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Study on reactive power sharing of wind farms with improved droop control and
bi-level reactive power optimization

LI Shenghu, ZHANG Yifan, YU Xinyu, ZHANG Nan
(School of Electrical Engineering and Automation, Hefei University of Technology, Hefei 230009, China)

Abstract: With the detailed model of the wind farm taken into account, it is difficult to achieve reactive power margin
sharing by allocating reactive power according to the reactive capacity proportions of the Doubly-Fed Induction
Generators (DFIG). According to the reactive power margin of the DFIG and the tolerable voltage deviation at the Point
of Common Coupling (PCC), an improved reactive power-voltage droop control incorporating the variable droop
coefficient is proposed. Combining the reactive power margin of the DFIG and electrical distance between DFIG and
PCC, a novel indicator of the reactive power imbalance is proposed. To deal the control problems of large-scale wind
farms, a bi-level reactive power optimization model is established. For the grid level, the reactive power demands of the
wind farms that minimize the grid loss, voltage deviation, and copper loss of the wind farms are determined. For the wind
farm level, the reactive power sharing among the DFIGs is determined with the control object to minimize the circuit loss
of the wind farm, the copper loss of each DFIG, and the reactive power imbalance. The LBFGS-TR optimization
algorithm is adopted to solve the reactive power sharing scheme. Simulation results show that the proposed algorithm
helps to realize the reactive power margin sharing of the wind farms with the fully utilized reactive power regulation
capability of the DFIG.
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Fig. 1 Characteristic curves of droop control
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Fig. 2 Bi-level control model of wind farms

2.1 BME

Mgz AR B, (i =1, ,N) » HETHEAR
RIS PCCo Ml PCC HE R AL HIL K,
FEL D 2 A At R S 20 (1), o A5 AL
BARTC I 0 5 R T i B i X L3 2
% & DFIG n] G2 S b PR 2 A o

XN RNV FIZE B FE 2, K FL
D e Th Dy 2 1A RE B 25 5 HLAL 00 g i 5
USR], ke X 1 A 4 kel Oy kgt AT
SEE, AEA A5 R R )% S A
FEFESHOHIT . b, SR XL I XGE vwreq HT 5
& DFIG 1217 T MPPT J7 X M3k 19 XUie 2 A s fi
(EE

1/3
Vwreq = oy (7
‘| pyunD,’C

e Mx eq RORTFIGSEL  Preg N T DFIG
BRI Rl po A SESE: Cy MARERIH &R



4. ® & AEY 5

B D AMRET.

Tl N FEL Y P 453 DA ERUE R TFIBAT s N
S PR i 22 A HL 2 FEL I 22 A IE AT 3K 5 /)y DFIG
P e 1 B AR R A AR AE AR LA Th g .
gr b, MRS HARREE A

min f, (xy ) = Py, +,AU +a, P, 8)
AP fw A xew 2050 FL TR DAL S H bR ek 2L
MR, xw BFES KB D% Poyw
Ocw~ 517 R S E A3 50 Fa IR A Ow RITAH
1 Ow~ FIERE Ky Pgias AU Peopeq 7794 FLM
JEMP R i 22 RV A A RE s ooz L
J= 5 H bR e AR 540

B2 BRI, ASCRHA B ARG R 75 20
WA B AR, BT B ENAFRICER
FEAHIN, WoRIH logistic B+ H AR B BEATIH—
AR ZARER T S RS T X 2
2.2 RBIZE

K E VT SO N 2685 1% 42 S DFIG 38
ghth, R I R e 15 2 AR TC T ) A B G
&G DFIG. KL 2 a2 R S B AT J5 R
R B AU DA R — .

