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Abstract: In order to solve the supply and demand interaction problem in electricity market more accurately, this paper
builds a mixed game model of supply and demand interaction in power system considering electricity market factors, and
proposes a mixed game reinforcement learning algorithm. Considering the ideas of game theory and graph theory, the
algorithm combines block cooperation and evolutionary game methods to fully utilize the interaction of knowledge matrix
information formed by interactive game relationships between players based on Q-learning. The corresponding non-convex
optimization problem under complex networks can be solved efficiently. Finally, the simulation results of two test systems
indicate that the optimization performance of the mixed game reinforcement learning algorithm is better than that of most
centralized intelligent algorithms. Comparing with the existing center-based algorithms, this mixed game reinforcement
learning algorithm has better search results, strong adaptability and stability under different networks.

Key words: mixed game reinforcement learning; supply and demand interaction; Stackelberg game; evolutionary game;
complex network

Citation: BAO Tao, LI Haofei, YU Tao, et al. Mixed game reinforcement learning of supply-demand interaction in
power system dis-patch on electricity market. Control Theory & Applications, 2020, 37(4): 907 - 917

R R A 5L 1B A T T,

I RN, RO LR NTRIS SO TR T B A L0,
DR B B, SR AN A G F NG A TR DA DU 2 A R I L
S, BHEH L BEIE H I . A heiE ARG it NRGMTE LB 2R T EN S EERTZE

=2

ek HA: 2018 —10—22; 3¢ H#: 2019—-09—09.

T3@(5E4 . E-mail: taoyul @scut.edu.cn; Tel.: +86 13002088518.

AL TR MEAA.

X QAR R ST H (51477055) % .

Supported by the National Natural Science Foundation of China (51477055).



908 oA R 5 N A

37 %

T PERf S TR SO AR N, 25 R 6 52
A B S8 A A AT AN B b 53Rk 5 B FE 0 B KA,
T 75 SR i Amr 5 A i 2 (A AR A 5w 4, /5 2
SIRINE R 2. BT 53R EEEE 2, i)
RGHET B A @ H 28 5%, IR E 3R 7
T FL SRS TR S AN S R A

U AR, BRI 2 I T K R B IR IR 7R
WA 2 FARFFAER F ) RGAE T B30 in) i i
ROPEBL SOk [91F) FH 2 A HEZR 1) S8 AR, S iR E
EFE G5 RAR / XACEE RS (1) B3 2R 4. S
BR1018 7T 1 ) FE R IR 1T . RUA & R
)00 L SRS, ST T R FELR S O P 2 A 32 AT R
B, SCHR (11PN SA 2 M8 R R Re(E B/ X,
ST T LR A P TR SR R R DR A ST
9K F Stackelberg [ Z R U HELL 4 37 2% FE T 37 R 3R () Ak
A R BT — A 7R RO 2R =441
KR AR E B A AL, AH SEBR AR Qi Btk
AT IR 75 SR A4k 2 [ A AT 2R 06 R & — K
MR H R A SRV N T R ] PR A A
FLTRE 3 A4 A ELAE O R 45 9 2 S0 A ) ik
75 U1 AE H R A SCERF B 4 I 24548 5 T
SRAMAN A B AE AR . PRk, AR SO 2 4% N 4% 5 540
TZREE S TR 75 SR OAS R E A BB K &,

X T AR 55 75 RN EL ) i) L SR A
FEBTIZANE e BIE TR, ST T 2 75 SR A f
i) AL AN KK T 2644010, AT SUZ AL
] A AL R B Z A A ) (R ATV T AR R Y SR
LG || SRSl it pa S bl TR A TR
Ae BLVEB a4 5% (genetic algorithm, GA). fiT-#f
149 Bk (particle swarm optimization, PSO)FI A L&
B (artificial bee colony, ABC)25:45 4 R A,
TCIEPRIE B3 RS SR E . JEHME B 25
ften iz Bl R % B A O B 4k, BT B.3)
WG NI G, Pek il @ T AT 3k 4e /N, Ry
H— P I o A A BE TSRS IS i R =
() RS LR BBl ) . T sEA A ) A WS
WS FEE PRORG A (R AR I (G B L 3%, IF HLRERE A7
fitg 2 > A R UL A IE ) FZ SR ER AR s s
XM AR SR ) R AL BN A PR AR

FT FIRFIRHE T, A SO H) RS R BN
Stackelberg #2555 % 25 L g Wit 75 =R 471 4 56 457
BRI &, SRR TR R R
R EIREG A, HEH T2 s mlE
F—IRA RS 2 H% (mixed game reinforcem-
ent learning, MGRL)Xf &6 75 K| 52 5 ) 2 (1) 1L 75 L
SR AT SR AR, 12775 0T DA RCR AR FRE 2t
i, FEIE T AT ARAGHEZE, CRAEAS S AL 25 1.
5, PA3HL-6 117t RGN e 5 e — IR i A1, %F

ARSI J S A T IRAIE.

