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ABSTRACT

In order to accurately simulate the game behaviors of the market participants with bounded rationality, a new dynamic
Cournot game model of power market considering the constraints of transmission network is proposed in this paper.
The model is represented by a discrete differential equations embedded with the maximization problem of the social
benefit of market. The Nash equilibrium and its stability in a duopoly game are quantitatively analyzed. It is found that
there are different Nash equilibriums with different market parameters corresponding to different operating conditions
of power network, i.e., congestion and non-congestion, and even in some cases there is not Nash equilibrium at all. The
market dynamic behaviors are numerically simulated, in which the periodic or chaotic behaviors are focused when the
market parameters are beyond the stability region of Nash equilibrium.
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1. Introduction

Some foundation industries, such as electric poaség- theory of economics, there are a lot of differdriadif-
tion, telecommunication, railroad, etc., are tiadially  ference dynamic models, such as the classical dobwe
thought of having natural monopoly characteristitfth model describing the variation of the supply anchded,
the development of technology, economy and society, the Cournot dynamic model reflecting the oligopoly
recent years these industries have been undergning market, the Haavelmo model describing the economic
market reformation tide of deregulation and contjwetj  growth problem, and so on [2,3]. Based on theseefspd
in order to reduce the cost and price of monopoetius-  the analysis and control of the stable, periodid aha-
try and promote the enhancement of social economgtic dynamic evolution of the market economy system
benefit. All these industries have the natural npmtp  are investigated, and a series of results have yie&ted
network with the complex inherent physical propelly  [4,5]. However, the complex inherent physical pmbpe
which the market participants can provide commodityof network and the particularity of market trangactin
services. The complex monopoly network causesdfie r the market with the monopoly network are not takda
ormation and operation of market to be more coraid  account in these models and methods. Thereforgew
and difficult than that of general commodity markes-  of the characteristics of power market, the researcthe
pecially for the reformation of electric power irgdity. dynamic evolution of power market is carried out by
In the process of reformation and operation of regark some scholars.
how to effectively master and supervise the dynamic The research on the dynamics of power market was
market behaviors is an important research topipe-es first launched by F. L. Alvaradet al., via a set of
cially for the power market whose reformation isrieal  one-order differential equations of power generstiand
out in its infancy stage. Taking an extreme exangfle consumptions. This work provides insights to thedio
California power market, the neglected study of dlye  tions for the evolving process converging to theketa
namic market behaviors led to a severe situatiaisiog  equilibrium, i.e., the stability condition of powerarket
the electric power wholesale price to rise shagplgl thus  [6,7]. With the same dynamic model, a series ofisuf
affecting the power supply to a lot of customerkisT cient conditions are given to determine the stgbitif
happened in less than three years of market operati power market in Reference [8]. Reference [9] eithbb
which has made a great impact on the economy af Calthe difference equations by taking the electrigitice as
fornia and even the USA [1]. _ _ a variable, and analyzes the stability conditioadws for
The system of market economy is essentially a dythe electricity price converging to the equilibriurl-
namic system, which is mathematically representgd bthough the results achieved are interesting, thesgels
the differential or difference equations. In thendmic  gre established based on a perfect competitive imtide

Copyright © 2009 SciRes JEMAA



Complex Dynamics Analysis for Cournot Game with Bouhdrationality in Power Market 49

neglects the game behaviors of generation compasies 2, Dynamic Cournot Game Model of Power

well as their impacts on the electricity price, ahds it Market with Bounded Rationality Con-
can not rationally descnbe.the actual power market. sidering Network Constraints
In order to accurately simulate the game behawibrs

the marl_<et participants_, the oligopolistic game glsdn 2 q Dynamic Cournot Game Mode with Bounded
economics are further introduced to research thmauy Rationality

ics of power market. References [10,11] adopt thar€C _ . -
not model to establish the differential equatioiste =~ Power market is different from general competitive
dynamic power market. Then, the market equilibriofn commodity market, in which the production of power
the generation quantities is calculated under tiveng ©€nergy needs very high cost and technology, anc the
demand function, and the varying curve of eledyici are finite electric power producers. This naturelettric
price converging to the equilibrium is numericadiynu- ~ POWer industry implies that power market does reteh
lated. In References [12,13], the dynamic diffeisnor the characteristic of perfec’_c competitive mark_eut b
difference equations are established based onetfeqp ~ Should belong to an oligopolistic market. In ecofzm

competitive model, the Stackelberg game model &ed t sgveral kinds of game models have been proposed to

