B R 5 T R

Science Technology and Engineering

ISSN 1671—1815
CN 11—4688/T

e 2024 4F 524 3% 518 1)
FE 2024, 24(18) :07693 -08

>
[OEbs

DOI:10. 12404/j. issn. 1671-1815. 2306095
SRR IR, Kb, HEE, & ST RN Z IR G LRI ()], BEEBORS TR, 2024, 24(18) : 7693-7700.
Tang Zhen, Song Shuting, Bai Xueting, et al. Capacity allocation strategy of multi-source frequency modulation via stackelberg game[ J]. Sci-

ence Technology and Engineering, 2024, 24(18) : 7693-7700.

ETENEZERN S FERETEE 5 BRI

BE', R#AE, a5, ZaF
(1. E ML P B RFEFGEBE, KR 030001 5
2. EMILVEA AR, KB 030021; 3. T ERBIEFHRGEARAFR, 65T 100192)

i B MEAALRA G R AL ) 6 R A SURBK BALARE LB R A S S AR HRFRARE R BT R T
— R T EME R AR K- K S RIAREAEFHEH ok, E 5 kAR E MARE AR R T & MW 25
Ve, LTI RN K BALLAAE A B BTG E RS- RAAE A T BRI  RMA L M AP 7 R TAE 40 04
AR, Bk, AL AMEIMEGAMAEEINS EREFAER T, &3 R-H-K-K S REMA%LS ERF R,
Fok At KM E NG IR AT B A S A A R T, R, R A 49 Shapley 18 ik &R - - K HLLE 44 38 K
BHAFMAL, G, Bt FH SRR LPTIR TR, SR AV 5 O R AT R A A R S
BRI A o e B A A 2R ) B3 A T AL AR A AL GG IR SR B

ReEEAE 2RI, LA, BMAE; Bt Shapley 1A ; FHKE

hEEs S TMT32; SCRRAR AL A

Capacity Allocation Strategy of Multi-source Frequency

Modulation via Stackelberg Game

TANG Zhen', SONG Shu-ting”, BAI Xue-ting', WANG Kai-feng’*
(1. State Grid Shanxi Electric Power Research Institute, Taiyuan 030001, China;
2. State Grid Shanxi Electric Power Company, Taiyuan 030021, China;
3. China Electric Power Research Institute, Beijing 100192, China)

[ Abstract |

tion requirements of the power system only relying on traditional thermal power units. A capacity allocation method of the wind-photo-

With the increasing proportion of new energy in the power grid, it is difficult to meet the high-quality frequency modula-

voltaic-hydropower-thermal multi-source frequency modulation system based on the stackelberg game theory was proposed. This method
ensures the safety of power grid frequency regulation while also taking into account the economy. Firstly, the thermal power unit was
taken as the leader and the wind-photovoltaic-hydropower units were regarded as the followers. Secondly, by solving the stackelberg
game model, the optimal frequency regulation capacity of each unit participating in frequency regulation was obtained. Then, the im-
proved Shapley value method was used to optimize the revenue of the wind-photovoltaic-hydropower units. Finally, the effectiveness of
the proposed method was verified. The result indicates that, compared with existing methods, the stackelberg game model can improve
the allocation of frequency regulation capacity for each unit participating in frequency regulation, making it more reasonable and in-
creasing the revenue of the frequency regulation.

[ Keywords] multi-source frequency modulation; stackelberg game theory; frequency modulation capacity; improved Shapley value;

frequency modulation revenue
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Fig. 1  Stackelberg game model of multi-source

frequency modulation system

1.2.1 R R &3

ARG X E-7K -k 22 PR 43 2 48 rh 25 HILAL B 9
WU LA B T MR B LA S5 4 | I-e-ZK HLALAE
B K LA 5 SR A4 T 45 Hh o 15 3]
MTEZEAETY [T J2 6] 4 SR et 1K il 2k o K, D

3
S(xT’xNE,i) =D -D, (xT + szE,i ) (1)
i=1

¥ 5 M HE - www. stae. com. cn



2024 ,24(18)