2 HWAORGMHETHIER

21 FEMHRERLETE IR
211 BEE R

TEALZE I, Fd K H AL B 8 LA R 2R 1
BR ORI VR BB B, AR S 1T R, Lo R ) SR A
P AR, AH M SRR 350 V5 A6 25 R8I SRR, B T AR
UG 52 3] 1 520, AR S5 e F LA IR “ I i 3k
L7 FE IR MR B 28 1S N B 5% 458 1E 4y &1,
UK AR BRI

17 (Pai) :aip(Q;i +b;Pg; +c; +
|d; sin(e; (PE™ — Pai))l, (1)
R ay, by, ¢, difle AR B & R B ML EFERT
PESH Po &8 6 K LI DI, PR A&
R DI R,

LI EAT T TH, i TR RAEAE 13247 X 38 (proh-
ibited operating zones, POZS)[2O]Zﬁ K, PGiF_‘LL?V%EFﬁ
ANERLH:

PN < Pai < P, 1,
P&i’zflngig‘PCl}i,z72227”'7Zi7 (2)
Péi,Zi < Poi < P, YViey,
A W25 JEPOZsHI K HHLEE &5 P, FIPY, .7
WG RN NPOZsH) FIRA EIR; Z, &5
G R BEHLIPOZSEE,; PR N G R BHLE ThIh %
LR,

AILHFETIHRRIEN, 5INK BRI, ALgal
B R ECAR3). K H BRI B 5] 55 5K
b, PRI )R B PR A S T R R R AT
(@) R

max U ; = 1, Pgi — 7 (Pai), 3)
au., , df5(Par)

iy, S -0, 4
iPe T dPe, “@

o U, B MGG BREL o R RN 5 (Pai)
RIS R B LG 1 R AR
2,12 FRMISEL

TE T RO, FINFA AT, (B — MRS
5 X 35 P ) A, E s PP A A X ST B R A 1
W ANESE/ME, 258 /KGN HFE . N
T 5 R BN ) A L RRAS BB DT IS, A SR T AR
RE0% DL 4 B o A 5 1 280 BB BSOR 3R 7R 75 SR e %
FHFE B S FTIRER R R B KT, e Ris A F

fi(Ppy) = %ajpgj + w; Py, (5)

A Pp, 25 M U A A DI, o Mllw,; AR
R 5 AN e s RO 240



Fam

B BRI RN RS LahiR & R S 5k 909

FERITA T, SINTROUII P ARAY, U
IR 2 A E(6). I 1B SR i i Tk B i
KAE, BB . LR 5 2 B8, e KMH
RAAETD PR ST R SR A B, 12245 20R] A 20
(T)RFHIE.

max Ud,j == f;‘i(PDj) - TjPDja (6)
AU,  dfd(Pp,

Ud,z — f] ( DJ) _ Tj — 0’ (7)
dPDj dPDj

A Uy, 75 R0 RS BR324 586 5 1
FARAT; [ Pog ) A5 SEE T BRSO B
213 HBEEH
R T BT, R AR A5 SR 5T
Mz B, B REMET B3R A2 Rl
YEN HAR R AL, MR AT R
max ., Us;+ > U,

€82 JENRg

{(2),
P]snjin < PDj < P]r)njax’ ] = 1525"' 7ND5

Ngc Np
ZPG@— ZPD,jzou
i=1 j=1

s.t.

®)
A b PR RPN H A R A A & LR
BR.

i B AR 7 [ E AAE, K LR o5 o
D, ARG FOIABR A S r FR . SRAIh, PP R £
SN, A L BRSO 5 P A MR R,
2R 8 T 3 ) ORI 5 -1 240 SRR AR R e Al
B, v Al ARSI AE R OR. L P

ri=r;=r", €))

