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Analysis of Collusive Behavior of Generation Companies in Power
Market using Game Theory

Mohammad Azim Armin, Habib Rajabi Mashhadi, Mohammadreza Lotalipour

Abstract: Power Market, due to unique characteristics of power system, can not be considered as a
competitive market. It is much more like an oligopoly market where small numbers of Generation Companies
(GenCos) compete to supply the market demand. It became more obvious in 1990s and 2001 as some major
crisis hit power markets around the globe. In such a situation, the ability of market participants could raise
prices over the competitive level. On the other hand, there is also possible GenCos collude and as a result the
market prices rise. The ability of raising the price in collusion is highly dependent on price elasticity of demand.
In this paper, at first several reported recent research works related to the collusive behavior in the power market
are reviewed. Then, an analytic model based on game theory is proposed to analyze the behavior of participants
in competitive and collusive market states. Using the proposed model on a simple system, variation of the
market price in both competitive & collusive states are investigated and effects of price elasticity on equilibrium
point in a collusive state are studied. Furthermore, the numerical results obtained from the proposed collusion
model and a monopolistic model of the market, are compared and the differences are interpreted.

Keyword: Game Theory, Nash Equilibrium, Power Market, Oligopoly, Collusion, Monopoly

b ] i o g amios o013 — 01 B3 51l 5 J ST Olentige ezl o 557 e Slgte o o WO 1 0dgs sk 5


https://dor.isc.ac/dor/20.1001.1.20088345.1389.4.2.5.5
https://joc-isice.ir/article-1-135-fa.html

[ Downloaded from joc-isice.ir on 2026-02-21 ]

[ DOR: 20.1001.1.20088345.1389.4.2.5.5]

A b3l 4 ki 6SaSTL G Lk s s 5 il 5L g5led e

)}iML’;)M‘LS%@)W‘W)TV‘?BM

5 s 03V ogde Bl olh gl Cndl (63 5m cdly g
kjoh)‘j‘6‘5)}}5\j(»§d‘£5?)}v\7-‘3&u}5L@&)c‘aw
S5 g3 cpl wl L awitige OT G, Oblsslazsl Lo yls Canl
.[TJ.,\Zla:;;hiJ.ﬁb)\jng).\Stﬂ.b

L 1k Sol Sl esliale g s ogde L Cad Sl
o b bty eled O e anad A5 e ety I S
SB e ol 5358 s cad hll s WoT 51 S5
S 53l 85 Do e Do b et S
bl By badsly 5 3l s badsly o b5, iend
S o 1) o s Kl a3l ogm Il S 2l
K e (Bl5 b Gl Sl (Sen S e a5 YL e
LU pa b S IS Gl bl S ol s S 5,5
(ol odalin BB 5L o Jlesl 53 40T Oy o0, 5
ohs) SIS 30,8 el p0les T B e s pmb S
il epso 5 Qb ol sl (34 e JSE 4 S5 5
b s e Lyl 3 13 s Jlasl s i en 35,8 (5 13k
Ol ol S5 3 oS Il 3 sl I 56 Wlg e slsle s
il s o Al 6 Ken Sy 3 badsly &S 5l 54
@YU lie 5 4 Lol ps le b s b e 03 oy e
LS

50T ous Glles 5 G658 IS8 55 Jl p 0 Ll
Sy 53 Lol liie Jlis O gie 4 .tidl S0 56 a5l g e Jlolse
2312 5w Ol S plawil 487 5550 eal b )l 5 Ll 5 g 2l
Spw 355 Cead S LG Wls bl sty oSl ol s sl
L5 oo L 2l K5 b iy T oty 5 150 31 5
4 LS g 1y G ol s bk sl ey el o u
w,f;;)}..auu:ﬂlfk):bqswumlfdhﬁac)lﬁ;
Pt 03 g Al T s Gl G 055 53 (sl s el
DL bty o S 5 b K I gy S sl S
3 e 5 odaTys Guded Cl a4 SL5 alT b 48T Sl o otaliie
IF] et ok a8 o 5losbas olae,ss

Sldas 355 00 sled a0 55k &S Sl ol 31 Gs 5L
OT s Y Cunle 5 ol STl Lasl5L i 5 0T 0,50
sl 35 slad 4 U sl JTedsl dowe 5 opl 35 ol [ Sa

Gl OAs Sl 4 WIS e L s Lol [2iS 0s g YL S

* Tacit

B ool S g8
@iy bl
R oty A 5 Ol e
P Ak sl Ol e
RO 98, el 5L eSS s W g
Gi(R) S S Ay e
Ao SN b sd e
Bi(R) Aoy S b slgiiy
o Sk s S
Po bljﬁwswcuﬁwyu,z,c
Ap; B L 53 Cagd gy Sl 5 i
ABC S 03 Db slgiiy HMs )3 ol Bl 5 ok
A7 Aol 3 g O e 53 i

dodo—)

Cood Wil 5 5 A5 oy (B 265 L eSS s
L3y ek 0T K Ol 4 5 s 515 6 S 1y 15k
b 58 Wbyt W Lol b oum 3 58 Ll Silys
Lilys ol 5a VS e S5k Ced a5 L1y 05 5 il
Cad Loty alg auja goe SO b bl p g aig Sl
O ol 68 i a5y e 3 6 5 Wl 53 gn el 1L
G-l a5l 3 50 Ca |y Hl5h Cwd B s yls 55 5 a5 (6l
GRIFL L Jos ol Wil Sl 5L Cad (15 Skl oS
IS a1y Ot ol Wi sl s il s (ol S
33 2 S ol b sl 0Ty 1 e W S S ke
] plonil Olejon 15 s e Jus
OESL S ol (g3l PEINRC ATV PG C
4 @8 36 Sl 457150 55 gty inls OT J 87 4 Joles 0T
s 3115 0T Wl 5 3005 1) 55k Cad 2 5 b 53 5 (S
IS w b el ol Sk D508 lls oy YL 26,

e a8 5 a3V 5 g LBl 43S plnil lties s

! Price Taker
2 Financial Withholding
% Physical Withholding

Journal of Control, Vol. 4, No. 2, Summer 2010

AWAR Ol oY o)l oF dom ¢ 287 alons


https://dor.isc.ac/dor/20.1001.1.20088345.1389.4.2.5.5
https://joc-isice.ir/article-1-135-fa.html