A 2 R 3 T s i SRS, LA N
LR IAE. DFIG HIAE R LI AN 0 o H bR, 5
MG KA R RIS H bRk B0k

min f;, (x,) = a, Py, + asBy, +ogn )

s fo Bl xep 23 A R 2 TC S AR H b R 4L
AP H, xp BIE% G DFIG AT ATCIH T
Pp F1 Qo &1 4% DFIG A0 HLE IR Up M1
A O NHERE Kps P Peops 11 77 AR
JE L HLALETFERTIC DA SIS s ag~as FIAF
2% H AR R B R R 2
2.3 ETF LBFGS-TR ML E X B E RSB K i
1F & DFIG K # s () SUZ R T IR 2 5R
AL T L RSN, I8 R B sk
W& JCIOA FR AT DFIG 15 S sh %5 ke, Hia(1). =X
(DHAI(6)o AT W,y ASCTCIIRAL P A — A 2 AR 5
Z LR ARLRME ) . A b7 A% B H PR %L L(x,4,0)
RSP T WAL )

L(x,i,o-):f(x)—ilhihi(x)+%ihf(x)+

1 . . (10)
ig{[max(o,lm -og, (x))]2 —(/Igl.)z}

e F g 73R RIANE AW 4, A, 4

P BAH TR T 1, R0 1 ARG o AR .

KA LBFGS-TR kK fif IR L fm) i,
AR 3 FroR. SRR ITEMIL, TR
SV I SRR OB B & OB RD K
dir FEHEMEI7R, BAa Frilsert™, TR —
I Sy

. 1
min (Dk(dk):l’(xk)_l_gl;[dk +EdkTBkdk (1)

st |d ], <n

b m 5 b IR AR g, = VEI(x,)
B, =V2L(x,) 7354 L(x,A,0) 1£ A HIEAUS X,
FRIBE FEE 1) 2 M1 AR R

RGO
IEARUH =1

ol

MBS Moy IR | | RAR(12)E
(I3)YE B H, EBLH,

e

SRARTR AL, 13
SRR Ked FIT A
T Eﬂk

| kAR
r=rd2
E

Aip<pisia, X =xitdy, Fi =1y
Pt X1 =Xictdy, P =251

3 LBFGS-TR R IL E AT
Fig. 3 Flowchart of LBFGS-TR optimization algorithm

TCIALYS KA R R R %, SR
AR BRI RO BB, HARRIEATE v 57
By. DI, AR BFGS Hv, A H bRk Bl
A — B T 20 B 3 2 DU AR R BE AR sk
T, WA R . BFGS B IE RN
B, =B + 2 Bsisi By (12)
Vi Sk S, B, s,

SR S =X X5 Ve =8k — 8k e
HH2U(12)n] %1, BFGS 12 1E 7 #2if5 204Z mxm(m
F AR AN EOM I AR ME . O T A A S A
A BRACIZEN, HAIHEE p R (s B 1F i
L ARFE P, A7 66 2 (Rl D N 2pxm. LBFGS
FHEIE AR
H =V -V )H (V. ,-V,)+ g5+

p-1 p-i-1 T p=i-1 T (13)
T T T
qu—pﬂ‘ [ H Vk—/J Skp+iSk—pei [ H V;“l]
i=0 =0 1=0
e H 5 B HNWRFE; V,=(I-q,p,5):
g, =1/s;y) s HO =(sty) (v -



PR, %

SR P St T A2 RS JE DA 1) R 32 D32 47 23 B9 -5-

3 EBHinth

h T G AIE AR ST AR T 4 o SR RN X2 AR A
MIA %k, 76 IEEE RTS 24 WS R4 Y e 3 M5
25 & DFIG(5 17x5 Z)M XYy, KHHETE A
JE 289 NAE LU A 230 kV. JEVETZ N 100 MW
FIHLRY, ZERg AP 2. HLIAIE A 690 V, H
£ DFIG A& 4 2 MW, TEQSHULSCHR[20]. PCC
BHHE Uee N 1 pou, OB ZEAUL N 1%U,eps
DFIG AN DA RE B 7 0.2, W ERE R
B oon~os 23514 038, 034, 0.28; KHLIZRE &R
B ag~a 7054 0231 0.57. 0.20. LBFGS-TR i
ZAICA SCER[18]. SRHISK 1 AWOS ) [y 52 XU £
PPN, ATEABCILT 40 min KUGH, SRR JE Y
1 min.

