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ABSTRACT: The cooperation of wind farms may reduce risks
from the wind power uncertainty. This paper proposes a
two-stage operation optimization for a grid-connected wind
farm cluster with shared energy storage. Firstly, the uncertain
cost sharing formula of wind farms based on the improved
Shapley value is invented. Secondly, a day-ahead scheduling
model for the wind farm cluster and the shared energy storage
is established based on the Nash negotiation model and the
cooperative cost sharing mechanism. Then combined with the
day-ahead scheduling results and the deviation cost, a real-time
scheduling rolling optimization model is built considering the
influence of the wind power prediction errors. Finally, the
rationality of this two-stage operation model is verified by
example analysis. The results show that the cooperative
relationship between the wind farms effectively reduces the
operating cost of the wind farm cluster. The collaboration
model makes the two-stage scheduling results for each wind
farm objective and fair, which can guarantee the fairness of the
cooperation benefits and improve the operating income of each
member.

KEY WORDS: wind farm cluster; shared storage; cooperative
game; two-stage optimization; improved Shapley value method
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Fig. 1 Grid-connected wind farm cluster with
shared energy storage
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Table 1 Day-ahead scheduling revenue of
wind farm cluster 10*JG
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Table 2 Evaluating indicator about load following of wind
farm cluster and its members
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A HLY) Swave Sampl Su
R HLI7 1 0.9795 0.1563 0.8231
KL 2 0.9541 0.2404 0.7138
R HL37 3 0.9472 0.1953 0.7518
R H) 12 0.9872 0.1032 0.8840
R 13 0.9736 0.1604 0.8132
R 23 0.9865 0.1257 0.8608
R HLIZ T 0.9903 0.1014 0.8889
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Table 3 Marginal fluctuating cost of wind farms 103

HEHA LSz C(S) C(S-i)  C(9)-C(S-i)
K E 1 16.313 0 16.313
R 1 R 1, 2 17.133  21.001 —3.868
S HER R 1. 3 10.588  24.798 -14.210
SRR S 2.680  17.098 -14.418
ML 2 21.001 0 21.001
K7 2 R 2, 3 17.098  24.798 —7.700
S5 RH 1, 2 17.133  16.313 0.819
G EERE 2.680  10.588 —7.908
KL 3 24.798 0 24.798
A EI 3 A 1, 3 10588  16.313 -8.901
ZHEER A HL 2, 3 17.098  21.001 -3.903
I EERE 2.680 17.133 —14.453

x4 BEREBEIZBIERY

Table 4 Indicator about reallocation of wind farms

N S Ks,i Qi Koi AK;
M7 1 0.823 0.308 4.775 0.427 0.027
K HL17 2 0.714 0.355 2.757 0.246 —0.023
K37 3 0.752 0.337 3.664 0.327 —0.004
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Table 5 Comparison of wind farms revenue under
different kinds of day-ahead scheduling  10*Jc
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Table 6 Real-time scheduling revenue of

wind farm cluster 10t
L & i REIBAT IRAS BB RA {2 AR
5.286 0.474 0.304 0.389

A
*ﬁg RHY2 40195 2739 0359 0.293 42.282

X
RH%3 54523 3005 0403 0.183 56.942
RH 1 74344 2009 1432 0 74921

EE1E
RH%2 40971 0720 0459 0118 41.114

X

K H13% 3 55.656 1.094 0.800 0.286 55.664
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Table 7 Marginal deviation cost of wind farms 103t

HE T3 EEREAIR C(S)  C(S-i) C(S)-C(S-i)
K E 1 9.495 0 9.495
R 1 K 1. 2 9.858  13.826 —3.967
S5 R 1. 3 7.888  10.734 —2.845
IR 3.891 12.454 —8.563
K E 2 13.826 0 13.826
K EI 2 M 2, 3 12.454  10.734 1.720
S 5EEH KH 1, 2 9.858  9.495 0.363
AR 3.891  7.888 -3.997
KL 3 10.734 0 10.734
KL 3 R 1, 3 7.888  9.495 -1.606
S5 A 2. 3 12.454 13.826 -1.371
KRR 3.891  9.858 —5.966

