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Frequency coordination control of a variable speed wind turbine based on inertia/droop control

CAI Baorui, YANG Lei, HUANG Wei
(Electric Power Dispatching and Control Center of Yunnan, Kunming 650200, China)

Abstract: Large scale fluctuation of wind energy power may lead to system frequency fluctuation because of the shortage
of traditional frequency modulation resources in an isolated power system with high permeability access. This limits the
further access to new wind energy power. Hence, this paper presents a frequency coordination control method of a
variable speed wind turbine based on inertial and droop control. First, the frequency control characteristics of three types
of Variable Speed Wind Turbines (VSWTSs) are analyzed, including those of a Doubly Fed Induction Generator (DFIG), a
Permanent Magnet Synchronous Generator (PMSG) and an Active Stall Induction Generator (ASIG). From this, a
frequency coordination control strategy of a variable speed wind turbine based on inertial and droop control is proposed,
and the influence of different inertia and droop parameters on the frequency of isolated power system under different
disturbance conditions is analyzed. From this, the appropriate control parameters can be selected. Finally, the steady-state
and transient responses of wind turbines are simulated under the condition of random wind speed disturbance and large
disturbance, and the effectiveness of the proposed frequency suppression method is verified. The results show that the
proposed method can significantly improve the frequency stability of an isolated power system.

This work is supported by the National Natural Science Foundation of China (No. 61963020) and the Science and
Technology Project of Yunnan Power Grid Company: Yunnan Power Grid Stability Control Technology Research and
Closed Loop Simulation Platform with Multiple DC and High Proportion of New Energy (No. KIDK2018210).

Key words: isolated power system; high-penetrated wind power; frequency control; inertial control; droop control

515

AR ITE T BEURAE L) R G IR N Lol ok

B RETRAG SE AR BTG YL H 2 ™ B, DUXU

HEWA: BEARAFALAS B T8 (61963020); =& 4
VRN ABD TS AR SR =HE R
A R R ARF R 5 NFFAFS” (KJIDK2018210)

2, (R B A SR A E T, mBIER N
HLRBI X RGUIER A ARIFEN, JCHXS FIAL
HRGE R ERARE, PRSERTI5S,
WL ENAEAE SRR ISR e, 2E S BUKH
BURMAGATEELT, B, &mEBEREARN
L) RGP R H AT SR 22—



-170 - CEEE R R

H B PN Ah 233 02 7 5 W B B — R
o SCHR[BY I et H R E Bl FLAE ) R ) X
M ZE R BRI s, 6 R4 DR P sh 5
ISR S AT H]; HAE, X R
SEHENIRGE, HRIATTREA L, UKRELSE
TR F BN, 75 ENLARE 2% 1
RS, REVAENEBEREAN RS HER
B, B EA LG IR E 2 G 170, B ) R
G TR R LA AT A L 44 LT3 B 5 A
FRIFTRe MW, Ht, KNENHASSE ARG —
YRR AT 1 7 5 O R 98 7 [A) . SCRIR[12] 93 BT
ML B4 i R - B e 42 i SRS SR B . %7 3hRe
P il SRS AR AR s T RIS AT X I %+
B REFE S F VO A, B8 H—Fh 5 DFIG T Aid%
HIHE S AE RS T 2. 1% RALEIRIE X ALiE
TR, & HIDRIGS 5 RS0 SCHR[13] LAk
WL E SRR RG], $et—FhE I R4 HiE
5 B A — VRO AR B R ] v, % iR DR B
RUHL 22 0 1) 158 S 43 DA R — R R A S P 4 i AE —
i, XU 37 O B IR B A B A XS 2R R B 2
ST R R R AT R SR, AT e D R R AT ) 5 20
PABER R R BRAR, [ B 35 v ) 555 458 e 7 o 2
o JE ] R GE AN dffdt AT 4 ) BRI KO AR
H, ARG RDHNK I T/EE MPPT JRES,
I8 R A BRI BTR B s SCHR[L4] 5 X5 A% 3 X
FELBTLZE SR FH Uk 2 8 o] 73 3 2% S I FL R 55 L 1
FREE],  nT ASEER SR e N4z, (H% TV
IR PE NS s SRR [15)38 i fF 7 X5 AR 3 XL FE AL
o ADLABR P D 87 S AR S P AR — R e R, B
ARSI AT T 1o AE R B3R J7 3 22 45 3L
T AL A T3, 10 H TS bR ) RL2E 1Y
AR AR ML 2 H B 5 iR XU
25 F A B e S i RE AT AR i), KRB IEW A
Siok7) STt vl L= B B i 7 vt A T Rl -1 8