[ Downloaded from joc-isice.ir on 2026-02-21 ]

[ DOR: 20.1001.1.20088345.1389.4.2.5.5]

a5k ks oSSTL G LIk s b $ sty S Sledie 14

bl Lo s culgie o) o T e o

T 2 ol 2o 5 (Vs lamil 6K L S slasli &
sl

Sl i 5o 5L (St o 5 g5luand slr 4 V0] 5o
o 03 Sl odkd sl 8 55 LI5L 6K s Cad 5 L e
3 ol G Sl e oS ol ol ateiae 5 Al
el I3k 3 G5 el 15 S

Oy S 5 a3l 4 ki 2550 5o GUS o s Siow 5o caalsl 5o
A5k o3 by s @ g o SVslas Ol b p s 25m 53 2355 00
e 3 Gl odd aiia glad a3 6 8 Slasenad 26
S s o lalols o G5 B8 50 b poler i 5o
B ) gty e OA Gy Glp el edd Je S p
o b (Sl ey e 3 ol g e P 0 el

el 0l a3lizal (g3ue Jlie S (slads g LIS

G5 o5k 50 S 9 b @ -
Sl T Ol &K s s opl s e s

s 5 A s RIS Al dalgt Coeal siS'ES 5
K Sl Ole opl 53 Sl L g et A5 Y e
ol 0355 05 Gk &Sk ST JSs 4 1) S5k s sasS g
35 0ol e &7 0T S g el i 0kiS os Jale g5 Cota
SEUSES 5 o 03 S 4 sl 5 Sl S5dome (55150 a5
s 33 g 032 Vb & S50 e les 5 8 s Jl5L 5o
ot 3l 3 31 (e (6,3 e SRS (sl 4 L
Sl 38 oo 36818l OS5 s el o Sl
4 OIS S peed orr 3 i SFAe 8L
3 503 03zl Lags 3l
2 Sl o, Clob, G lels dagil w b
PN a3l 4 i a g 0 JET 4 bl 3 05 g 5 silies Slao
Sl b D 5 Lokl o me (Bl slabes ) L A8
S 5 OLEL ) 4 pemn 6 s 63k o S i P01k
S5l 5 S o il Lol S o U 5 lags 51 2l 3l 46 sames
Cope Wy B, & e bl OLKSL S e e s
a7 s @b Sl 3 S dal g a OS5 51 a sy o

- Yo . - . . - . oa .
A ikie 5 e b, S 5 3b enT LS ade 1) 55

® Players
% Payoff Function
" Rational

s B S 0,8 Do 0T (bl G S
b (Sl okt SaloE ¢lsil sl G LIk s Lol 2aS
333852554 55 0T Jlae b o 4 el ool Soslie gmio 5 (55l
wir s Dol Al e ey BB 5 S Ul (e ol S
35 ol S o 50 a0T (55K o OVl 5 bl
ladoly 3 wd) LIS Gl iSS arp ol G Gl
il i LOT w58 Wb o O et 3 5 Ssline g4 5
3L Ll Gy Lolil 5l (F s S s s 4 glies O
D] s a8 3 5 ol s 5 0Ll

ks oy Olgr pwl w53 B SLALLL L5 Sl Sl (sl4sas
CSh 55 VA% aas s s 0kl G LL s ol
ji.,\i. L Bly <y, o5y PowerGen 4 National Power e?m
LA s [F] Lo ails o5 5L ol auin 51 VL 1) s
33 BES 2 ) (ke &5 2k o8 Yer) 5 Yern ladl
53 Bleal 53 0] 555T 5523 1y ol Ol &0 W 5 el 2l
Sobsss 50U L e, i Iberdrola 5 Endesa oS5 oS %
3 [P] Lsls oS rL’u‘ W L Cad galS 6l 5 LS s
G Shalgity Wl L 55 el 55 0S8 b LSSl
&8 4Ol Swd 03,3k )3 (w3 g A RalS 5 YL
V] Llazils 5

W 3L Ol wie) ol 53 8,8 plowil sl bl U
o5 s 3 Jlo L j3 4t pl )3 el rl:uld?lj._.bﬁ sba,ls i
el okl plol (Yo )y Yoo Jo 53 L, Ol e 55, 51 e
j“?_ﬁ.w‘@uM@k’;‘sbﬁj)jlébbéu\‘irl?d‘éu)g
03 o dlastls Ly a5 A SN 58 A F] YL
S 55 Ol 5,5k Conds cdasl 5 o 5 gy p 4 DY ]
5 ol gl e le w4 aslsl s SR el okl als
23 Sl ol oylal Gl slid 05,8 e Gl Saleiy @)
A3 Wl L G TS SL SE i 055 5 S0,
S L ods aw SV ST 53 Sl 0351 4 5 5590 ey it
Bl Do 4 AT ol il e Lges sla s,
350 00k 03 o sl Gy GBS g edd Gleas
Cond ol dagsiloans ol 5 [V 5 VY O] 5,8 15 addllas
SE 03 Tad Sl dolee UL s 4y 50) (285 Slize 511
ot Eomy 5L Dl b L5 sl 3se 45 5 ol okl adlly

g b s lodh o3 sl oy Jalae L5 VF] 3 e

Journal of Control, Vol. 4, No. 2, Summer 2010

AWAR Ol oY o)l oF dom ¢ 287 alons


https://dor.isc.ac/dor/20.1001.1.20088345.1389.4.2.5.5
https://joc-isice.ir/article-1-135-fa.html