3.1 MEEB BRI

T YU R I SR A I, ) LA by
T R TE AR RN A AR Y (R B ) 2% i i A
Dy Dy bt Ko A2 A A5 DL, Wil 4 J 7R K H Jensen
VBRI 41 %4 DFIG (11X

PR |_ = Pay Pong. —— Par — = Prry

1.0
ol # 2y
5 08 & J
2 / ] .
a (L85 7 >
0.6F nso \\_/ /\
0.7 / /
95 100 105 -
0.4 L L

0 5 10 15 20 25 30 35 40
Hmin

Bl 4 XEBIFAFMIEE S SEERME AR L
Fig. 4 Comparison of active power output of detailed and

equivalent model of wind farms

& 4 Al LLEH, 40 min 9 XCEIZEE T HY
TN RG> T 2.44%, DRI A HLI)
(VEREAN T 2200 o U FE 37 S (B AR B PR A AR T A T
HILE (=10 min BAHZEBCK, 2N 0.1%, A%
AR R R UER (), BSR4 48 T (S
3.2 BTt TEITHIREINE LI B R

N T SAEARSC T A RE R 2 FIH DFIG T63)
fe s, IR EENE, ST T ASCE
VEFNT 3 5 E0AS e B 1) 45 i SR s Bl R 3 B0 6
DFIG JCUith i FJC D BER 2 . o D B 2 454l
JE A5 AHERAE S AR [

K 5@ LUEH, 5T HE RECA 5 PRI I 5K
s ) R B E S T DA B AR L, 5G4 Tl Sk s
{E15 I REAE 40 min WAL IERA T 9 Ik, H

HHERK T PCC HURIEBI/NTAU, I ZI BT D
B, k> T I8 Py AT B AME T L,
t=11min B, FET SN R, 3 N XHEY
(FTC D FE AR, W 5(b). &5 KUEAR
e g, RGE BN, RS TE DA RN,
=34 min B, £ 3 AN RE DN, LRI
JERURZ

3

= . I I.\ I I Ifl
5 “““mﬁwf%muwﬁfmﬁé

— wikrE |

3 [ KA

5 10 15 20 25 30 35 40
timin

(a) AT S B LI IR B D A 1

—— Al - il —— R |

P

AQ,

5 10 Is 20 35 30 35 40
tmin

(b) RS R S RO T

W “o” RN Z] PCC WK DN T AU, “+7 RRIEINZ)

TR L INNAE W E 1o 7 12 I 2R 3% 6 T 3 JE AN

&, SVC 4R B LTI TIR .

E 5 REEIFHTCIN & i 2k

Fig. 5 Reactive power margin curve of wind farms

Kl 6 & Xy T RECE g . 4561 S
FE 6 rTLAE R, KHEY{E DFIG 120 H 8K H
%) (1 = 7 min A121 min) , 4E¥F PCC HLE KT BT ife
[¥) DFIG JCHyH IR, SR 2 R A,
Frfste 5K 1 ES AT A R .

——

0 5 10 15 20 25 30 35 40
timin

El6 TERNEN

Fig. 6 Variation of droop coefficient

AN TE A H bR B ZR 48 T8 D My 3 1 7%
JEXTEE LR 1o BT fEARSCEHI RS N X 2 TR
—W %] (1 =19 min) % & DFIG LIhH JiiEod, Wik
7 . WM PCC HUEIRE{E Y 1.005 4 pu., 3 4>
LI F R R 1.02 pu., % XFLI LA
To o 14y 0216 7pu. .« 0.217 9 pau. Al
0.219 0 p.u..



_6- ® & AEY 5

1 FEEHZH B iR TR A T4 B &2 [ 3 Lt
Table 1 Comparison of reactive power margin sharing

under different control objects

N . . o4Peir + o4Peir + 0sPeopt
POHER A OCERAL)  aPa T
aSPcop ael]
TCIhAN i 1
102639 51891 49785 41176
(X107

1 ATRAf 8, Skl s i R Y 3
AN IR TE D) B 40 R 8 LU AN B LA T 4 vy
T 59.88%, LEICALZRHRINFE S T 20.65%. AT 4,
AT TR ) SR ek /N T HLAL ) JC T A B 1) 22 B