*8 MHEIFHEEKRREZWE
Table 8 Final revenue of wind farm cluster and

its members 107t
AHY  EHIE  MERBITRAE  BERE mERAE  Silka
RAHZHEE 18199 1.668 0.304 0.389  182.965
MEIZ 1 77132 0.415 -0.696  -0.082 77.495
A EI;2 45373 0.871 0.304 0.362  43.836
A EI; 3 59.480 0.381 0.696 0.109  58.294
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This paper proposes a two-stage operation
optimization for grid-connected wind farm cluster with
shared energy storage, which is shown in Fig. 1.
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Fig. 1 Grid-connected wind farm cluster with shared energy storage
As shown in Fig. 1, the power output of each wind
farm and discharging power of energy storage are
collected into the interconnection point. For shared
physical energy storage, the charging and discharging
demands from wind farms will balance each other at
some times. The balanced amount can be directly
interconnected through the platform like virtual energy
storage, with no operating losses. This system can bring
cooperative profit to each other. To maximize the
benefits, Nash negotiation model is used, where the
objective function of the day-ahead operation
optimization is
n
max([ [(RP ~R”%)
i=1
Where, R is the day-ahead scheduling benefit of wind
farm in cooperation model, while R”S is this in
non-cooperative model; and n is the number of wind
farms. The function of R® is
RiD _ RiD’D + RiD’I _CiD,S —CiD’F (2)
Where, RPP is the day-ahead grid-connected benefit;
RP' and CP*® are the day-ahead discharge benefit and
operating cost from using shared energy storage,
respectively; CiD'F is the fluctuation cost of day-ahead
scheduling. For the smooth effect blurring each

o))

S1

member’s contribution to the cluster fluctuation,
improved Shapley value method is used to build a
rational mechanism for apportioning cluster fluctuation
cost.

Due to the uncertainty of wind power, the predicted
power output of wind farms various in real time. The
real-time scheduling optimization can balance errors of
the day-ahead schedule, resulting in additional deviation
cost, which is allocated by Shapley value method. Finally,
all members will share the operating benefits and cost of
the cluster according to the two-stage scheduling results.

Table 1 compares the day-ahead scheduling benefit
of cooperation model and a classic model of a single
wind farm with its own energy storage. Table 2 shows
the scheduling benefit of this two-stage model, where
RiE is the two-stage benefit by grid-connected and using
shared energy storage; Cis is the shared energy storage
operating cost; C/ is the final fluctuation cost; C? is
the cost from deviation of two-stage scheduling results;
Ri is the two-stage scheduling benefit. The result
demonstrates this cooperation mechanism can effectively
smoothing wind power fluctuations and improve the
interests of all members, which keeps the partnerships
between wind farms equitable and reasonable.

Table 1 Comparison of wind farms revenue under different kinds

of day-ahead scheduling 10%¥¢

wind farm RiD’D

73.024
40.195
54.523
74.344
40.971
55.656

RP
76.013
42,282
56.942
74.921
41.114

55.664

CDF

RO

i cP®
3.213 0.432
2.739 0.359 0.293
3.005 0.403 0.183
2.009 1.432 0

0.720 0.459 0.118

1.094 0.800 0.286

model

wind farm 1 —-0.208

Nash negotiation ~ wind farm 2

wind farm 3

wind farm 1

non-cooperation  wind farm 2

wind farm 3

Table 2 Final revenue of wind farm cluster and its members 10

wind farm RE (o cf ct Ri
wind farm cluster 181.99 1.668 0.304 0.389  182.965
wind farm 1 77.132 0415 -0.696 -0.082  77.495
wind farm 2 45373 0.871 0.304 0.362 43.836
wind farm 3 59.480 0.381 0.696  0.109 58.294