[ Downloaded from joc-isice.ir on 2026-02-21 ]

[ DOR: 20.1001.1.20088345.1389.4.2.5.5]

v b3l 4 ki 6SaSTL G Lk s s 5 il 5L g5led e

)}iML’;)M‘LS%@)W‘W)TV‘?BM

23 odd o3l QL Hldas .3 S Al S 55 LSl (63 g Dy g
23 Sl B g A LS 5 gl o a (8L 2 g o Sl Al e
P gl oS L TS @5 oS ml Sl

el S glaze

Bos19 oy 25 b 5L Jow-V

i b Aol 93 6B jlasl L SO s badsly sl
s Jol8 8y 5L ¢S L aslin 55 LOT sliw Jl= g bl .ol
Wl S8 i Ll 15 S 5 Gk Sy Al e S
a1y by 8 56 Ol Ll g ola 15 ) ¢85 ol 0
s i ol s Ol 4 1) Cad Al 5 0 9y ol S 9 Bls

23 e A5 el &K IS 6 Ol pe s s
abLl Pl o @l 5 Jie 6 ki Jlasil 5L &K
i%ﬁi AR5 53 43 (g4 pa
Ci(Pi):%HZ"'ﬁiPi +7i m

bl 2Ok & G b sl b s S slgily ds ol
S g 0L (1) sl
Bi(R) = iR + Bui )

as o i ) 35 Cad e G g B Lltie i L
b s e gn LIl 1) Coad I (galgiin e 31 o8 05 WL L
ATy L s s Y s Ol OT S L WS,
O3k ety o S 4 5 Ll BL gl s Sl das

85 Oy 4 A8l 4aS (55 ) el a5 655 8 e

N
min 2. [ (@iPi + By )P ™)
Poia

Sl sl (6551 0diS sl (Gl S sluas N o(F) dslas s
Sl a3 A3y Bl e s A ke (G 5t el

B 1 el ) S 4 g 1 Kos

N
R =P ()
i=1

1

A5 S e g Jilo jlie (gl 9258 dly 2 sl e
Ko 2l 536 sk 8 5 55wl S

p < pma )

Pi 2Pimin ¥)

4 cooperative game
' non-cooperative game

Mol bl i sl b ab oS 4 e L 1L 0180 51
4 ope S L s 35k S g e WOT b S 58
Gles 2 ool ool 050 S 33 8 eows 0150
g e OS50 Jasl s ol 3 asd e Sl LOT L, "0
el |y DSl o e 5 e s A S 311 5 g Dl s
Sl O3 e ks S s 1wy (315l Ol ST ins
e dale I Jales dais 6 slls (5L 3,8

gl 5 Sl dalg dall 1 Ol s b 03 VL
o O A (b e 50 e S alall ) LOT s an
3 a3l b b 5l a8 b L o Sl OV puama JLS
M6 OB 5 s 138 il e 1) Ui Bolie
S s o K L s 3 6 5,5 dal g s 35
il b B3 Ol ) A5 sl b s RalST ) s
S Gl S oyl Ams 1 |y s g amd y5 5 s
b G S 53 S5 (sl pmanal 351 3 1) OB S A 5 o) g
L) ol plasl SIS b g S 0 3350 0 uldy gt 4 0T &S5
b i s s S5 s B ol 535l e 905 (Bl 5 ks
3 ol ey ST clasil 6055 00 5sS
o8 dal g S By Sl 51 5V 5 s iy ld G5 4 plG)
b G155 Gt 5 L5 5 S oS 2l o s O () atien
o U 3L OT Sl odd i Sllie ) S S slgtty
3k st 0155 Ll 5l o ST OT S UL ) s e
Sl S5 Y dpuer Kol

S0l S sk -Y dos

Compete | Collude

Compete 0,0 2,-1

Collude -1,2 11

2B LS5l 5 e 3 A LS 5 g5l b ol s

Boa bl (Kae bty Sl ok esls OLis Jad O g
Gy 1y 5L s3le 5 (SUl 3w Spgo opl 3 &5 TS 2,
I e s 4 KU L G5 o s b aysT sl

ol 93 &8 Ljla py dbiad 2)YL Gl A e 25T L

8 Equilibrium

° Rationality

9 Dominant Strategy Equilibrium
" Hawk & Dove Problem

12 compete

3 collude

Journal of Control, Vol. 4, No. 2, Summer 2010

AWAR Ol oY o)l oF dom ¢ 287 alons


https://dor.isc.ac/dor/20.1001.1.20088345.1389.4.2.5.5
https://joc-isice.ir/article-1-135-fa.html

[ Downloaded from joc-isice.ir on 2026-02-21 ]

[ DOR: 20.1001.1.20088345.1389.4.2.5.5]

a5k ks oSSTL G LIk s b $ sty S Sledie A

bl Lo s culgie o) o T e o

23 dols a6l edd awle A5 OVl LALST W1yl 5 (g

T on e s (VF) sl 51V 0) 5 (1)) ke

o 0 - 0 -1TaR] [-as
0 :

: 0 D= : (\Y)
0 - 0 ay -1|ARy| |-4By

-1 -1 -—a| Ap 0

g ) JSE 4 Olg e 1y S s J e Sl
AP+ Afy = Ap
AP + AB; = Ap (¥)

anyAPy +ABy = Ap

N
APy =) APj =-ap (%)
=1

My O (xS 4 (VW) OVl ol Jlasl

T dal g iy S

AP =L ap-—ap,
a oy
AP, =iAp—iAﬁi )
aj a;
AP, = Ap——L A,
apn an
18 Ol e OYslae s
AP, D0 _AB
aj aj
(%)
1 AB;
2. AP =[Z—_)AP— =
j#i j#i ] j#i ]