FERR 4 BT S RS A 2 R A I S e SR 7695

RIS R MR % D, D, WTHRSEHEH D, > 0,
D, > 05 x, Ky KA T BTN s x,,
R RGP AL § 6T S T 1R AR )2
1.2.2  EEAFH (KAL) ERAEER
(1) KHHLAH R HbreR %k
KHAILZE B H b R K (PR AR RR )
maxf; = S (g, %y ;)% — Cpxp (2)
K (2) P fo FKBHLH RTINS 5 o K FALH
R PRI ERLASE JRAS 2 H
(2) KHHLA LR E Ny
vy S minf2(P,, = P)) 2(P] - P} .) P
Xy + Xy, = X
(3)
KB PR KHBHATE ¢ B2 75 P ek
HLALAE o« SRR )5 P, S HLALTE ¢ B 2205
AN LR KR B AR B RS 65 o, A ¢ B2
- 7K -k Z2 RN ZR G il e B4y ) AR 2
1.2.3 T EREH (R-F-KAa) R4
(1) RSE-oK HLZH B9 B AR ek 0 (T 30U 45 2R
B M
max fNE,i = S(x'r 7xNE,i>xNE,i ~ CNg i ¥NE,; (4)
() fo HIRIEAHHLEL i BT 25 5 ey
S IR-SG-7K AL @ 84l Bh TR A 2 H
(2) WS- 7KL 2o 5 R
Hnpi = min{Z(P[\;E;:x - P,
2(P™ = PG P (5)
Xy + Xyg,; = X
K(5) . P A REIKHLAL @ 7E ¢ B 20 T
PN SRR HLAL i 7 0 2R T PR
FCIKBLA @ 76 ¢ I 2B/ 5 P R XL
JG-IKHLLH @ H AR TR
1.2.4 %R &% AT 603 #r g
Kt R £ pR B (1) FROA R 7K AL 1 94
AT R (4) |, 7 SR I 2 8] 91 FE N SER e o, A
A REAE DRI T BRI ) R o'y, KGR LA
AR PRI 4 o B (4) BT

3
’ _ ’ ’ ’
def NE,i l:Dl - D2 (xT + ZxNE,i ) :lxNE,i_ CNE,i%NE i
i=1

(6)
HHEZ(6) , W-E-K ML @ 3T 5 M EZR
W Rk, B R R R A i B

3
Xp + z Xng, | T Cr ~ Cngy
J=T%i

D] _Dz

x]:IkE,i = 2D
2
(7)

W-7K - K 22 PR TR 2R G 04 T -1 2 h

ap (8) +ag (1) = x,.(1) (8)

KA HLA AR X7k FATLZH B 1) i L 18 9t
B g, SR H B SR DR R 1 PSS 31 4
(RS A

3
.
Dx;, - D, (xT + mei ) - ¢p
i=1

Xr = 2D2 (9>

K SE-7K AL 5 K AL 43 BIAR H =X (7) A
A (9) #fE FE IHEZE 0 24 £l i B S0 2 5 A HL A
MBI A
1.3 SREMRSGEMNEFEBRE

3 {di T MATLAB R2020a ' CPLEX SKf# 2% %2
VSR 2 5 S IR ok i, BACE IR AN R

TR MR 2RI R S IR A &%
B S 5 IR WL IR T SR 2 %

F]R2 RS SR PLA DR B
E IR GE AL ETEN e N DUy

T3 KL K ML AR K LA H i 9 97
T A 2 A6 K ML A B4 9100 2% ek I 2 S 3R S
SRR bR B, KR AL L AR A XLk FE AL AL B T Y
PR A AT 75 et 1A — 20 ST B A R ARORE R

HE4 W (7) MR (9) HATRM, AW E
S 5P WL AL VI R, d e ik
IR, FI 7 3 DA S A Y 7 3k B 4 48, 5 3
S Xy, W B R LR S B, AW E R AR 3,

B AL S MR A
v

BIIRACTASTALLL i T3 43 e O &

r—

IRt IKALZ AR AR K AL H 45
PR S AC BLA AE 25 I TR A AT L

v

K HAILAL TR R A

bAL [y i 7
BB LAk A2

SRfiStackelberg 46 fift

v

i Hh A AL I D VSR 4

2 EHZRERERR R

Fig. 2 Flow chart of solving stackelberg game model

¥ 5 M HE - www. stae. com. cn



B # oA N TR

7696

Science Technology and Engineering

2024 ,24(18)