H TN, H U BRI Sk N G Th
W, XTI 7 th&4T DFIG Xl al4n, %6 1
1T DFIG [ ki imis, HIEDb ik, it
()%, DFIG oyt Jy b R Bl I e 7 v 4K
I/, BESLAE D) 3K . S e A
HIH IR, SIS 2 41 DFIG 1)
TEIIM RS/, A T SEBRTE D BE A r s ol , %471
DFIG M i, AXHEAENSE
DFIG JoIit ) A5G I & BHa T I 223K o

0.025¢

0.020F

0.015

Qtil)"P-U-

0.010+

0.005+

232221151 4).3) ;
Rt 51(i) B

E 7 KAE7REES DFIG Tt 7
Fig. 7 Reactive power output of each DFIG

4 Lig

K& DFIG 1847 LA S0, HE
T T AT AR TR A 2R B0 O3k TE - H s s D SR A
LI RUZ TE AT . F 5T 45 SR W

1) S KR I A0 K XU L3y 2 TE B A e 39 2%
JET RIS N VEN S5 1), rTIN T iR 2R 2
A3 R Z A s S R B T 5

2) 503 T ) SR AR 4R AT A Ak R T YT
TERL, SEWHBERRIZITSE, LT L
FEYfTEd], BT R Z AR T R

3) LIS B e Ak T e id S DFIG
TCIHARE L S BE BS [RI K R, 43 DFIG i L H
RSN, TESH R, MRS

S5 30k

(1]

(2]

[3]

[4]

(5]

(6

[7]

(8

ZHANG B, HOU P, HU W, et al. A reactive power dispatch
strategy with loss minimization for a DFIG-based wind
farm[J]. IEEE Transactions on Sustainable Energy, 2016,
7(3): 914-923.

JUNG S, JANG G. A loss minimization method on a
reactive power supply process for wind farm[J]. IEEE
Transactions on Power Systems, 2017, 32(4): 3060-3068.

oA, MR, sUEE, S5 — Mk oA IR
DD ZRE 0 Be B 42 SR ms (7], W) RS H 3k,
2015, 39(15): 30-34.

GUO Qian, LIN Liaoyuan, WU Hongyan, et al. An
improved droop control strategy for accurate reactive
power sharing among distributed generator[J]. Automation
of Electric Power Systems, 2015, 39(15): 30-34.

AROR, oK, e, A A R R C L I TS DA
03 XU AL T DTV (0], O R G AR R,
2017, 45(5): 58-64.

YU Le, ZHANG Xi, LIU Yan, et al. An adjustment method
of distribution network reactive power compensation
partition balance with distributed power sources[J]. Power
System Protection and Control, 2017, 45(5): 58-64.

EW, e, Ee, & BRI TG 20 2 1)
A B A S 0], b AP TR A AR, 2015, 35(17)

4300-4307.

CUI Yang, PENG Long, ZHONG Wuzhi, et al. Coordination
strategy of reactive power control on wind farms based
doubly fed induction generator[J]. Proceedings of the CSEE,
2015, 35(17): 4300-4307.

WA, HERE, TAERE, 4. 25 R A 00 ) 23 L
KL e D P I S [7). W01 R A Bk, 2015,
39(13): 8-14.

YANG Junyou, CUI Jia, XING Zuoxia, et al. Reactive
power control strategy for dispersed wind farm considering
wind power forecasting[J]. Automation of Electric Power
Systems, 2015, 39(13): 8-14.

HAIDER S, LI G WANG K. A dual control strategy for
power sharing improvement in islanded mode of AC
microgrid[J]. Protection and Control of Modern Power
Systems, 2018, 3(3): 111-118. DOI: 10.1186/s41601-018-
0084-2.

AR, RS, T 22 A A L 1Y R UL BH T
NS0 B RGPS A, 2018, 46(1):
96-102.

MAI Qianping, CHEN Ming. P-V/Q-f droop control
strategy with virtual impedance for low-voltage microgrid

with multiple micro sources[J]. Power System Protection



A, A RNl N RERSUR JC D P R L JE Dy 4 1 ) BERIT 5T -7 -

(9]

[10]

[11]

[12]

[13]

[14]

[15]

and Control, 2018, 46(1): 96-102.

Xy, W, SR, BRI — R RN
T H D] O RGP SR, 2018, 46(8):
24-30.