35d o a5 B0 dlas (gl oS

A AB; Y)
aq A @
AP =" AP;

j#i

25 IS8 415 (19) S¥slen 015 0 (V) 53 o planil oy 5
5 o 53t
aiAP + AB; = Ap

a_iAP +AB; =Ap OA)
AP, + AP = -ap

Al S5 5 S 4 dlis o sl 515V b

L=i[(aia + B )P
= )

N N .
*/{ZP. - Pd)* > (R - R™) + 4 (A" - R))
i1 i1

(S o 3 6 S e 5 SVslae o 58, VU S a s
368 Gria b bl b b slalslasls 558 ples o 34000 25
oKos dslee e (P (loatg bl 4 Cod G dilae
T or s (A) SVl
P+ fy =4
anPy +.ﬂbN =4 w
ipu =Py
i=1
el ot Olge A e Sl Vans Silodig S )3
Lol ol 15L Cad s 63,1187 i 31487 S o oslizal 51 S
Sl shig bl s Glp P i ) ool Cole s
odd oslizal A gl 4 p ;\}gduﬁa\,acuﬂup&u
otd 58 55 () dolee elul  Cud 4 b (Sels Lol
1wl
Py =—ap+b @)
3 W) dolee LS5 Ll S50 4 sed Cnd P Aslae ) 5o

Wby ) e le JKE 415 (A) S ¥slee oS Ol 5 oo (4) dslas

aq 0 - 0 -1|R B
0 :
0 =l )
0 - 0 ayv -1||Py = Pon
-1 -1 -afl p -b

Gy bdsly sh jeas 2B, lS L K L S
o S5 415 55 5 e (S 3 g 2 M L
2l 8es 0l gh plp 5l S b 0T (il e b S

Sl 0l 035 OLES (1Y) doles s C,.ay

@ 0 - 0 -1||p° -B

0 :

: 0 Col=| o ay)
0 - 0 ay -1||RS°| |-Au

-1 -1 -aj| pd° -b

Wl (V) Wslae 53 Jgl 4 )s dex gl B dslas ol s
w:%@u):lyjlu;fjlmgpjajw4,.6-,,.11{)
SlAas oS Cnlins ol (V) dslan 530 e 5 YL (550 Cds (ol

bl e slgis bdsly oS ol - gl ool Sy

Journal of Control, Vol. 4, No. 2, Summer 2010

AWAR Ol oY o)l oF dom ¢ 287 alons


https://dor.isc.ac/dor/20.1001.1.20088345.1389.4.2.5.5
https://joc-isice.ir/article-1-135-fa.html

[ Downloaded from joc-isice.ir on 2026-02-21 ]

[ DOR: 20.1001.1.20088345.1389.4.2.5.5]

4 b3l 4 ki 6SaSTL G Lk s s 5 il 5L g5led e

)}iML’;)M‘LS%@)W‘W)TV‘?BM

o8ans o 51 o nd i) K p ly OIS 40 pae

A dal g e (Y0) Y¥ola

a1y o S5 e B b slk-F

3 65 4 315 o 515k Sty 1 S a7 A5 S
B 55 (1) S V¥les o5 31 dltns ol odins il 31150 511y 555
b mte | doly Cad slgiin Hhtie Ll 45T |y ol CaL s
G5 b il 5 o I 5 2l ol s dal gttty OT WS 55 sl
| ety y 0 4 Ly cpl aslsl bl (25 Jobes dlai ) sl 5575 s
3L 0Lk s s 51ty 0T A5 2alS o715 55 dal o
Al dal g el

R pll S 2 el O s badls b ST Ll
My Al Ol p Ll Cead Sl R b 3 5 Cad
ST S 5L sladels Lle 1) gosm 5 435 iy Aoy a
A5 0E Rl 5Lk sty Cub aes S ) s Ay
S 5 Sl e s sl sl 4 bl s
A el fol 0T Lo w0 51 O wS s e

S Al Jas 55 IS 4L sl cu S

AB = AB +AS°
AB = A +AS°

(Yf)

Jsbes dbas y3 0 Aoy Cd 2ol Ol e Aﬂi* (YF) dslas 53

SB 03 ekd Bl Ced Rl e 5 Sl (2B, LI 5 A
o B Pl 02 s el st (TF) ol Sl &S Ol 0T .ol
b o G s a0, Vb sl Bl 65 a e
IR Ol 93 S 1 b2 8 al ) g ISk ol e

(Y0) dsbne IS8 4 550 S 5 B35 Ol OS50 Cond slgring

S el i
Ap = AL i +a_iAf;
a +a_j +agia_;
_abBi e gt e
o +a_j+aca,; o t+aj+aga;
=Ap +Ap°
_AB : Yo
AP = AB; — AB; aa_; A (Y0)
aj+a_jtacie_; o +a+aga
= AR AR
AP, = AB-AB ag AB;
o +a_jtaga. o t+ajt+aga;
= AP", — APS,

sdalive BB 35 (Y0) dalas 53 5 Conl okl ai€ o5 5 5blen

gl 22 4 e QBT 5 e 28T g Sl oyl 3 ol

G e S L JSKE 4 e s ok lis o Coda S
S 5 LS eslamul OV sles atws ol 015 g 0555 3 g 5 YL