BT R ()8, AR SCHE S o B AN R 2R 2 AR i A
AL 4P, fEUC SRS b, R It T &
2 ) 0TS 4 ) 14 780 R IXUATLATURR s 18] o) SR
HAMEAFRRSEM T, AREESHS T ES
BT L ) RGURIFEIR, 45 I £ A E 4%
IS4, TREFEREBERNABENIGLE RS
FIR R 2 K

1 IERBR N L BHURE SR

1.1 YRR TN AL BHAEE S5ERES
545 % FEHL(Doubly Fed Induction Generator,

DFIG)# R ZE ¥y, Wik 1 Fis. HARAI sk EA
FEEEATOE WU, 58 1% RG0SR
| R4 1618, DFIG il #sHESE, WE 2 Frw.
KU B 53 90 %) B AR B L, T3 os XL Bh
R, WA A B R R . o,
M T AUE KGR, AR 2 A B G5
R PI 42 ] 2% V8 9 55 il g 1,

L Betkdl
R AEL p
BERE . —» LI
w @)
E Ny
—>
e | fe

e, e s

@ LESICA S

1 DFIG-VSWT Bt &
Fig. 1 DFIG-VSWT configuration

et 28 45 ) Z 98K B A DAL TG D) ) 2R fi R 1
JEAEHICO, B s i s B R A A D)
FHTE T TN 2P griaF Qgria» 1117 HEL X 45378 748 X6 B AT T 2%
T E R R U TR TR, inE 2R . %8s
A AR i B R e R A Ty B A ] [ 2 1A
B, LI APIRP I il 35 A Bl P 50 L e 42 il s 200
SEAH, OO R GL AT SR dx 4

e e i @ L @

oepo el I Vi

my T T iy My T Tm‘,
w oo | 300 ] | [E0 O
P ] . 7 S
SRR
iR :
i 2 ] [p0] L (P (POfe———
il il s Puria Uye 3 Y

| O Ulerer | 1O
| | 1

e og {6 9 %

T
gl ||| [ 0™=0 ]

2 DFIG-VSWT #RgsisHlA
Fig. 2 Converter control scheme for the DFIG-VSWT

1.2 KHEIZ RN N1 % BHIRE S5iH]

KW F)E & H AL (Permanent Magnet Synchronous
Generator, PMSG) 4t B4 254, W& 3fr~x. PMSG-
VSWT ) Bl bk A1 2% <3l /g 2 B 74 &5 53 55 DFIG-
VSWT AH{eA22-23],

PMSGH=E il 5 HELE, anEl4FTR. BHJE#H 23i
i R ML TR o, X B S B0UE M8 Uge rer2EAT 1



B, 5§

AR/ T o ) ) AR R X L2 AR B ) 770 - 171 -

SE, LABRESI R G R R B . A LI i
A ELUA LR Uao ME - S Us T 779 2258 5 FL IR Y
WUEERY . B R o n] DAL R e s
E(J %‘]jjﬂeﬂ %JjJ %%Pgridﬂeﬂ Qgrid[zs] °

J
AL LYPMSG
LR R Ptator
ARG Pag Prd g
T @)
BT b H 0 uF
e ety
T

3 PMSG-VSWT B &
Fig. 3 PMSG-VSWT configuration

A HLHLAN EL i)
ety HeAl i
y Y y

my my my my

Bl | User B

ekl
;:,;_:*I Tfj

~
Ve TU.\
Wgen
B 4 PMSG-VSWT #5788 4577 R
Fig. 4 Converter control scheme for the PMSG-VSWT

1.3 BRELERLENNLEHER ST

A Y8 K 7 25 R HLHL (Active-Stall  Induction
Generator, ASIG) L B £E#t), tnfEl 5 o, #EALAH Al
WIS IIEF RG-S WU LK H S oo 45Rel,