2 i Shapley 1B i% L€ X-5E-7k #1
2.1 Shapley &It

H Shapley HEE " T, AE LR R
Shapley {EN

o (= 3 MIUN-M-

MCN-1i} N

D Y qmutity o

(10)

K (10) Hof R SUFE N RFIE PR B N N BUR A
BAE f(M) B2 M B TTikE ; A(M U (i) BT
MO EAMA § JE TSR BTER; (M U {il) - f(M)
G AR TR A BTk, B R B 0 A3 PR BTk
o, (f) HLBL i B9 Shapley 18,

18333 (10) 7T %0, Shapley 18 ) R FE 2 AR B S 1F
5 2S5 I STER U 25 43T S A B

BYERRT LG i B9 Shapley {H /& B 5 @ X F
—ANGETE STk A M, A B AR A A
FBEEZENPRTTER, B IMAGTERFR S Wibr
GIRAR N (M U {i}) —f(M) ,BE—H, 5 i
[y Shapley [HAR A : @, = X £[S,(r)1/81 1,

FRAE G- KL 2 5 TR Y 15 B, X
HLHLZH DGIRPLA KL R 15300 Py Py,
Py, Z 5B SHILASERNBH IR Py,
Py Poy Py SIS TR EHELIT 6 Fi
UL, 3R 1 s,

FdEER 1 TS SR AL H 719 Shapley (B4

Py = %[PW + <PW,Pv _PPV) + (PW,P»,H _PP\',II) +

(PW,H -Py) + (PW,PV,H _PPv,H) +PW]

(11)
FCARBLAL H J1 1) Shapley {H-A
©p, = %[(Pw,w _Pw) + (PW,I\,H _PW,H) +PPV +
PPV + (P\X,PV,H _P\‘(,H) + (PPV,H _PH)]
(12)

JK AL J1 1% Shapley {E K
1
Py = F[(PW,P\',II _PW,PV) + <PW,II _PW> +PII +

(PW,Pv,H - PW,PV) + (PPV,H -P,) + PH]

(13)
K3 H: @y @y, @y 70 9 KA HLEE DEARPLER
FK HLHLZH 3 F7 Y Shapley {H .

PR, KU SBAR K LA W AR 23 501 ol

fw = 3¢W ZlfNE,i (14)
; XNE,i B

Soo = 3(PP‘ ngE,i (15)
; XNE,i -

fH = 3¢)H szLL (16)

PN
XNE,i

A f S S 70900 R HLA N 5 G ARPL AL I
gt AR L ALZH A
2.2 it Shapley 18 7% L 4L K- -7k #1 46 B9 78 531
W

T S Sl XU LR AR HLZE FOK B AL
HZ 5 FRAE , 7E 2. 1 1945 11 1Y Shapley {EHE
TEHER b ARSCHFFEHR ) —Fh kit Shapley {2k A0
G- KHL BT 75 . % T PR STRME S5 2
S BIAR M RCE 15 D0 A 5%, IR it —A>
LA B B C-/KHLLL 25 1 AG-F-32 P 5305 2 ) 7
R TR R0 50K 2, [] AR XU LA DB ARBLAL
7K L AL Y S B 3 AR 1 255 PR REFE A K
Ky, Ky B E LA VERERIR K K, K, 55 Shap-
ley fEVEAF2IIE Shapley {H, BEAS B 4F 38 2 XU AL
41 OCIRPLLLAK R S5 PR R e , I ELIXL-
- KAL) 70 BE S & BRI 47

[EE NIV = e oL 7895 AN E VAR
6] &, PRI k,

P RRAA R ke, Sy AL M I I JEE 4 Y R
SR AR SE R 2 L A

F1 R-K-KHEH NABRREE

Table 1 Output marginal contribution value of the wind-photovoltaic-hydropower units

