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Solution Method for Multiple Virtual Power Plants in a Stackelberg Game
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ABSTRACT: [Objective] To address the Stackelberg game between multiple virtual power plants (VPP) and a distribution
system operator (DSO) , where existing dynamic pricing models fail to adequately account for the impact of renewable energy
output uncertainty on game strategies, and conventional solution methods suffer from poor performance in high-dimensional
decision spaces, this paper proposes a dynamic pricing model and solution method based on distributionally robust
optimization (DRO) within a Stackelberg game framework. [Methods] A Stackelberg game dynamic pricing model is
formulated with the DSO as the leader and multiple VPPs as followers. In the VPP optimization subproblem, a distributionally
robust chance constraint is introduced to capture wind power output uncertainty. An ambiguity set is constructed using only
the first and second moments of wind power, and the chance constraint is transformed into a deterministic equivalent via the
Cantelli inequality. Moreover, a neural network-enhanced regional particle swarm optimization (NN-RPSO) algorithm is
proposed, which constructs a predictive model of VPP behavior to replace frequent calls to the lower-level optimization, and
incorporates a regional partitioning strategy to enable efficient search. [Results] The results show that decision-makers can
trade off operational risk against cost by adjusting the risk budget parameters. Compared with the regional particle swarm
optimization (RPSO) algorithm, the proposed NN-RPSO increases the DSO’ s revenue by 47. 2% while reducing the number
of lower-level model calls by approximately 67. 4%. [Conclusions] The proposed DRO model provides decision-makers with a
flexible means to handle uncertainty, and the proposed algorithm markedly enhances solution quality, offering an effective

approach for the multi-agent Stackelberg game problem.
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AL H X DSO 5 34> VPP A4 ALY 32 AT
FERGEIATEN 0 LT o WL FA K 24 b, B4 9
FERFA 1 he 254> VPP (X HLATLZE 4 3 24 (5000 i
2R b o 22 L BIR 2 R 67 e 0 it 2 an S B 141 B1
JIE7R , H A o3 A 20 IR 1Y A DGR E 2 7% SCmk (201 .
5 I B A 5 A s DX A Bff 5 B & B2 s o
4.2 RBGGIE

DG RNN R (A R 78 K RNN AR AL
£ JZ 4% (multi-layer perceptron, MLP) 5! i3
i1 25 ) 28 (feedforward neural network, FNN) A1 K
55991012 (long short-term memory, LSTM ) [% £ 455 74
F Kriging S A 47X U520 o SEg0 Ai ] LHS ¥4
J 1000 MR 1, F T IR

BRI ZRES R UNGR 1 7, 3R 1P 7R 1 A [
RS- 35 45 % 1% 22 (mean absolute error, MAE) 58
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Table 1 Model training results

MAE R? IRt a] /s
TR
VPPI1 VPP2 VPP3 VPPI1 VPP2 VPP3 VPPI VPP2 VPP3
RNN 0.164 3 0.247 4 0.357 6 0.713 0 0.7717 0.800 0 5.2 6.8 6.8
FNN 0.193 0 0.3459 0.559 9 0.638 7 0.606 0 0.595 3 2.0 2.6 2.9
MLP 0.174 8 0.337 4 0.566 0 0.626 6 0.612 1 0.582 1 1.5 1.7 1.7
LSTM 0.295 0 0.502 2 0.818 0 0.096 5 0.124 0 0.192 3 8.8 8.9 10.1
Kriging 0.124 6 0.243 7 0.408 9 0.758 0 0.767 2 0.760 0 36.5 35.6 38.1

FBR VL AR YN GRih ] o 5l L YR 2 vl LU
o 7E FNRS B T, RNN B ZE 34 VPP AR AL |
DK FE 5 Kriging BRURAH R, 953 W00 P GEAH 24
FET . SRMIAE YN ZRAEE Ty T, RNN B AL 5 1 HY i 2
P, HI 25 ) A2 I T Kriging 65750, I 25 3 42 7
Y 5~T A% o RO H A NN AR R I 50 B IR A L X 56
B RNN 254 5538 A4 4 VPP Wi [ 10 sh 845 1E . 258
2 BTN FE 51 A RCR AU, RNN BE RSB T
T A7, DRI, 7S SC3s % RNN SR A Sl VPP i) 197 74
DB A OB LA PR T3 00 A TR 1 ) s e Jost 3 - 58
4.3 AEFRITLESR