AL

Fl e R

bk Rl AL P,
T 4 __ — AR

e
s 4]

ol

BB Rt
5 ASIG-VSWT fi &
Fig. 5 ASIG-VSWT configuration

b, ASIG a1 U AR SR R R KULBR Bl 5

Gi. A THUE RGERS, AR RS H RGN T
FIATIPN, LB RIRRAER

2 ETIRMHES TEEHIRS SR SRS

AL L T3 22 30— M A% G FRL TR A0 28 8 50
HEATHNH] o oA, — R A ) R K AL (0
WIAHL BESTEAHLALATR ML) BAT, T VR4
B H sk B KRR ARG ERE AT, B
FHREBIE RS, KL A AR N
BB R NI ) RGN H N & .
2.1 TR BY X AL RO SRR M R 45 1

DUR LRI A, ) RSk e LR
Ja, IS RGh p = A RS, WKl 6
Fr7m o

XA 2, A RIS ) R AL 2 A
(b S A, RN 7 AN 8 o . R R A,
Xt F PMSG-VSWT H1 DFSG-VSWT, #i A5 4k % i
TEREMA IRV EA R, A, BT
ASIG-VSWT - AR E T Rgsa L, =
AP RE AR LR RSN Th I R ARk, Rt
ASIG-VSWT RELEPLANIE DL T e it il 2 B B 25 0]
R

R Hz

48.0
0

I /s
E 6 kBIFRENRGME
Fig. 6 System frequency after a loss of generation

1.0
0.8

ASIG
0.6

DFIG

0 o+ P

¥ R
0.2
PMSG

2 4 6 8 10 12
I (i) /s

11 Dy h =24k /p.u.
=
(%)

7 KEIRERNBINNREL

Fig. 7 WT active power variation after a loss of generation
2.2 ZERAY X B LH A0SR S SR

AT PR — Pl T A R LA R AR 4
H%, 2SR A L AR R TS 2 4 ) S



-172 - CEEE R R

Wi 7 75 25 T T T 2H S A2 A 4 11 7 Vs
b, 88 RS SE PR oL e R — M A G
FERGHRATNH, e 9 Prn.

DFIG

1.00 g

PMSG

$e P pau.

I/

8 KREIREHNIEFEREETL
Fig. 8 WT rotor speed variation after a loss of generation

S

7 i

9 VSWTs HISZTHIZR
Fig. 9 Frequency controller for VSWTs

HLHLZEL I T H ] 5L G0k LML,
DA RGN B¢ &R, aX(1).
APyt = Koo (F = o) (1)
A, f, RARHUENE
FHKaroop TGS HRENEEL, W) AR,

Af 1
- A_p - Kdroop (2)
EAt, 1 B L KL 42 i) S 7E 1E % 1Y) 50

Hz Fic(50+0.2 Hz W% a5, 7EMF L 50 Hz
i B HEEHISEX, W 10 FTs.

FEIX
Prnax
1R
g >

=
=
&= Py —
5 1R
3
Fa

P R gLl F if N

finin 50 f

REHIH Mz
10 TEATHSTR SRS
Fig. 10 Droop frequency control characteristic

ARIE B BB, XU R GER AR A At
EGUHTL, HHRRN “REAMBE” RN R LR fi
Z A5 T IR 5 N T P2 P R 2 5 47 )
%%&ﬁ%%iﬂ%hﬁofﬁ%ﬁm#T g
PRI eI i ARG A RTERE, TN T e
ﬁﬁmfﬁ%o PES ST RAGEAF LT
BEAT AR I, HE e Ak mpLES 4
MTESE, W RAENHASEOETA RO, DU
ML) RGuRaas Rz, JIF IR ftE A 2
BHIIE.

3 TRBXANINRSEH S

3.1 RS8R

FERBNZRAEN, ACE RS i 2 7F e HAR
%iﬁ Klnertla Xj‘/% ?ﬁﬁ)ﬁK% ”I’] ﬂ(ﬂa Z: Iﬂ b\ fié%?ﬁ
(Kdroop,Kmema)lﬁﬁTfﬁEr > EP%&QH%T‘FE%ﬁ 'ﬁ b
PESHILE, BN pu.. WE Kaoop A 05 W
SAFRBRIESE N RGRB LR, Kl 11

Fﬁ%o

1.5
~ ]_4? (0.0)
= i
S 134
212§
E; b‘\ Kﬁ (0,35)
2 Lo B oo (049
=y 0.9 0,10 ¥ -‘-'O‘-.. ______ E_(g oo

' 0.2 (0,50)

0.8

0 10 15 25 35 45 50 60
TP i A /
(a) M1 22 80 B DA RS G R
15 R
(0,45) .0"‘0—-. (0,60)
T s
o “ 035
o (0,25)
= 0.5) 'ﬂ_‘»o(u 15)
g 02 2 0
p - 00
0 10 15 25 35 45 50 60 70