Sy ) dslas 3l ol g S5 Cad ) dingy ok e G2 SV slee

il e
—[Za,i +a; +aa_j(20; + 20_; + acja_ )]A,Bi 0
+(ai +a +aaia_i)a_i Pio +a_jAp_ =0 )
bl o 03,551 dasand 53 dslre ol S| 5 SbCws 0 g

aslan N slass 5L sladly aen sl 0T (pig 5 SYsles Loy

58 Ly S .Sl dal s 5

oy 0
A= (Y+)
L0 (2}
3
[ 0
A= (¥v)
_O %
2
K =2l +a(A+ A))+
0 (YY)
Y
— — -1 0 . :
AR +a’A)-AlL 1A-l
1 10
Wby ) JSKE 4 Olg e 1y (08) dslas
ABy pl0
A _ _ 0
K| 2 |= A+ R+ and) 7 (¥r)
ABy Py

4o Sl Cwd Ol ks ldie 8L 4 e B dolae
ol 31 Bl b bl 5165 en o7 (g0 4 35 Wl ad
TR [ PP VIR P | CU- TPV PRI S
LSk 6 5o el (B Jole da ppgie Oler 550
355 g Sl S e s OLSSL A 0l L
oy d a5 LD (Sen el 0 L 65 8 S 05 -
s pll |y OS5 S Ol o 0L, 6
dolas a4 OLESL as (S 3l agnly o2 g 48 saome lins]
Al @b 035 fe Gl SN p s A8 Al e
Syl ey e 2 OS5 5L 51eS
slgi 03 Ak o (5 e e d ATy Sl Gl o e

Sl s el dals Gy (V4) Wslas o Sl cdady o 5 Coad

Journal of Control, Vol. 4, No. 2, Summer 2010

AWAR Ol oY o)l oF dom ¢ 287 alons


https://dor.isc.ac/dor/20.1001.1.20088345.1389.4.2.5.5
https://joc-isice.ir/article-1-135-fa.html

[ Downloaded from joc-isice.ir on 2026-02-21 ]

[ DOR: 20.1001.1.20088345.1389.4.2.5.5]

a5k ks oSSTL G LIk s b $ sty S Sledie o

bl Lo s culgie o) o T e o

@l’&s Soe Gw)ﬁ—o

Lo 15 o 3o ke S il Lailsy i OB B, s
23 o ol s ol ok sl [WV] o o 3l s3de i Bl
S0 Lol gy 5 eslazal b Jsl Jide 5 55 oSl ol &yl 23w 15 90
BYRCIN T W K P PR S 0 S PO PRI S VPR Y-
0303 OLE 5 ol ok dglie (6 lamil Il b G5 cp3 2o 5
S DAL 3 6 Ol lamil &K b L5 2300 Jslan el 0
RGSOW LS H L
213k Sasly o caly -1-0

25 IS 4 3 53 i 3a Wb b e S e Loy 5 5
Loy NS 4 ol &K 5 L S Ad: el sl

Cy(Py) = 561+ 7.92P; +0.001562R2
Cy(P,) = 310+ 7.85P, + 0.001940P7

S s 5 Lol ot
Pd =-50x p' +1350
O ol ol ol o Ol WL Jle ol 53 Conles s
O rseke OOl 5 ol slul (gl bl Sl 5> RSl Ll
STl (b L L LG 4 G Lo ST L L Ll e

sl s Ol 5 IS s Al o sl (6550

0003124 0  -1TR] [-7.92
0 000388 -1|P,|=|-785
-1 -1 -50| p| |-1350

el s 5 B 4 G SYslae J-
P, = 477.20, P, = 402.26 (MW), p = 9.41($)
dslae 51 ol dbais Wi Lol 150 53 35w il sl
T sl g s (Y0)
35359 -1 Tapg |_[00076 0 [477.20)
-1 39727)Ap,| | 0O  0.0076] 402.26
AB =1.34,A8, =1.11(3)
55 el i b Cwd i 0T ams js oS
Apr =1.14($)
bty 51 o A 5 e e(oolgiing Snd 53 oS al 1 o
D5 Ml i 5 e
AP =—64.71, AP, =7.80 (MW)
Gloli S 51 Dl o&e 05/8Y Hlis Lol 5 opl 53 Gl Laetee
Ot A el UL Cad 5L lne STl a8 1L

el ol ;S &S Uty A 5 51 Ol Ol e

5Bl Al Bl s o K 4 S o dal e A5
Sl ool daT s 2alST (godo b Lilg o Caadd 253l oy
BB I ol g ssw Ol T asly gl ST Ol 1y is

1! dsloes

A = F‘,OAp+(%AF1, +AB jAP,
=R(ap" + a0°)
+[%(AP.* ~ARY)+(AB] + A/f°)j(AP.* ~ARY)

=R%Ap" + [%AP,* + Aﬁi*jAP,* +ROApC %)

+ (—%ARC + Aﬂcj
+ (%AP.* v ](—Apf)

+ [— AR+ Aﬁ°j(—AP.°)
= Az +Axf
Jis Sy Aty o8l S 53 g I Ol AT
Oly S¥slae 315 (55 Jsles aba B) Sl 55 Cd 05 YU s
don 30 dgw Gl Jlie LSl ales BB Ee S 5 ol
Oty &l a8 05,2 W (gl G5 S s ol e S5 8

s

o +a_j

Azt = (RO +AR) AS°

o +o_j +aga

+ (—_ = jAﬁi*AIBC (V)

o +a_jtagia;

aojo_;
ata_j+ ! % Aﬂcz

+(-aa ) (a +a; +aaia ;)