Cournot game model, respectively. However, the Con_S|mulate the oligopolistic behaviors of market fzart

straints of power network and their impacts on ehec- pants. The Cournot game quel is most commqnly used
- . . ; which simulates the competition of output quanditiee-
tricity price are not taken into account, nor dre stabil-

. ) o tween the oligopolists [15].
ity analysis of the market equilibrium involved. Ref- Recently t%epstatic [COl]Jrnot models are appliean
erence [14], the evolutionary game is introducedstiab- ;

. i . ; . X lyze the Nash equilibrium of power market [16,1IF.
lish the dynamic evolutionary differential equasoby s case, the game of market participants is dmsed
taking the generation bids as variables. Howevee, t

X | on a fully rationality. Each participant has contple
constraints of power network are not taken intooe¢,  market information (including the competitors’ fitof

too. _ ) functions) when he makes his optimal productioni-dec
Consequently, not only the rational game behawrs sjon. If there is a Nash equilibrium in the markiste
market participants but also the inherent physicaper-  gligopolists can move straight (in one shot) to Mesh
ties of power network need to be considered indjte  equilibrium. The process is independent of theiahit
namic modeling of power market. In addition, dughte  condition and does not relate to any dynamic adjast
complex dynamic characteristics of the actual powebfpower market.
market, in some cases there exists no market bruiti However, in the actual power market, the market par
at all, or even if there is, it might lie in themstability  ticipants are not fully rational and unable to kndve
region of the market equilibrium. It is significafar the  competitors’ production decision and profit funaiso
market operators to study the dynamic behaviorthef They are unable to reach the equilibrium conditain
power market associated with these cases. once. In fact, each participant is bounded ratiamal can
Therefore, the aim of this paper is to make a thgho only decide the production strategy according ® -
study concerning the dynamic Cournot game behawibrs pected marginal profit at each period. For eachketar
the power market with bounded rationality under theParticipant, the evaluation of his own marginal firs
consideration of the power network constraints. Tsle =~ More accurate than the prediction of the compstitor
lowing aspects are focused: outputs [18,19]. Therefore, the market participaiéy a
1) A new dynamic Cournot game model of pOWequurnot game with bounded rationality in a dynamic
market, represented by the difference equationsedmb adiustment process described as follows. _
ded with the maximization problem, is proposed. The [N the market operation, a generation producerdwsci
remarkable characteristic of the model is twofoid: '€ OPtimal production strategy according to itnayen-

adopts a dynamic adjustment where the limit parhe erati_on cost aT‘d market _informati_o_n in order toadit
Nash equilibrium of power market; and the system oimaxmum_proflt. 'I_'he optimal decision problem can be
discrete difference equations embedded with thei-maxmathematlcaIIy written as
mization problem considers the constraints of power max7z =Ra, ~C(a) 1)
network.

2) The existence and stability of Nash equilibritana~ Where C;(q;) is the generation cost of generation com-
duopoly game are quantitatively analyzed with défé  pany at nodei ; P is the electricity price at node, which
market parameters under different operating camtiof s jecided by the Independent System Operator (IBQ)

power network; applying the marginal profit function of a genesaticom-

3) The dynamic behaviors of power market, especiall pany, the optimal generation quantities can beirdda
the periodic and chaotic dynamic behaviors when the 3 P ac ( )
o7y A A\ 0

market parameters are beyond the stability regibn o L=P+_—L[g = )
equilibrium, are numerically simulated. oq oq oq,
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Due to the lack of global information of power mairk
each generation company adjusts its supply quesitidir
obtaining more benefit according to the local eatanof
its own marginal profit. The mathematical modeltio¢
adjustment mechanism of the generation quantities,

Complex Dynamics Analysis for Catr@ame with Bounded Rationality in Power Market

represents the sensitivity of the nodal power iijecto
line power flow; edJR"™ is a vector of all ones;
KOR" is the vector of maximum power flow on the
transmission line;B(d)OR"™ is the vector of the nodal

the dynamic Cournot game model with bounded rakiona benefit of consumer excluding the slack node B, (d, )

ity is
af+)=Flal)=at)ra bl
al)+a () r e+ (-5 0)

3)

where q, (t), g (t+1) are the generation quantities of

the generation company at node at time t and t+1;

q, (qi (t)) is a positive function which gives the extent of

the production variation of théth generation company
following a given profit signal. Ifq, (qi (t)) is assumed

to be a linear function, them, (qi (t))z a,q can be ob-
tained, where the positive constamt is called the

speed of adjustment.