LIU Ningning, CAO Wei, ZHAO Jinbin. An incremental
droop control method for DC micro-grid[J]. Power System
Protection and Control, 2018, 46(8): 24-30.

BEE, wifh, EEWE, & NS5 KRG
LRI W RGRY 15, 2017, 45(21): 157-169.

ZHAO lJiaxing, GAO Wei, SHANGGUAN Mingxia, et al.

Review on frequency regulation technology of power
grid by wind farm[J]. Power System Protection and Control,
2017, 45(21): 157-169.

GU Y, XIANG X, LI W, et al. Mode-adaptive decentralized
control for renewable DC microgrid with enhanced
reliability and flexibility[J]. IEEE Transactions on Power
Electronics, 2014, 29(9): 5072-5080.

X, Uk, xR, A5, T AN R
VSC-MTDC Lh & pp il ZE[I]. B L BL T R2 52 4R,
2016, 36(1): 40-48.

LIU Yuchao, WU lJian, LIU Huaiyuan, et al. Effective
power sharing based on adaptive droop control method in
VSC multi-terminal DC grids[J]. Proceedings of the
CSEE, 2016, 36(1): 40-438.

FRBREL, B, ROEN, . R TRIIFNACK 2
iy LU P90 4 SO T A A SRS (D). PR L R AR,
2016, 31(9): 16-24.

RAN Xiaohong, MIAO Shihong, WU Yingjie, et al. An
improved droop control strategy for multi-terminal DC
grids based on optimal active power allocation[J].
Transactions of China Electrotechnical Society, 2016,
31(9): 16-24.

MR, Ak, WS R TR 2 UK TR SR X
R AR BETC DD IR 20 2 I SRS (], AR, 2017,
41(6): 1823-1829.

YANG Jun, HAO Jing, BO Zhiqian. Hierarchical control
strategy for reactive power and voltage of wind farm
cluster based on adjacent experiential particle swarm
optimization[J]. Power System Technology, 2017, 41(6):
1823-1829.

LI S. Operation region of doubly fed induction generators
based on rotor slip under maximum power point tracking
control and power dispatch[J]. Electric Power
Components & Systems, 2014, 42(8): 808-817.

[16] BREKHA, T, LG, X5 3% S HEf S 0T 5T

[J]. HEAR, 2014, 38(7): 1867-1872.
CHEN Jiming, WANG Hui, ZHANG Zhihua. Research
on equivalent accuracy of wind farm composed of
DFIGs[J]. Power System Technology, 2014, 38(7):
1867-1872.

(17] JEfESE, FEY, MR, A5, I8 AR A MU RGN

S BN AT E T ). B RGy 5#Ei,
2018, 46(7): 68-75.
ZHOU Shihao, TANG Fei, LIU Dichen, et al. A dynamic
VAR optimal configuration method for reducing the risk
of transient voltage instability[J]. Power System
Protection and Control, 2018, 46(7): 68-75.

(18] FrZ, Bt AEttm g 5I7EM]. Jbat:
Rl AL, 2016: 211-218.

[(19] HHk, BEds. AFLENASIEM]. dbat: Bl ik
#k, 2016: 148-183.

[20] NOURELDEEN O, HAMDAN 1. Design of robust
intelligent protection technique for large-scale grid-
connected wind farm[J]. Protection and Control of Modermn
Power Systems, 2018, 3(3): 169-182. DOI: 10.1186/s41601-
018-0090-4.

[21] AWOS network[DB/OL]. [2017-08-01]. http:/mesonet.
agron.iastate.edu/request/awos/1min.php.

[22] #REE, XFTY. FET PO BEE U LAL X 3
GBI B REMRY HEH, 2017, 45(6):
108-114.