B ity B G5 55 S 1 ol 3 Ol ol

T sl oty ABC s St Sl ey

oAxf —0—

oAp°

M = |Gt (mo, ag)- ag }
i +20_; +agjo_i | ao_j

23 Ay Cnd LRI 5lae &S s e OIS (YA) dslae 5 35

P PG [ PR AR AP U PRPT P Kt
Or sl dlis S Cale ol GBSl s L Gladsly
S s 0 G315 038 &S5035 (6l S K s ol glausls

el b BB 0T > 5 gy

Journal of Control, Vol. 4, No. 2, Summer 2010

AWAR Ol oY o)l oF dom ¢ 287 alons


https://dor.isc.ac/dor/20.1001.1.20088345.1389.4.2.5.5
https://joc-isice.ir/article-1-135-fa.html

[ Downloaded from joc-isice.ir on 2026-02-21 ]

[ DOR: 20.1001.1.20088345.1389.4.2.5.5]

o b3l 4 ki 6SaSTL G Lk s s 5 il 5L g5led e

)}iML’;)M‘LS%@)W‘W)TV‘?BM

fpow):gsgﬁ@caﬁ)sdb*gjnﬁ
03,8 Sype N3 A Cad (BBl Bl S sy s
D87 Gy 1y W5 5 Cad Sl Ol e (YY) S¥slee ¢SS
o drloes bkl s 51 eSS a5 2alS SVsles ol o a2 s
o
APF =203.94, AP =164.20 (MW)
Wl ) pldae 4 55 550 gladsly 5 g Cwid i )
7 =1458.1, 7, =2043.4(3$)
Lo le ool s badolg 51 eSS a7 s o 0li5 B b ol
o S S S ) e S e ) et S el
A3 G 3l s sl Al ) e Glassa a5 Sl g
.lal:J)\ A?;C,..»\ eé;b\ﬁ \)AAS:}..S-LAT): LC,.«.}QAXYL)
#Ja&):h\.@lwﬂ:):v@}sL_}C,.a._j)l.\.é.a,asggjjs
@ by Sl (S ol B 40 4 5 RalS e ol ol
e M55 ol e 1y I gl oS LSl (53,150
Q‘J:@.’J E) LAAL?;.«: ‘_gtj @U 03 gd>wa )l C}J> Lol d.“JJf
s> 4y 3n Wb 5 WL 5168 @ Jilas cpl ol et a5 5l [t
,@\a.&i#;}ﬁa-\—jtlg;i‘):&;}.:
Slazsil dwlio yo Jbs -F-0
bl OBk 00 ol S 2l Y A Sl Sl IR S
bbb 03 bl s doly 55 US55 e dals SN VAN
Al 53 ol e Ok b s o Sl S olamil o
) alie 4 8 jlaml s ) altes ST C b 0S8 oK b
Pabe b
max(R - C)
P
oty Slas b g bl OT 438 C 5 5 lasil LT3 R
- Y WS Y - BTN
o
max( p(-ap+5)- X (SRT 4 A 4]
sl 1355 0T (6l b el A &S
ZP, =-ap+b
sd e b s 5LEY dalae Ll ol L
o
L=Z(7'F’i2+ﬂipi+7i)—P(—a,0+b)—i(ZPi+aP—b)
Jrol 25 SVl o8 0T (sl byl S 515V b Gt )

JEWIRTAPES

Jb slva1y o (S -T-0
bl S (Bl 4 b ol 53ty g3 Sl Ses
AL b e 052 Vb 5 (w355 (o3letiy d e B3
1 bty 51K pn (@l 3 m 4 Lo o S¥sles O 5 oo il axils

b (Y4) ahsles 51 eSaSTL SL5 55 5 >
Arrf =345.7806x ABC — 24.4775x Aﬂcz
A7 =354.2897x AB® —19.7082x Aﬁcz
S 3l ol g 8 Ol SOL G ods wxd g dalans 5
Olatbes jgoee 53 dolae 95 oy o AR Ol 1y adsly oy
gy 4b o S8 5 Teed RIBIL 5 s i edias 0L Wl 5 0
a0l Ty Lgy otV ISKE LU 150 55 Ty 53 (6l
318 Sl 1L sladsly 5SS a6l 3w o by I
JB () dsban alal Sl et 50l o) sla S
1 dloes
ABf =17.06,AB5 =8.99($)
Sl g 4l Hlude 53 5 ge gl s 4 S Sl jatede
o 5w Dlojea B Sl el 3 s R I R PR
DY 8 sl s A JldEe 95 Aoy gl T 2l sy ol
Bl 655 wal e Sl ol s & Uy ST S 5

Aas Eals VsV ldie G 4 |y 0l plxl

SRl LG ey sl S5 51 ol 3 s iSOl =) IS
5 a8 LIS 1y Sl doly 53 8 45 3yl 5 Ol
03 e 5b LS Gilg (¥ A ) ol S e oS o
5 > J;.:‘Js‘ b ‘:”""’}? U )J‘: P ) J‘,L“; &)‘3-‘ c_g) am-a\:.]}:
plosl Cad 2alS g 5 AW sl eSSy ol Se

S S 4 e B bk Ol Sl ol L8

Journal of Control, Vol. 4, No. 2, Summer 2010

AWAR Ol oY o)l oF dom ¢ 287 alons


https://dor.isc.ac/dor/20.1001.1.20088345.1389.4.2.5.5
https://joc-isice.ir/article-1-135-fa.html

[ Downloaded from joc-isice.ir on 2026-02-21 ]

[ DOR: 20.1001.1.20088345.1389.4.2.5.5]

a5k ks oSSTL G LIk s b $ sty S Sledie oy

bl Lo s culgie o) o T e o

b Il 03T Sty gl GYslae 5 S35 I s
In SN e s S8 wo lamil L 53 a5l fols
03587 53 35 Geivs ol ol SIS Ll w1 (G5 ) badsl g s
ol ol