BRI 25 Kiera .
(b) P B4 53 B N T[] X
B 1 FEIRMES BT SN0

Fig. 11 Frequency response under different inertia parameters

KI11(a) e B 1 240 5 e K AR RS K &R,
11(b) S LB I 40 ik B e /MR B ] G R - 11
RSO E50 pou., Hif KA 8 M
1.44 HziEZ0.9 Hz, 1A G/ NRE R E14 s
FAo



B, 5§

AR/ T o ) ) AR R X L2 AR B ) 770 - 173 -

M55 R AR MR R 2, ik
P TR R, DRI, SR 2T B/ 3fedZ:(Least Square,

LS) T 4% A5 1k, #% (Rate-Of-Change-Of-Frequency,

ROCOF)ill & 772728 AR 4 0 il #% A A 15 5

PR BB AH B AR, I 5 T e/ Rk AR B = e

Z AGEIT TR AR, NG Fr.
f(t)=d, +dt+d,t? ®)

X dov di Ml dp RoR B IR CAURM ]
K@) A UL, Feat bR, (@) s

G F
ST
e B (M)A SR B B8 2 e 51 1)
&#; D AZHARBARNSIAE: P M At

HAR A RE; to 2 tm NRIEX A (5).
M2 (M-D/2

d

0
d |=RD (4

o

2

0,
t t, ]= f f (5)
[ttt ] = (M =1)/2 M/2
fC , fC

S 2 (4) K Fe/ s 3Rk, BN sRA5 2w &
2, WA (6) TR

D=(P'R) PF )
wJaxt(3)K T, AIKAF ROCOF Jy di, diff
B AT AR 20(6) K157 -

MR HE iR AR50, ISLH S R4+ ROCOF
WARN /N . Herdt ROCOF 2 %0 n] i i finh 2 Yol (7
PRG, PRk, SHREAFRE. %
R, 4SS EGE 10 pul, RS
(38 hn 2> 530 ROCOF [N, fH & A w2 4]
MR E .

T8 b AN R A A 4 i 2 ) S 80E (Kdroop, Kinertia) xF
LB T DFIG-VSWT FIER S5 A Thh R A8k,
AT A, WK 12 Fis.

K 12(a)y DFIG-VSWT FHIfi 3, K 12(b) N
PRENL T I B AR S 3E 0, S8 DFIG-VSWT
PLIR SN DD R E PG R, 4iiEs
HUNT 10 pulby,  He v R ALZE PR B8 1 42 o 4 P 458
TS O A% 48 DA R AL R AT A BRI 52
M. 2F b, ARSCEEURESECN 10 p.u..

3.2 TESHOH

FERBNZRAE N, A5 R8T A2 2k e HAR
ZH Karoop X RGEHR TN . K AF N S5
(Kdroop,Kinenia)iEﬁfﬁan ;H\:EP Kinertia &Eﬁ‘j 0. E?ﬁ
TRk F ] s AR R PEsh 1 DL R, X VSWTS, it
ITIESHE RGN, ANEBNLRTH,
£ RN 13 P

Z 08 (©.10
; (0,35)
P (0,25)
] 0.7
e (0.50)
B
=
w2
3
9
o=

0.4

0 10 20 30 40 50
I [a)/s
(a) DFIG-VSWT I (¥ 4j £
(0,0) (035)

10 029
= 20
= (0.50)
2 s
i
¥ 10

5

0 10 20 30 40 50

i 1) /s
(b) BATHL N9 5L
E 12 BT AER S H R H T
Fig. 12 Output power of different inertia parameters
under disturbance



-174 -

CEEE R R

(4,0)

(10,0) (20,0)

3 495
:’J‘ 0,0)
W 49.0 // ‘

485

0 5 10 15 20 25 30
[ 1) /s
(a) RYHiR
= 065
§ (20,0)
3 (10.0) v
‘:\—; (4,0)
-
= 0.60
wn
=
©
55 — >
(=)
0,0) 2,0)
0.55
0 5 10 15 20 25 30
I Ta)/s
(b) DFIG-VSWTH7 Ihfi H %
25

PR SAT DI /MW
b7

(20,0) (10,0)

0 5 10 15 20 25 30
I )/
(c) Pzl A7 i it Dy
E 13 AR TESHHINRRN
Fig. 13 Frequency response of different droop parameters

Kl 13N FRG4%, K 13(b)y DFIG-VSWT
HIHH IR, W 13C) sl ATt . 45
BRY, BT ESHELEEESCEG SN, (H
BRI TN ESHRED T R SR R Far 7] thab
WK T RESH= NIRRT N FTE
WK, BKTFESEAR T KK BT
AR .