AF:i=1,2,--- ,Ng,j=1,2,---, Np, r* N44tFH
SPATIN TTI HE FRAT
22 BHMLET IR RMEE A
221 HHAGHEZE

VAT 25 02 7R 28 LI 2R 300 i S a1 3 1 SR ),
ASCHT AR 2R 2 FR EAE 1) B BE Mk Agent. 7
ZRRE RS, Agentss DL— € AR Z 52 2] HoAh Agent
(PSR, — ORI, 18 B FE K, B ABE0 2 ) bl 2l
itk 22 221 A 3 R FH Fermi-Dirac R £ 23k 1) 5 1 25 &
Z RIS 2 S HN. FH €2, (s) (92:(s) €92;) 103K Agent
A48 JE PR FH S s 1) Agent, T Agent 4 [ SR B& M s 728
9 IR
: 4 1
nl(8—>8> ’Qi‘je(%:(s/)1+exp(_(fj;fi))’

(10)

AP TRER T HFEE I BEIMERRRE, —MHAL

222 BHHRM%

BIRMGHR R BR A SMATRGEE T
HIERR R ARG THRHE RS R 555
S TRD R I RN X 2 25 ) AR AN RSP I B AR K
RRREL IR o A v F5 5 H B L4 50 A N 2%,
I3 RN RR 2% . BERLIR 2 L 7Nt 5 X 4 R TG s B )
2%, mE1 s,

5

(d) TohrEEM 4%

() /M5 24
Bl 1 4Fh s Y 5T SR 2 251

Fig. 1 Four networks structures

223 TR Fe M s iE A g
TEE Z 28 [P T ZE R, T f R R Agent, 13
AN U T ZE R &R R OE U FE T, AgentiRAE
AR R EARE FRIT SR, PR (7 A0 ) 5 5 5k
.
TEARSCT I R G, AN T EG
SR AR 77 5 1 ) PR T 2 0 R o oo ol o 2 e ot
FEERTIEE. 2 XG = (V,E, A),V={v, v,
o PATLRER G, NAEBRIAET SRS, AR TR
. EAVHR TR ERT ZuH LG, FRoNIA
. FGHIT SR, WARERHEFRE MG R
BB R RAMEFE R R, A = [a;) € RVEXNE g% K]
PIABEEHRE, NpRoR KRB FIRE I TG K ay,
RN R, hZ 18] B3 PIRCER. Gn SR T e Be e 2 Tl
REE ., IFRTI S AT s AR . N 2R Tl i 1)
AR A (BFET D), 280d; = |N;|. AR 533k
AR, 5 Mo IERE R S — AN ES, BoR
N2 = {v, € V|(v;, vy,) € E}, vp, NI sv; (1148
JoE AR VLB P 0 T 32035 /2 A a) LSS,
LR AR TG R ain N
1
a = {d he s (an
0, h¢N,.
23 WARGHUTF IR IR
AL A B8, )2 & LlStackelberg

MZRNIEZE, FEFRRMAES 5 Mg LR
182E, E2pTR.



910 B owo#H w5 N

37 %

(W)

#1 #2
Stackelberg iz

#

LA

BANG, i€ Q,
FRMG, EQ,

Ui
ST

SRS T B B R AL 1 5

K2 ARG T AHELE

Fig. 2 Interaction framework of supply-demand in power system
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J J=1 50 50 50 50 50
M M>=21 25 25 25 25 25
Pm  pm=0 1000 1000 1000 1000 1000
Cf Ct >0 0 0 0 0 0
e 0O<e<l 05 08 08 0.8 0.8
0 — 05 05 05 0.5 0.5
T T>0 100 100 100 100 1000
kmax kmax=2 300 300 300 300 300

RN TS PA 8 N 2% R85 SR 52 2% 0 2% 1 He
NARGAE T AR AE NS, AR T
TR IR (ABC) A% 5IK(GA) W 21
¢ E 1 (biogeography-based optimization, BBO). #
14 2 5 7% (group search optimizer, GSO)- fif 4} # 57
1% (krill herd, KH) SR #F 5 1%5(PSO) F ik 6 4

AN TR R R SR A TR S BRI T
bt X ARFAA AT DASR AR A A

N R B AEERE AN A, A& R
=K, M€ T RIS HICE, 2R, IiE
SVERIEACE B B E N300, PR & BN
50. 1) H AT AECPU N JLEE JRi7T-4710MQ. 40
2.5 GHz. WAZ(RAM)8 GBI EHLIsT.