5313k las 4 aloma b 68 S50 S p3 cd @
Sl Sl Jo 03 el o e s SeS Ly (26 Ll
S n Luls cpl o3 edd esls 0L W3S 15 gy dye
S o L il DDk 53 555 Do Ol 4 aie Ladly
S G 4 2 5k e e 53 (6 A g mlan b ity
B{E{FRCIPRt I ICIN SO R PR vNNCH I | AR
el ol sl Lo 287 5 kol a2 w5 L Jltie 4 a1
s gyl Sy Al &G L alins

3L 61508 053 (b5 ey S5 S 53 Zad I @
355 oo o 15k Sladerls 5B Ol s O pme b

slaslg 5 S SIS O (U Cwd JlBI Ol @
b 39l Lo i8S buy ol

oo iy B3l bl 5Dk D3 S Il @
fod () I ol iy e o758 e 5 L Ll ss 8 e
et e S5 3 By Gl 0T s DL i
Sl 47 s oles L5l slademls 035 dy Sy po a5
Sl 4 el ol L LOT s ol MR b e
el Ol (g3lgiiy Cnd Jpd 55 58 pile ol (sl e
Oem el Seed B OBl s el S 5 05y 4w
e e i 53 aad ol bl 05V D0 k23 8 e
A3l ails 515 ey plad 5 g 5l jlo

I s 4 by b S 03V G5 5 @
}‘&@‘QSMJADM%J;@Q)NJ’U’P’}“
FOLE oty 5 Olie 5 b (227 5051 gladly A5
Sl 3 1y L glade s den o8 Jlasil 5 opl 51338 eny 58l
6 3 S e 1y s A Ole W5 e S5 S g 20l
o303 Olas (gade e &K bl iy S 1 jleassil 3 gu dlex
I olaml o 4 S G5 Sl 3 b ST S 2
31 slassl 4 sazme 5 5u Ol 5 IS 593 sliie (s ol 4l oS

RO TR

> P +ap-b=0

aiP + i -4=0
2ap-b-al=0
ol K 35 S G o

a - 0 1 - 1R B
-/ ) =b-al :
0 - a 1 - 1])P, Ba
_b 2R
P37 a

G SVsle s sliel (il b aks esls (3de Jbe (sl
A5L 53 bty 51 6l 8 A 5 Olee S obamil sl ang Cond
PRt e
P, = 243.71, P, = 214.26 (MW), p =17.84
25 IS8 4 a5 g ety U Il 5 aelie gl
1wl
P, = 208.5, P, = 245.82 (MW), p =17.91
sl b4 L (Sl 5 Cwd T s Ol5
sl 08 Lol 55 (oS ol 4 mete diees ol Sl 28T S
O 3Ll )l ide plasil o i as oo OLES bl sl 40T Ll
S &Sty Glasst Sl 3 S5 M el 15l sladl
SV das oo plowl 1) (52 g Sl (5500550 45 b s
:.,\J_Tsa Sy i r.::)f deloes Hlamel 5 g
7y + mp =1780.8 +1756.4 = 3537.2
Sl s QY Y0 0) S5 53 35w g saes S 2w opl I
5L s S 4 ol Hleassl Sl 53 3w il 53l edias Ol oS
0T a8 bl 5 015 g sl ) ooled awslia ) &5 53
Coyge s Jg.i 4 b dpw Gl bdsly SW S s &S
Az n S opl 5 dBL At ol S Jol s 0,8 o
4 il 553 g e Ll Sl 0 2 o slammil o 1 a0 e

AEL YL Ol OT

S 5 o -
O R B P PS5 P T3 W = P P
O Sk I G 53 b e 48 i slasil 15k
o SU e e Ol b By Kl Jols ol
GBS ol 1) s 1 el Ol Lol 3L 1L slad
DL ety el osls Slias dlae - o RS SOl 5 Cudls
L Ll Ol ) Sk Ceed Al e 255 L L 4 ST L

ST NS b s cpl s dias il 5L 5 1y s s &S

Journal of Control, Vol. 4, No. 2, Summer 2010

AWAR Ol oY o)l oF dom ¢ 287 alons


https://dor.isc.ac/dor/20.1001.1.20088345.1389.4.2.5.5
https://joc-isice.ir/article-1-135-fa.html

[ Downloaded from joc-isice.ir on 2026-02-21 ]

[ DOR: 20.1001.1.20088345.1389.4.2.5.5]

o b3l 4 ki 6SaSTL G Lk s s 5 il 5L g5led e

)ﬁMu)M‘gwﬁjwc;ﬁ)Tmﬁcw

[11] Frezzi, P.; Garces, F.; Haubrich, H.J. “Analysis of
Short-Term  Bidding  Strategies in  Power
Markets.”IEEE Power Tech, pp. 971-976, 2007

[12] Tellidou, A.C.; Bakirtzis, A.G. “Agent-Based
Analysis of Capacity Withholding and Tacit
Collusion in  Electricity  Markets”, IEEE
Transactions on Power Systems, vol. 22, pp. 1735-
1742, 2007

[13] Feng Kong; Hongyan Liu. “Analysis of Market
Power of Oligopolistic ~Generators.” IEEE
International Conference on Services Systems and
Services Management, vol. 1, pp. 7-10, 2005

[14] Cau, T. D. H.; Anderson, Edward J. “A Co-
Evolutionary Approach to the Tacit Collusion of
Generators in Oligopolistic Electricity Markets:
Piecewise Linear Bidding Structure Case.” IEEE
Congress on Evolutionary Computation, vol. 4, pp.
2306-2313, 2003