. . R AL H T B s FCARALAL s i br FKEHLAL S I R

A fig B I e e e
DN (El TTHRIE TTHRIE

1/6 W,Pv,H Pw PW,P\' - PW P\X,,I’v,H - P\.\J’\

1/6 W,H,Pv Py Py pen = Pwon Pyy - Py

1/6 Pv,W,H Py p, = Py, Py, Py pou = Py p,

1/6 Pv,H,W Py pen = Pren Py, Py, u = Py,

1/6 H,W,Pv Pyu - Py Py pou = Pwn Py

1/6 H,Pv,W Py pou = Poon Py = Py Py

TE W X HLAL ; Py S BARHLAL  H K UL,

¥ 5 M HE - www. stae. com. cn



2024,24(18) JERE A5 BT IR A 2 DRI 25 o 43 T SR 7697
P, - P, - 1
v = TE —Tg fW _fW + (K\ ;) fNEW
* (17) X
k, = M oo = Soo + ( K, ;) Sepy
B (23)
S (17) e Py Py 53 3R HLLL T 06 A2 RO 7 i i = hor (Ko - 2) A
PR T35 T T, 43 3R HLAL I R AN SRR 21 5 o "
A TR LA - (. S + e e = X

M N7 FSF 6] e, Ay 8 AT RTL 2 F¢) A 7 F 1] 5 3080 331 i
AW 1R] Z L R R B A

(18)

A (18) s ¢ WHLLHIRHE 4> P 5 2 A A
IV ATURILZEL A 17 1 ] 244
PARUR B key A HLALHE AR SE B B, HILZH 43

TR B AR A 102 A RN
Z\P—P\

ky = N
19) e Py iR H AR 5 P, AN [R] IR i) Dy R
{E ;N ARAEREL

SR5 2 AL DB RBLAL K B LAY a0

FEBR VAR oy, Kpy Ky, LIS R] Ky, K
ko VBRI ks Feps \k o

TERCEERR b, AR DGR oK B LA A S

PR R 18 1E R RO RE B

F14 1 37

(19)

K(23) P fy S i SEAAEIE JE XU SEARFIIK
HLALZH I 5 5 n o IXU--7K -k 22 TR A 28 G v i Bt
L

30 3 3R A 3 I ZRAR A - H 2R 19 Shapley {E
B 19802 5 RS AL 1 S O R A i B 4% o3
B, HOEALRM A SO BA LU i
OASCHEE 9 Z U5 T R 48 IR B 7855
& TS5 A UL A IR AT L 7 AR | S IR A A
A SRR B TS AR B, BR S SL LS 51
S ML PR 75 0 1) A B s Q7R SCHFFE AR A PR
WS 5 S LS i FH A G Shapley {ELE SR 3% 18 T
Z 5 ML TR A2 5 RS HLA Y
RIS 2t 15 00 DL B e I BIR b S BT RE R T 44

3 BHISH

EEXXG-7K- K Z IRV GE, 12 N TE IR
ol R PTA L LTRSS LW = o S TR R L

by kyy kg B WU Y T 2327 R R A 25 o S R 2 4R T
B:Pm msz (20) I-HG-7K - K 22 PR 22 G2 1 2 ARG AR A i A Al
by kp ki 7’rlJ I MATLAB12020a ) CPLEX K f##8 47K i, 18
WERE N BOE e RIEAUCEL, ﬁﬁaiﬂy%iﬂﬁﬁ%%}_}k@ﬁ
r=1Ir, 7, 7,1 (21) RMMﬁ@ﬁWﬂ%%mQMW%ﬂ% o R
WK o YEREE bR A fﬁfﬁ&ﬁ&mmﬂmﬂﬂL%KMQﬂ%&m
K: ., BJE RSO IR TE S A Ok (%
K*:B-T:P~ Gy MEUERCOUETHI A ) A 5
K‘: BT, VAR SCRI 4 07 v 1A R A

K(22) 1 Ky Ky, Ky 70500 0 XU DG AR TR B BIL

3.1 HiEERENH
SR IEAS SCHT 3 07 1 W A R, 275 v I R

LA TER

ERETEAR .
WRYELRAE
Ptk A5 2UEIE SR XU etk K AL M ER

fiededn K* 1= (14)