&2 ML ERKESKEE

Table 2 Optimal parameters of the comparative algo-

rithms
i)

CR7S ZH 40H1-54%1a1 P72k
E32) I T LK)

AR ENER 0.8 0.8

GA  XMWER 0.1 0.05
BHEAIA 0.8 0.8
BN E -5 -5

B EE 5 5
PSO . wr. C1 1.50 1.75
ﬂuﬁ%ﬁza 50 s

T/ MEHE R B 0.4 0.4

T RE R 0.9 0.9
K 75 70

hig=dics 50 45

ABC s 25 35
PRI 800 800

s 30% 25%

GSO  mARHZEMA g %

SNt g %
BRO IEMERID T [0, 1] [0, 1]
FANEHR 0.015 0.009
BRI S 0.01 0.009

KH Ak 0.025 0.02
Ry HOEE 0.005 0.01

4.1 3Pl-6ti RGHB
4.1.1 fiEBR

345 ea T 3NL-6 10 RS AR R FEAL
M EESHAT T S

& 3 36 N AT R RBIE R B T 5K
Table 3 Main parameters of coal-fired generators of
3-generator 6-load system

. REEAZEL
= PIII}II/MW PIII?‘X/MW
5 PG Gi a b c d e
G1 60 120 0.00608 2.121 92.86 30 0.084
Go 47 97 0.00342 1.605 44.66 36 0.077
G3 25 110 0.00483 1.764 92.23 24 0.098
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Table 4 Load parameters of 3-generator 6-load sys-

tem

Fr5 @i w;  PRMMW PR /MW
Dy —0055 57 22 44

Dy —0.0595 6.2 23.51 47.02
Dy —0.0487 5.1 20 40

Dy  —008 6.15 20 40

Ds  —0.137 725 16.5 33

D¢ —0.0912 5.5 12.5 25
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LS AT 51007
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Fig. 5 Four networks of 6 load
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Fig. 6 Simulation convergence diagram of MGRL algorithm in
3-generator 6-load system

mALE R
Table 5 Optimization results of MGRL algorithm in
3-generator 6-load system

5 MW F5 ThIER/MW
G1 60 Ds  35.0768
Gy 878205 Dy  33.7921
Gs  57.0495 D5 283146
Dy 415319  Dg  19.8152
Dy 463392  — —

r#/($ - MW ™1 . h) 4.0937

UlS$-h™h) 297.5986

MEl6FNEST] LB W HLE H, B & R 2
SV ENFARZIE T R IS8 S0UGEAP B Fis DU
SUB T B AE297.5986 $/h, W SCH BERLR, 1M UL
ST

N T B UETR A R R0 A ) BE B PR RE, AR
R A 2R oAk 2% o) L (MGRL) A\ T HE A
2 (ABC). 1t 4% 510 (GA) A dth 37 2% AL A6 B vk
(biogeography-based optimization, BBO). #2571
% (group search optimizer, GSO). i 4} ¥ £ y% (krill
herd, KH) ST #F 5 1E(PSO)TE3H -6 11 fif 2 4t
THE 100X J5 15 2 B +E 22 20 e f KA - P33 E A
AMETRAE T R61AT T L. Horb, B T IR A R
2 )RR A SR 2 A6, R e SE AR
s A EE.
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Table 6 Comparison of results after calculating one
hundred times by 7 different algorithms in 3-
generator 6-load system

R MRS - Y

biE Jist TME P Gk
GA £ 250.69 290.94 299.63
PSO fFrh 26731 29049 298.82
BBO b 254.47 288.58 297.13
ABC FAR 25431 287.22 296.98
KH b, 25125 271.92 296.51
GSO £ 265.12 280.54 295.60

ThREMLZG A 280.29 291.83 297.60
Mg A 289.52 295.96 297.57
BENLMZE AT 280.24 292.95 297.43
MMEFMZE AR 284.02 29523 297.32
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Fig. 8 Simulation convergence diagram of MGRL algorithm
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on a first-tier city power grid in the southern China

MFETRT LB A H, R B KB — 5 &
i, MGRLAETE #2300 8 B K AE J5 THHXAY ELPSO
7 170.02%, L F e A miifE, Hi4 34, et
S0 1 e/ IMEL RN~ 24048 77 T, MGRLALVE IR B
WAZE, 73R4 34, T B NAEXHERE,
5 i S SIE R JE W MR 1. WRTIIT B4
RRE, ZEH T4 50U T MGRLE VST SEBR 1)K
FUAE e LA 75 SR 2 A A 1) PT AT 1 A e AL
PE.

& T TH S AR T R — R E F A 100005
1925 RILE
Table 7 Comparison of results after calculating one
hundred times by 7 different algorithms on a
first-tier city power grid in the southern Chi-

na
P etk RS -1
R mME O FNE &EKE
GSO X 213564 213775 213961
GA frhl 213491 213771 213925
MGRL 7z 213446 213742 213912
BBO  £Edi® 212742 213383 213809
PSO  #dx 210511 213200 213780
ABC &R 213461 213608 213755
KH &£ 212102 212957 213605
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