[15] Cain, M.B.; Alvarado, F.L. “The Impact of
Uncertainty on Incentives to Collude In Electricity
Markets.” IEEE International Conference on
Probabilistic Methods Applied To Power Systems,
pp. 433-438, 2004

bl 4l 5 (258 S el Slprtasme gl [[V5]

oKty Sl 5 SHLES] dn g 101 e 3 “Slhes s G 2
WAY Ol Lgs

[17]Wood, Allen J.; Wollenberg, Bruce. Power

Generation, Operation, and Control. 2" Edition,
New York: Wiley, 1996

oo s bl (655" 2l s (TS Jome e (e ka VA

YYA? r}.:s_')‘.? oy L2500l Olelo B s\aifgdl{j_}iu\:iw

&y

[1] Emmanuel, Rafael; Macatangay A. “Tacit Collusion
in the Frequently Repeated Multi-Unit Uniform Price
Auction for Wholesale Electricity in England and
Wales.” European Journal of Law and Economics,
vol.13, pp. 257-273 2002

[2] Stoft, Steven. Power System Economics: Designing
Markets for Electricity. New York: Wiley/ IEEE
Press. 2002

[3] Harrington, Joseph. “How Do Cartels Operate?”
Foundations and Trends in Microeconomics, Vol. 2,
No 1, pp. 1-105, 2006

[4] Sweeting, Andrew. “Market Power in the England
and Wales Wholesale Electricity.” MIT Center for
Energy and Environmental Research, Aug 2004

[5] Jaskow, Paul. “California’s Electricity Crisis.”
Oxford Review of Economic Policy, vol. 17, No. 3,
pp. 365-388, 2001

[6] Fabra, Natalia; Toro, Juan. “Price War and Collusion
in the Spanish Electricity Market.” International
Journal of Industrial Organization, vol. 23, pp. 155-
181, 2005

[7] Liu Dun-nan; He Guang-yu; Li Rui-ging; Chen Xue-
ging. “Analytical method of Supplier’s Behaviors in
Electricity Market.” IEEE Conference on Power
Systems Conference and Exposition, vol. 2, pp. 881-
885, 2004

[8] Xiaohong Guan. “Gaming and Price Spikes in
Electric Power Markets and Possible Remedies.”
IEEE International Conference on Power System
Technology, vol. 21, pp. 58-58, 2002

[9] Liu Dun-Nan; Wu Ya-Guang; Jiang Xiao-Liang; He
Guang-Yu; Zhang Hua-Qing, “Key Performance
Indices To Monitor Bidding Behaviors In Electricity
Market.” IEEE Power Systems Conference And
Exposition (PSCE '06), pp. 1156-1161, 2006

[10] Wu Wei-Ku; Wen Dan-Hui. “Preventing Tacit
Collusion in Chinese Electricity Reform,” IEEE
International Conference on Service Systems and
Service Management, pp. 1-5, June 2007

Journal of Control, Vol. 4, No. 2, Summer 2010

AWAR Ol oY o)l oF dom ¢ 287 alons


https://dor.isc.ac/dor/20.1001.1.20088345.1389.4.2.5.5
https://joc-isice.ir/article-1-135-fa.html

[ Downloaded from joc-isice.ir on 2026-02-21 ]

[ DOR: 20.1001.1.20088345.1389.4.2.5.5]

L3l a5 SSTL G il 53 s (sladly S5 (g 3ledute oF

bl Lo s culgie o) o T e o

Az = POAp+ [% AP + A, jAPi

2 2
(a,i + a% +vaga  +2 4 a*% + aagij
2
= > x Af
(o +a; +aga_)

. 0 . .
+ a_iR + a_iAB > [x AB,
o +aj+agia (o +a +aga_)

&-A)

a iR’

o +a_j+aga_

“
+ —22 X Aﬁ_zi

(ai +a_i+ aaia,i)

+ X AB_j

Coad e 3 o L doly 45 Sl (63 4w Olje dlslan ol

OF e 03,8 attio b bLsol 53 (el 5 2,57 dalssh Sy 555

i b‘}@@\ﬁ@@@dswdlp:w.ﬁuﬁw

bl oy Sl e K hls L dslas a4 5 ol
L el ALy 4 G d3lna ) 3 (6,8 e

—[Za,i +a; +aa_j(20; +20_; + agia_ )]Aﬁ,

v-A)

+ (ai +a_j +aaja_j )a,i Pio +a_jAB_i =0

Rl 5 Ko (F0) dslas

aiAP +AB; = Ap
a_iAP_ +AB_; = Ap 0-A)
APi + Apfi =-ap

45k sladly 4 Ly 5 S ABG (1) dolas o
S Wslae ol 53 Kos Sole 4 das e il i dsly 18

15l 53 Ll ok i3 s 15k eSS 4 S5LN LIk

Ap = GBSt aib
o +a_jt+agia_;

AR = APTARL ao AR (Y-A)
ai+a_j+agja_j oj+a_j+agio_j

AP = AB-AB ag; A

i
aj+a_j+agio_; o +a_j+aga

dlons |y 3550 Caad 5lgiiey i S domly deT 53 5150 Ol e

Z:;
AR; = P,p-Pp°
=(R”+aR)(p" +22)~P’p° *-A)
=POAp+ AP p° + APAp
2 e A § e 53 i s T dely Gl e Jb- ol 5o
3,5 dal g
AG; =
a; a;
S B2 AR 4y ==L (B2 - BRT =y (A
= p'AP, +%APi2
Iy doly &G (gl 35w oi e 015 o Sole 4 05
Ij; dnloea
Az = AR; - AC; = PiOAerAPiAp—%APiZ ©-A)

O eis (0-A) dslas 53 (1=A) SYsles 46 gome (5,10 1> L

T Al g dwloe HlL Gladel g Ccd slgtig 3 ok elel 55w

Journal of Control, Vol. 4, No. 2, Summer 2010

AWAR Ol oY o)l oF dom ¢ 287 alons


https://dor.isc.ac/dor/20.1001.1.20088345.1389.4.2.5.5
https://joc-isice.ir/article-1-135-fa.html
http://www.tcpdf.org