PR i X 25 S 20 (3 2) , O AN A1 SR A HL TR Y

~ 3 (16) #H47
SR S B3 45
®2 BIFHHHE

Table 2 Datas from different stations

PR S, A RE-7K - KALZL B S R AR |
o2 - IR ATORS BE

Yyl 44 8% BN AT R A/ (MW -6 1) S PHAGE R/ (MW emin=')  WIRZESE]/min - S RATORS LHLE B/ MW
P& 13.338 4 11.34 3.26 0.003 3 320
KHLT2 12.594 4 8.50 3.53 0.003 7 340
KE 1 12.000 0 1.92 0.32 0.006 1 120
K3 2 12.000 0 2.26 0.46 0.002 5 100

etk HLg 1 12.659 1 2.23 0.45 0.0557 80

JEAR HL 2 12.659 1 2.25 0.42 0.046 2 80
JKHL 10.621 3 5 0.93 0.014 4 500

¥ 5 M HE - www. stae. com. cn



B oA 5 OTOR

7698 Science Technology and Engineering

2024 ,24(18)

FRAEE 2 FIAL, K LA ELA TR 5 v 1Y)
P 2 A A R o A v L 80 0 B8 R g )
A48, R-SG-ZKHLAL A R HLAL FDBIR AL AL 2
A R 3 AR 7 [ 8 R A I A, K R LA ) L
A R R AR AR A A e, K-t -aK L
FEAE B F B 1 ] FH Sk DR &b kR HLZH 7 L ) 2R 4
PEAT AR
3.2 LbBISESEFMENEZERITLE 9

ARAT T T AN = T AR 28 4 vk

a1, NSRS 100 MW, ffi 3% 2
W& 1 B, 45 S SR AL 47 IR LA & L
BT IR I

a2, HMEASYIRE N 100 MW, i 3% 2
TR 1 BdE, &S 5 TR AR AL A Fi BRSO R
F2 N HEZRAE R T AT 25 4

a3 MBS TIR N 100 MW, fifi 3% 2
T 2 Bl , 4 S 5 IR AL i R LA & L
B HEAT VRIS BB

W4, W EJEMTIEA 100 MW, ffi 3% 2
&Sl 2 B8, %S 5 IR AL Fe BRSO B
F PR TR AR 2 B A

¥t 1 53 2 ST XT Eearar, ke 1-JXUAR, 1-
SR 1K AL AR 28 4y B &l 3 R, AKCH 2-
KUHL 256K 2-7K F HLAEL IR AR 5 0 BE X B an &l 4 Jor

100

B BT

MICEIC e
2
E 60 F
&
= 40 +

20 F I

Ry J k1 K,

3 K 1A 1-0BAR 17K FEBLA IR B0 A 0 B HE
Fig.3  Comparison of frequency modulation capacity allocation

for the wind1-photovoltail -hydropower-thermal 1 units

100

W R

ool AR
=
% 60k
P
B g0t
B

O k2 Jh2 k2 K

4 o 2-UH 264K 2K AL A 120 B v LG
Fig.4 Comparison of frequency modulation revenue for the

wind1 -photovoltail -hydropower-thermal 1 units

o B3 53 4 ST AT, O 2- KU
264K 2K AL A 25 e A L AN &1 5 i, K HR
1-JXUEE, 1-061R 1-7K B AILZH IR A0 25 43 B %o L Gn /&) 6
Fi7R

MRPEE 3 FlE 4 a7, gt E RS | K E AL
ZH B R 75 WA T, XUER ML AL AN G AR AL 1 1A
ARSI BN, K L ZE AR A 2 R I, X S
ZHILBRE DARTF Ao T PR B0
X K EANER RS, P 4 BR AR SO 1k T 15 31 A4 9
7 4 TG RE 8 7F £ TE R 45T 8 5 M AR B i %) [) e
MR A 2R S AR RS e P

HRAEE 5 FHEl 6 RN, 545 BB LA Gt Lo Aok
TR ZS A A e, 20 5 AT 2R 5 A K B HL A
5 R K LA IR 25 2438 . b T XU AL A
ARV A 452 T 7K o AL 2H 1450 52 2 5 9 400 A i o
1o, PRI 224 DX HE ML A G ER ML A 8 A0 25 e 38 sk
-G ARATLAL B AR i 25 388 o, o7 R = DA Tl 2 A 7
J& , KB 5 R-E-/K AL 1847 8 iRl 24 & BRAY
REEE , JUHIE X R-E- KL 28 & A IR %,
fof A S AN R HLZE AR PR A T 28 e T 8 A R K

