of PLL-based DFIG wind turbines[J].
IEEE Transactions on Power Systems, 2017, 32(1): 510-521.

[21] BIE, AR, FET AL BIRY 10 40 R 22 R AL B
PEANBH B FEIR[I]. W1 RS H 31k, 2017, 41(10):
37-43, 81.

ZENG Zheng, SHAO Weihua. Estimation of inertia and
damping for virtual synchronous generator based on
linearized model[J]. Automation of Electric Power
Systems, 2017, 41(10): 37-43, 81.

[22] 1REEF, EFF, 5k)z. KH#E Copula 4% X L7 X

HAHKAR[I]. H D RGeS E S A AR, 2015, 27(5):
62-66.
XU Yugin, WANG Lili, ZHANG Long. Modeling multiple
wind speed dependency structure by vine-Copula in wind
farm[J]. Proceedings of the CSU-EPSA, 2015, 27(5):
62-66.

(23] W, 5kif, B, & REZ RS THE XN T
B HITEN]. IR E M, 2017, 41(18): 124-129.
GU Bo, ZHANG Yang, REN Yan, et al. Wake distribution
calculation and optimization control method for wind
farms[J]. Automation of Electric Power Systems, 2017,
41(18): 124-129.

[24] BN, ZES. £TERG S IMERNERAREY
SFREITEDN] BT RG R S5, 2020, 48(5):
127-133.

YAN Xiangwu, LI Junyan. Grouping method of direct
drive wind farm based on principal component analysis[J].
Power System Protection and Control, 2020, 48(5): 127-133.

[25] #RIBE, W, M, % ETEEESBRESII

I SR Bt 4 2O VE D] P R R AR
2017, 37(8): 2242-2253.
LIN Shunfu, TIAN Erwei, FU Yang, et al. Power load
classification method based on information entropy
piecewise aggregate approximation and spectral clustering[J].
Proceedings of the CSEE, 2017, 37(8): 2242-2253.

[26] XBIEM, HArdb, ardaas, 5. SEOUEE TR R I

ot R LA T R R 7 R 0], W R G R
5z, 2021, 49(10): 113-122.
DENG Zhaoshun, ZHU Jiebei, YU Lujie, et al. A novel
fast active power output reduction scheme of a DFIG for
rotor speed security[J]. Power System Protection and
Control, 2021, 49(10): 113-122.

Wis HHA: 2021-08-11;
fEE B

LEF(1987—), B, MEHRL, HAIARIF, FFRL
7 6 A #H AR I R A K E-mail: maxpgs@163.com

T8 (1961—), B, W54, HIRA[HR AT,
A 5077 W A A AL R M A ;. E-mail: maxpgs@163.com

W ®(1986—), %, @fEfEH, WEARAE, HIF,
#5277 ) R # AL R AR E 45+, E-mail: yin.yao@shiep.edu.cn

(#3205 T)

&EIHAR: 2021-09-14