XU Yugqin, LIU Dandan. Equivalence of wind farms with
DFIG based on two-step clustering method[J]. Power
System Protection and Control, 2017, 45(6): 108-114.

i#s B #A: 2018-08-05; f&E HAj: 2018-10-17
fEE B

FAE0974—), F, @4k, e, R, A
RAESIF, BIRF @O AR RGN G TER, Rb A%y
WEERBAZHEHELEEL S A% P EA,; Email
shenghuli@hfut.edu.cn

FWBI(1994—), 4, FEHRE, R FTEHRE A
HZAMALEATH 45 4]; E-mail: zhang_yifan@mail hfut.edu.cn

T4 (1996—) , %, MEHRA, FRH @ H KRB
A4 5. E-mail: 2018110351 @mail.hfut.edu.cn

(%hig &)



	DOI: 10.19783/j.cnki.pspc.180991 
	采用改进下垂控制和双层无功优化的风电场 
	无功均衡分配研究 
	Study on reactive power sharing of wind farms with improved droop control and  
	bi-level reactive power optimization 
	大规模风电场中各台DFIG与PCC间线路阻抗不同，其无功出力造成的线路损耗也不尽相同，且无功出力受其自身有功出力及无功裕度的影响，所以各台DFIG对PCC电压的支撑作用不同。根据无功-电压下垂控制特性，机组下垂系数越大，其无功出力越小，因此可通过调整下垂系数，使得风电场中所有机组无功出力可支撑PCC电压达到参考值。 
	本文在传统下垂控制策略的基础上，根据PCC电压变化，以降低系统损耗和无功裕度不均衡度为优化目标，提出基于可变下垂系数的无功-电压控制策略。 
	      (1) 
	式中：UPCC为PCC实际电压和参考电压幅值之差；N为风电场数量； 为第j个风电场内DFIG台数； 和 分别为求解优化模型后第j个风电场第i台DFIG的下垂系数和无功出力与参考出力的差值，无功优化模型及求解见第2节，后文参数省略下标opt。 
	按照式(1)实现无功功率合理分配，但因PCC电压随风速变化，造成下垂系数频繁改变。引入PCC允许电压偏差Um， 时，下垂系数保持上一控制时刻的值不变； 时，下垂系数作为优化的决策变量。DFIG无功储备有限，功率不足时无法响应无功分配，此时DFIG运行于恒无功功率控制模式，下垂系数为∞。 
	式中： 为t时刻第i台DFIG的下垂系数；Kopt,i为求解优化模型后的下垂系数；β为不可用无功容量系数；QGi和 分别为第i台DFIG的无功裕度和无功极限。 
	式中， 为第i台DFIG的无功出力。计及DFIG详细结构，其无功极限为 
	式中： 和 为DFIG无功出力最大和最小值；PG为DFIG有功出力；Us为定子节点电压；sopt为最优转差率；SgN为网侧变流器额定容量； 和 分别为定子和转子侧无功极限半径， 和 分别为定子侧和转子侧最大电流，Xs和Xm分别为定子和励磁电抗， 。 
	以3台DFIG为例，说明本文所提策略与传统策略的差别。风速相同时，相邻机组的定子节点电压幅值相差较小，因此无功极限相近。设3台DFIG无功极限均为Qmax，初始无功裕度相同，连接至PCC的阻抗分别为 ，当PCC电压升高至 ，DFIG无功出力与下垂特性关系曲线如图1所示。基于传统下垂控制策略，若再次升高PCC电压，第3台DFIG输出无功功率为 ，此时机组已接近无功极限，容易发生无功裕度不足的情况。而基于改进下垂控制策略通过调节各台DFIG下垂系数，3台机组的无功出力(见图1横坐标)比下垂系数固定为K0时的均衡程度高，且机组无功出力小，使得下一时刻机组可用无功容量增加。 
	  
	以等效阻抗表示DFIG与PCC间电气距离，为减小线损，等效阻抗大的DFIG无功出力受到限制，无功容量得不到充分利用，而等效阻抗小的DFIG易达到无功极限。为了合理反映机组无功出力均衡程度，风电场无功不均衡度η定义为 
	式中：QG和Zequ分别为无功裕度和电气距离向量；Zij,equ=(Zii-Zij)-(Zij-Zjj)为节点i与j间的等效阻抗。 
	2   风电场双层无功优化模型 
	XU Yuqin, LIU Dandan. Equivalence of wind farms with DFIG based on two-step clustering method[J]. Power System Protection and Control, 2017, 45(6): 108-114. 
	章怡帆(1994—)，女，硕士研究生，研究方向为风电系统优化运行与控制；E-mail: zhang_yifan@mail.hfut.edu.cn 