ARSCWE T 4T 58, 50 By S 152k H sl 2
Pani SR ST SN WG W/ TR < o Al =3I )
HE, AR EN IR 2 R,

R2 ARERE
Table 2 Scenario settings
WIES A S A oA E BRI
1 X X
2 N
3 X
4 N

TEANFRBIAGXERATIA L

ANFE T RO EG R ML IR fJLUEH, 3
553 I L AR BIL R AN A B AR LA XS VPP AR F1 DSO
W ts A B . A, SR SR N AL AR S
515 VPP I HI AT, 22 AN IR B B N FL 5
g P 15 B i, DT RS AER B BF ilAs o X L6 58 LAY
% 2,3 VPP B A I 125 340 JCF 2 101 630 T, &
&Ik 18. 9%, [RIE, VPP %) 85 HL & M 81. 80 MWh #&
J+ % 105.08 MWh, 1§ H i ]\ 53. 11 MWh $2 F} &
55.59 MWh, B2 Sy Bt 38 7+ 17 19% , Ul 1 s & HL Ay
AR T VPP 2 528 5  BEAR T4 190 h N
PR, 32T+ T RGBT 4B

HYK, 5 A7 A AR A AR 2o 2 i XU A i

®3 ARENEEFRERIL

Table 3 Comparison of different scheduling schemes

VPPJ§ZA/ VPPEIAH, VPPEEHR  DSOEHE

E VPP JG H/MWh H2/MWh Wezs/70
1 66 045
1 2 31917 53.11 81.80 12 161
3 -9668
1 28 623
2 2 1914 55.59 105.08 19 145
3 -30 438
1 68 956
3 2 41 091 43.90 137.07 14923
3 9834
1 67 025
4 2 41 091 45.21 141.75 15 501
3 9225

PRI 7l B8 £ 45 i, W 35 228 1 VPP 3 5 SR I .
S Z 2 N % 4, VPP BUAA B LT, X SR
Oy ARG RO ARG | T 285 FH AR, VPP 5 2L Iy
JRUHL I 20 T BA A AR 25, P EORAR G . AB{E A
B, o A B R ALEFS VPP B B H 5 M 105. 08
MWh RIEHETE 2 141. 75 MWh, I 2 ) 55. 59 MWh
R 28 45. 21 MWh, R WIFE % BB 2 VRS, VPP fill ]
T Z2 0 FH AR b 9 JEUR 7] DSO 65 H A ST A JXURS: -
e ShAS AN 5 5 1 & B0 A Y U IR A
PAEDSO WSS o 2RI DSOULEE R 19 14570,
24 B9 DSO WL 25 4 15 501 T, )7 % 3 #9 DSO Ui 25 M
14 923 76, X 3R BH B SR AR ST R 8 ) RS AR 38 n T
VPP A (HABARH VPP B £ 5 51538 5, R ikl
FE H, S 09 300 30 gt b - (] B8 31 DSO 38 2ok IR
B 205 T RTIK RS o BRI, 7% 4 1 DSO IR £
WA T 7 %8 2, 3% 2 [H VPP il B 45 1, /b 1Al R
TG BE I 2 i, B4 85 T Sh A AN M BRI ROR
AR S, Sh A A B85 5 VPP L H % a2
BT 0 A 5 0 A AR 50 D) 34 5 T 2R 495 I X AN A
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Fig. 3 Internal purchase and sale prices of DSO
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Fig. 4 Electricity trading volume between VPP and DSO
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Fig. 6 Wind power output and reserve allocation of VPP
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PYEIS, BIREE T30 St , I8 4t BRSE P XU RS T
RO BIRE AR L2 B, T AL 6 ARSI H DR
SRR IEFHATRENS M. k2,4t
S JRCHEL H T3 AT R T BRI 2R S 1) 8 5 R g
ARAFH N PR ST, T AU e i A, R B 2
(19 670 8 FH A R0 6T AT B8 P 5 Fi XU T 2 8 T DU A
Wb o b IREE R IAA SR R I A B PR AR R AR
T X KU AN s P, P AT 5 SR 9 o A
K- B IR R R G ] SR S 2 TR