4 {AEILE

4.1 RGBS

DBRUE BT R ) T S A 7 v
AN N AR ) R G R, DAL
HARGNEAM T RS 1Z ARG EHE—A 110 kV fid
W A KR E) FEA Sy, W 14 Fiw.

AL A2 RO
ISMW  ISMW 28 MW

2 1

10 kv 110kV
110 kV 110 kv
e I
110 kV
10kV
WF C 10 kV 10 kV
1.7 MW
an
WF BI
18 MW QJ)

WF A2
595 MW

LEaiHLL LEhiHL2
semw ' X 1smw

i%?v

110 kV

E 14 B NRGE

Fig. 14 Isolated power system

$£T ASIG. DFIG Hil PMSG (] VSWTs ff] &4t
Bells, W3k 1 PR. gk BIHEEARSH, sk
2 I
x1 RGPHIRNEG
Table 1 Wind farms in the system

M) WT A RHLEE BRHUA /MW
WF AL DFIG 13 11.05

WF A2 DFIG 7 5.95

WF B1 PMSG 9 18

WF B2 PMSG 5 3

WF C ASIG 13 117

*2 B RBENESTERRRE

Table 2 Basic data of conventional units in operation

=)

BE 2l 7§

Bt Rip.u.
MW (MW s/MVA)

ML 1&2 15 3.82 0.05

PRAL 28 15 0.04

Semhpl 1&2 15.6 2 0.04

g BRI — SNl BRI
PIESEIMAL. LI RS, AL S SR
SERELN 15 MW, TEE VL AE 7 7T ik 2]
28 MW,

4.2 RIS

HI TINS5 48 52 21 X i 1 )™ R
I 2 FECR G H KIERIRAA . Oz
i I KGR Bl 1 DL s AT ROR, A 15
P B RGN (R FP 31, AEBERLRGES B 17 R AR AL
ZANAL L) R GRS SN o



S T o o) ) 2 3 R X LA Bl 4 1 07 5 - 175 -

13.0
12.5

12.0 ) I\‘
1ns ! H\ / \
o | V \ - A
10.5 [\ ) |

10.0 {

9.5
0 100 200 300 400 500 600 700

IS [ /s

A /(m/s)

15 WFs H1 xRS E] 751
Fig. 15 Wind speed time series of the WFs

TE g R B T8] 7 A B LR, XU D) D 2 dy
KILEMEE N 13.2 MW, X VSWFs 7£ AR [R5 4%
i RS A e BLEEAT O LR UE, Ho A RanfE] 16
Frs. HhaFEemiEyssl (@), THEEH b). Bt
2 1l () DA B A5 14 A0 i 1 2H G A0 % 4 il (dl) B 1
M) 7. o

FRYE LT VSWTs RS FES
BT, AU 5T HR e T TR ) 4 ) 28 24
N Karoop=20 p.u.(BI R=5%), 15 14 2 il A it 1k S 40N
Kinertia="10 p.u., HEERITEFSSECN Karoop= 20
p.U., Kinertia=10 p.u..

50.2
50.0
49.8

49.6

RGN Mz

R0 100 200 300 400 500 600 700
I i)/

16 PMSG-VSWT [EEZITIT RGIREEK
Fig. 16 System frequency variation of PMSG-VSWT
in normal operation

WA EEE R AT, RS AR s
PMSG-VSWT RGMFA LT EHA . BT
MR SEIER, SEOLLEE R E R H
BT R 1124 ROCOF i& 52 0.1 Hz/s i,
R HIEAS R XD B T A RS 5 A A
W PR AR RO AR R, AR RAEIA R 0.2 Hz. [,
R R f S R SRS N, X TGl
R POE P i R, BAh, FaEEEHEIR RS
Wl B, FEARR R AR A A, TEREALRE IS 2%
fFF, HBRNESRGTMFRESESESIRE. &

Gia S, 6T PMSG-WT A ThI AL 1)
{1 BIAIE, WK 17 Fis.