HE S BB nl 45, $ie BRAR ML & H gl A T
PEARAS A BC B kR LA 1 PR AT I 25 o 1 203. 2
JG, Zeid G 5 R HLAL 1 RS EE R 1 259. 5
TG, PIE HH EL IR ZE PR IS 25 38 55 4. 68 % 5 FRt HEBAILAE

50

52 LU GRS 2
| AR L

kHi2 A2

El5  Jor 2-RU 264K 2-K U ATLZH IR = 43 TR L I

Fig.5 Comparison of frequency modulation capacity allocation

TR R/MW
E 8 5

—_
(=

JefR2 RHL

for the wind2-photovoltai2-hydropower-thermal 2 units

5 500 EEHE PRSI 2 24177 23306

B AR R P
2000f

Jo

1508F 12337 12703

Wi/

1 000F

500F

0

K Hs2 R2-Y62-4K
F6 e 2-]U 208K 2-7K HUHLEL IR 45 %) 1L

Fig.6  Comparison of frequency modulation revenue for the

wind2-photovoltai2-hydropower-thermal 2 units

WML www. stae. com. cn



2024 ,24(18)

JERE A ST IR A 2 DR A A o O SR 7699

S HU AT R A 25 4 BE R XL 156 1-7K WL 18 A
Wtk ol 2 258.2 g6, Zead F MR E XL 198 1-7K L
HIEAINCES A 2 567.7 JC, W& A1 EL R0 248 5 IR 25
PER13.71% , HE 6 BE B nl 45, 3% B PL 2
T OB EA TR AT 25 5 B A R ML 2 SRR RS M
1233.7 76, Zad FNEZR G K AL 2 PRI 5
1270.3 JC, B LRI 2 BRI 35 3 5 2. 97% , 4%
R ML 5 b 47 R 01 25 5 43 BC s XL 20 2-7K
ML AR 5 R 2 417.7 JC, &ead £ M HEZEJE X 2-
6 2- K HLAH R 25 0 2 540. 6 TC, W5 3 A0 L I8 45
LI EE I 5. 08% .,

3.3 it #9 Shapley 1 3% 6 X-5-7k #1148 7 37

W

Xt 2 iy, BT R0 1K PLE T
538 TR Y R B A {H R XK LA N 3
TAVERR, BT AR 156 1-/KBLA 3843 0047 A 25
FEOMBCIT I 20k Y Shapley (832 #:47104k , 385
Z R INHL SGIR K L A TR AT A, 6 R 85 o il E A T
RBUEIE S5 I, AT gk — 20 W0 R B 28 B Ul 25, A
FIF S BT RE TR A 7T TH AN .

Uitk Shapley (L S A E e KALS S 5950
ML 25 B JE R AR IE XL 15 1-7K BILLH P 38 9 4
Wi A EL B 5 63, ARG B A AR T
FYIRL 156 1-7K 25 AT 2H V8 4810 25 X L &5 SR n & 7
PR

HRYE I 7 AT %0, Btk Shapley {E %0870 T 7K
A R, B R T KU T OBAR 1 ML B AR A
v FH Shapley {E 32 XU 1 60K 1 AL FI/K L HLZH
PESR 25 20 9] A 745. 27 893. 45 928. 98 JT; W FH ik
PERY Shapley A2 5 KUHL 1 Y6k 1 AL FI/K B HLZH
P 25 43 9] A 852.36 . 796. 10 .919. 24 JT; Fi Fh
Tkt o g S oA KUE BLAL 1 3R 22 B I 3R R
4.92% JCARALAL 1 VA 2455 W 25080 /0 7. 54% , K
FE AT A 0 22 55 A 25 4 5 3.29% . AR R DL B HE
MRl AL, N el 2t Shapley {E 3% 2547 P8 400 £5 43
BCBT 785375 08 T XU 1 DGR 1 oK R G R B

1200

=ik [
| ek
1000 i o -

VR 43 i
Bl7 s as o e

Fig. 7 Frequency modulation revenue distribution
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