AN TR RV T KSR 34~ VPP i 17 AR 5 &
FHOSCAS A8 40 UL 2% 4. Bl 25 XURS: 7055 0N 0. 05 3% =
0. 20, 4% VPP (38 17 BUAS A& FH A 35 S B0 T [ s
#, LALVPPL R, 817 A H 72 712 J0F% &8 64 757
I, & A 13 140 JT R 2 6610 Tt , B R 20 il 38
10. 9% F149. 7% X 72 K i AR 1) AU B R
VPP 1] D422 0 i i KU AS B 2 1, DT U 2 4 FH 2%
HACHE  FEIREAR AR

R4 AENEFMETH VPPEITS&HMRAK

Table 4 VPP operation and reserve costs under

different risk budgets
JAURS: 5 VPP BITRALE AT
1 72712 13 140
0.05 2 47 746 22 800
3 22 750 45783
1 67 025 9283
0.10 2 41091 15917
3 9225 31935
1 64 344 7640
0.15 2 38 097 13 057
3 3714 26 119
1 64 757 6610
0.20 2 36292 11 221
3 303 22413

ANTE] VPP XS RS TR () SRR EE A7 A 22 57 . VPP3
F18) XU F 2R ML i i O, G P RUAR PR i sy 3, 3%
B i AU V8025 38 VPP R IXURS: T A8 A T A Uk, 2
JRURSE TN 0. 1515 28 0. 20 B, 4% VPP (14 A [ i
T8, PR AL AR 08, 33X 3 B KU TR A 38 B
LAEL VLS AR P Z R , 38/ i T3 T
e AT REPEY B BORA TR AT ) T ARz 5 AR .
SRz AT v E e g Y XU T S ORA A KUK 5
2P0 M, DT AE A 2 32 19 m] S MoK R BB 17
AR

N RAEA SCHT T EETE 2 IR AT E S 5 T Y
AR A SCHE R 5% CHANE 1T 2% B XU HL - R 2 8
AN E A o3 A o BEIRER I AR SO 1k R AR I
T Z VAT E MY 55, PSR ATl 8 2o 0 59 XU
PRSI T IR 51847 A Z (B A T A
4.6 KRFRTTEXTLLSTHT

A 96 TE A ST NN-RPSO F5 32 9 45 35 1 |, 1 B
PSO 5% | it A4 58 1 (genetic algorithm, GA) fi 5
## % (cuckoo search, CS) 8 1 KR 1k (grey wolf
optimizer, GWO) % ¥ | fiff i fit fb 5 % (whale
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optimization algorithm, WOA) LA J& K 5] A NN fill i# 1)
XI5k PSO F4k (RPSO) FE A % 7 3 , 76 AH R 3 26
SR SR AR AS SO $ ) 2 I ZROL AR, 45 2R ANk 5
PR, &5 HAR s BB RIS S R an i 7 s

RS FRBEEKRBEREITLL

Table 5 Performance comparison of different algorithms

ik - gg/?f R AT ’%ﬁ;{/%
NN-RPSO 15501 6288 687.857
RPSO 10 533 19 260 520.608
PSO 580 3120 87.524
GA 8380 2160 36.645
CS -1780 3921 120.491
GWO 3549 480 14.704
WOA 5517 3240 86.492
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Fig.7 Convergence curve comparison of different

algorithms
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Table C1 VPP operation and reserve costs under different
risk budgets in multi-source uncertainty scenario

IR T VPP BATRAG IO
1 69 884 13 140
0.05 2 44 595 25923
3 17 573 52 796
1 66 546 9255
0.10 2 36 493 18 337
3 -1210 37 872
1 65 851 7640
0.15 2 32359 14 865
3 -5427 30 386
1 64 304 6610
0.20 2 31504 12 800
3 -9067 26 183
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