Elfi@. (b). (c). (d)7rnfELMmEEE. T
], s DU Al BT X RS
e EIFEH RGP AR TE, Fit, 75Edt
— DR IATE RS B 2H A 5 I RUR 5 TR da i AR
A, AR REFIRNFRESRZE. R, N
BRENHIR 5, TERNRDESRESRES
R, KT ST EESE, IR %m
AR 2

1.8
:; 1.7
# 1.6
15F
1.4
13
12
11

1.0
0 100 200 300 400 500 600 700

I5f[1)/s
17 PMSG-VSWT 7S R B IR EL
Fig. 17 Active power variation of PMSG-VSWT
in steady state response

4.3 ETSMRL 51T

AT, HEAME KT REME TR
WA . HBE T E A 15 MW #1 2RI IR Hiz
17, A RITRENLMEE KOEIZAT, IR A X
VAY-GEnIRS ks o B RS N Bk il DR PR B2
IR RLAT H AR 18 Frr. Erh(a)ftk
TR, ()RR N ], (A CRBIEE,
(ACRA G TR HIN, 75 PR w2
2) 1.4 Hz. TREELEHMNSGEH/MICE, mitslE
ROCOF fRHFAAR, XK T REIEH| I E IR Y
AW AR EHCR . JiAh, BT R AE)
REFR KR BAeAS, SRR EBEIR ST, mi N
[EIE N, TR A3 m 7k, I a .

50.5

)y

© @

PMSG-VSWTH]

w
=
S

49.5

ARG H% Hz

49.0

48.5
0 5 10 15 20 25 30

I Tal/s

18 KIFFH T REgnE
Fig. 18 System frequency under big disturbance



-176 - CEEE R R

BB &N, PMSG-VSWT & A fig b i
T DL ThIhZ A8k, anfE 19 FEl 20 Frs.

Kb )RR Tz, (o)A NS, (c)
RFEWBEER], ARTAEEH . LTREHI,
VSWT #7538 S5H IR LA Z M. HIR,
TEAMRAE R AR T, Bl F80E TR
XGRS, e TS SED
DhEZRARRPERROR, X3 A% s M AR« ANAE
MR T, TR ) R SRR s R S K
&R, A SRR E ZYEKT. 9F T &

Z 0975
0.970

p

0.965
0.960
0.955
0.950
0.945
U.‘)400

PMSG-VSWT#% 1~ Jif

S 10 15 20 25 30

B 19 HENEHT PMSG-VSWT 3 FiRE
Fig. 19 PMSG-VSWT rotor speed under the disturbance

2.0

=z
=
M 18
=2 () @
1.6
?__ )
?z 1.4 A\/
g 12 @ ©
=
=%

1.0

0 5 10 15 20 25 30

/s

20 HENEHT PMSG-VSWT BIINZE
Fig. 20 Active power of a PMSG-VSWT under the disturbance

2 51F, PMSG-VSWT (A ThIhZn, SEUE
41 HEL e At BEAH N b D o

ZE FRTA, BERR AR H AR
5] 1 A0 97 2500 . 33 A PR R PRI AR U B4 )
R, AT LARI R B SR 2 SRR IR

5 %1

X B IE R S R S8, K
Pz ] e T B BB] A, A SCHR b A
VSWTs RIS % il 8% o f5c o S L (7 AR T U7 ik
M RE, RGN

1) 9 7 PRUETAI G 2L, LA R I 7
%o 1 ROCOF Al fil A ke bRy 258, AR LR

FETE AT 2 AT PR 4, 388 5 R G 2.
2) TEARAANE T, S SR F E5508/
T 10 pu i, SREHIRAL A RS S S T
EEH, A RGEGR NS AR AL T
DURA AT R R
3) B SR RS R S SRR, X T
S AN TR A R AR b 3L,
TR GBI AR, SRR
SRR, AR SRR R, T
WA R T4 2 T T (O A £
SR T Ak b e KT P 7 T 5
PeblIr s, DRSS R,
&% 30k

(1] VEMEDR, 2%, FEfM, 55, — M RXOCES A

BV EN]. WA RFRY S5 H], 2020, 48(10):
22-29.
WANG Weiyuan, DOU Fei, CHENG Jinmin, et al. A
modeling method for a wind and photovoltaic joint power
probability model[J]. Power System Protection and Control,
2020, 48(10): 22-29.

(2] XBEM, Edex, WEME, 5 KR EK KR IKIFE

BRI R T[], M E L AS, 2019, 55(6):
218-224.
DENG Wangbo, WANG Haiyun, CHANG Xigiang, et al.
Analysis of influencing factors of subsynchronous oscillation
in large-scale direct-driven wind farm[J]. High Voltage
Apparatus, 2019, 55(6): 218-224.

[3]  BRiMLEE, BRG], He T35 RRIRTH 44 1 XL RN

WL J f57 ) B i AFF 5[], #9537 5 B U, 2020
36(9): 100-104.
CHEN Chiyao, CHEN Xiaoming. A study on start-stop
intermittent control of large-scale wind power units based
on clean energy absorption[J]. Power System and Clean
Energy, 2020, 36(9): 100-104.

(4] ZERfE, BXI58e, R, FT 2 IR HTIE(AHP) AU

Pl R R R R AR AT —— A H R B TR KU R R
HOAFII]. 55 i AE I, 2019, 35(10): 75-81.
LI Qiangnian, ZHAO Qiaoni, NIE Yan. Research on the
factors affecting the development of wind power industry
based on analytic hierarchy process (AHP)——taking
Jiuguan wind power generation base in gansu province as
an example[J]. Power System and Clean Energy, 2019,
35(10): 75-81.

(6] rHbHE, Bk, XA, 55 miBER N AN T

o s HL PR RS [J]. HB ) E ik &, 2018, 38(6):
46-54.
NING Shichao, LU Lin, LIU Youbo, et al. Transfer
model of regional high-voltage power system containing
high penetration of wind power[J]. Electric Power
Automation Equipment, 2018, 38(6): 46-54.

(6] 77, Eilgz, WS, & KRR & B i e IR M



B, 5§

S T o o) ) 2 3 R X LA Bl 4 1 07 5

- 177 -

[7]

(8]

(9]

[10]

(11]

(12]

[13]

[14]

[15]

R GRRHESITI). =R HAE, 2019, 55(5): 201-206
QI Fangfang, WANG Haiyun, CHANG Peng. Analysis
on transient characteristics of hybrid DC transmission
connected-grid system with wind power[J]. High Voltage
Apparatus, 2019, 55(5): 201-206.

LIN Z, CHEN H, WU Q, et al. Mean-tracking model
based stochastic economic dispatch for power systems
with high penetration of wind power[J]. Energy, 2020,
193.

THal, frik, iR, 5 X — ks 2 iR
TR S AP B ARG RY S EH], 2019,
47(14): 50-58.

WANG Ruiming, XU Hao, QIN Shiyao, et al. Research
and application on primary frequency regulation of wind
farms based on hierarchical coordinated control[J]. Power
System Protection and Control, 2019, 47(14): 50-58.
ALEPUZ S, CALLE A, BUSQUETS-MONGE S, et al.
Use of stored energy in PMSG rotor inertia for low-voltage
ride-through in Back-to-Back NPC converter-based wind
power systems[J]. IEEE Transactions on Industrial
Electronics, 2013, 60(5): 1787-1796.

CHEN H, JOHNSON M H, ALIPRANTIS D C. Low-
frequency AC transmission for offshore wind power[J].
IEEE Transactions on Power Delivery, 2013, 28(4):
2236-2244.

Yl T, DAl J, WANG Q. A fast method to estimate
maximum penetration level of wind power considering
frequency cumulative effect[J]. IET Generation,
Transmission & Distribution, 2019, 13(9): 1726-1733.
KA, ERE, . R TR EhREREHIH DFIG 14
RESI M ST 23], IR SHEOR 4R, 2020
35(3): 141-147.

ZHNAG Xu, ZHA Xiaobing, YUE Shuai. Frequency
regulation capability analysis and regulation plan of
doublyfed induction generator based on the rotor Kinetic
energy control[J]. Journal of Electric Power Science and
Technology, 2020, 35(3): 141-147.

BB, AR, IR, 55 BEIRRE RS HERRE
I — YR AT P R s ] S [J]. F I 5 T AR VR, 2020,
36(9): 76-84.

ZHAO Shengkai, ZOU Xin, LI Xuxia, et al. Adaptive
inertia and primary frequency modulation coordinated
control strategy of PMSG system[J]. Power System and
Clean Energy, 2020, 36(9): 76-84.

B, ZE A, A, BIKKBR L X AL E 4
R R P P R SRS AT FE[I]. L R G ORI S5 ]
2019, 47(23): 138-144.

YAN Xiangwu, LI Junyan, WEI Xing. Research on control
strategy of direct-drive permanent magnet synchronous
wind turbine in full wind speed range[J]. Power System
Protection and Control, 2019, 47(23): 138-144.

2R, BAA, B, S RABORUSKENLA S S
VRS ) S SRR IS [J]. R R G E 3k
2019, 43(15): 109-120.

[16]

LI Shichun, LU Xiangsheng, ZHONG Hao, et al. Adaptive
under-frequency load shedding strategy of power grid
with large-scale DFIG wind turbines participating in
frequency regulation[J]. Automation of Electric Power
Systems, 2019, 43(15): 109-120.

TG, XU A R A LR | SRS BIF FE[D]. B At
B UL TR 5, 2014,

WEI Peng. Strategies for control of double-fed induction
wind turbines[D]. Nanjing: Nanjing University of
Science & Technology, 2014.

[17] EKANAYAKE J B, HOLDSWORTH L, WU X G, et al.

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Dynamic modeling of doubly fed induction generator
wind turbines[J]. IEEE Transactions on Power Systems,
2003, 18(2): 803-809.

RA, WPRSY, 2, 45, 2B R Tk R WIS /) HL
PRSI R T DAL R[], Rk SRR
24K, 2020, 35(2): 113-119.

WAUJie, SHI Qingdan, LI Shan, et al. The influence of
decentralized and coordinated control of DFIG on
reactive power optimization for wind farm considering
cable selection[J]. Journal of Electric Power Science and
Technology, 2020, 35(2): 113-119.

CHANG-CHIEN L R, LIN W T, YIN Y C. Enhancing
frequency response control by DFIGs in the high wind
penetrated power systems[J]. IEEE Transactions on
Power Systems, 2011, 26(2): 710-718.

ABOLVAFAEI M, GANJEFAR S. Maximum power
extraction from fractional order doubly fed induction
generator based wind turbines using Homotopy singular
perturbation method[J]. International Journal of Electrical
Power & Energy Systems, 2020, 119.

MENSOU S, ESSADKI A, NASSER T, et al. A direct
power control of a DFIG based-WECS during
symmetrical voltage dips[J]. Protection and Control of
Modern Power Systems, 2020, 5(1): 36-47. DOI:
10.1186/s41601-019-0148-y.

LI J, WANG N, ZHOU D, et al. Optimal reactive power
dispatch  of  permanent magnet  synchronous
generator-based wind farm considering levelised
production cost minimisation[J]. Renewable Energy,
2020, 145: 1-12.

A, BReb, R H, 85 EROKEER LA S
R R R [J]. B RGP S5, 2020
48(15): 50-60.

LU Yifei, CHEN Chong, JIN Chengri, et al. HVRT
coordinated control strategy of a direct-driven PMSG[J].
Power System Protection and Control, 2020, 48(15):
50-60.

CHAN T F, LAI L L. An axial-flux permanent-magnet
synchronous generator for a direct-coupled wind-turbine
system[J]. IEEE Transactions on Energy Conversion,
2007, 22(1): 86-94.

BHENDE C N, MISHRA S, MALLA S G. Permanent
magnet synchronous generator-based standalone wind



-178 - €& REP B A

energy supply system[J]. IEEE Transactions on Sustainable
Energy, 2011, 2(4): 361-373.

[26] HASANOVA L. Compensation of reactive power of
squirrel-cage asynchronous generators, used in wind
power plants and small hydroelectric power stations[J].
IFAC-Papers Online, 2018, 51(30): 462-467.

[27] SIGRIST L. A UFLS scheme for small isolated power
systems using rate-of-change of frequency[J]. IEEE
Transactions on Power Systems, 2014, 30(4): 2192-2193.

[28] LIU Y, JIANG L, WU Q H, et al. Frequency control of
DFIG-based wind power penetrated power systems using
switching angle controller and AGC[J]. IEEE Transactions
on Power Systems, 2016, 32(2): 1553-1567.

FSHEA: 2020-10-31; {&[E HEA: 2021-01-07
EHZEN:

KEB(1975—), B, ML, GRIALNF, Himb
® A RRIEITE M. £ RHAXF; E-mail: Chaorui@
Sina.com

¥ F(1986—), &, Mit, HRIALN, FRFTE@AH
W R GAE T S5 F; E-mail: 15911577929@
139.com

% HB01979—), B, W&, HARLITRARS R LELT
5447, E-mail: 783880@qg.com

(4 £4m)