From (3) it can be seen that in order to causeyéme
eration company to obtain a more economical piafit
the power market, if its marginal profit is greatiean 0,
the generation company will increasg in the next

time; otherwise, the generation company will deseea
g inthe nexttime.

2.21S0 Optimization M odel

In the power market, the decision behaviors of mark
participants should be checked by the ISO to saths
inherent physical characteristics of power netwark
ensure the security of power system operation.hin t
centralized market clearing, on the premise thatstip-

ply quantities of the generation companies are know
(which can be determined by the dynamic Cournotegam

model of the market participants in (3)), the ISIDcates

is the benefit of consumer at the slack node N, asd
sumed as

B(d)=ad -050d®> (i=1--,N) ®)
where a,,b are the linear and quadratic coefficients of

the consumer benefit function.

The Lagrange function for the optimization problem
(4) can be set up (in the constraints of line pofi@w,
only the equality constraints are taken into actpun

L =¢"B(d)+By(dy)-4e"d +dy —e"q-qy)
- (Fi(a-d)-K)
where A, are the Lagrange multipliers for the power

(6)

balance constraint and the line flow constrainksK
are the matricesH,K excluding the terms correspond-
ing to the non-congestion lines.

By dL/ad =0,0L/ad, =0, the function relationship
between the electricity price and the generaticemtjties

can be obtained as follows:
1) When the congestion occurs in the power network,

g = Buld) =, - o pfg, oK)
od, @)
PzaB—(d) =je-H"u= ae—b(q- HlK)

od
2) When the congestion does not occur in the power
network,

b
P, =/ =a——(eTq+qN)

N

b 8

.

P=le=a —N(e q+qN)e

the market demand to maximize the total market fitene where PORM™ is the nodal price vector excluding the

with satisfying the power network constraints, saskthe
power balance constraint and the line flow constsai

The mathematical model based on the DC power ﬂonS

can be expressed as follows:
maxe” B(d)+ B, (d,) (4)

st.e'd+d, =e'q+q,

H(g-d)<K

where N is the total number of nodes ( where node N
assumed to be the slack node), L is the total nurobe

slack node N, R, is the nodal price at the slack node N.

From (7) and (8), it can be concluded that whemethe
no congestion in the power network, all nodates
are identical; while during congestion, the noddtes
are different and related to the congestion comaltiof
power network. With the change of congested litles,

matrices H,K is varied, and then the function relation-

ship between the nodal price and generation qiesig
changed.

A further analysis is performed with an example of
simple power market as shown in Figure 1. Therdvaoe

lines; d,qOR"™ are the nodal demand and generationzonal markets connected by a transmission line wadth

power vectors excluding the slack node d,,q, are

pacity k. The electricity prices of the two zonal markets

the demand and generation power at the slack node Rre F.P;, with the demand quantities beingy,d, and
H OR“(MY denotes the transfer admittance matrix thathe generation quantities ag,q, .

Copyright © 2009 SciRes
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Zonal
Market 1

Figure 1. Structure of power market

Zonal
> Market 2

Transmission line

For simplicity, the benefit of consumers is ideatit
these two zonal markets. In the calculation, suppusie
2 is the slack node, the positive direction of Ip@wver
flow denoted by the arrow in Figure 1.

2.3 Dynamic M odel of Power M arket

The dynamic model of power market is an integratbn
the dynamic Cournot game model with bounded rationa
ity, i.e., the discrete difference equations in, @)d the
maximization model of market benefit considering th
power network constraints, i.e., the optimizationdel in
(4). Therefore, the dynamic model of power marlet i
represented by the discrete difference equatiortsedm
ded with the optimization problem. Compared witle th

By establishing the optimization model in (6), the existing dynamic models, the remarkable charadiesis

function relation between the zonal prices and gha-
eration quantities are deduced from (7) and (8)ekvine
transmission line is not congested, the zonal priee

b
P1=P2=a—5(oa+q2) 9)

In this case, the power flow on the transmissio li

satisfies:

_ksql_dlz(oa;qz)sk

e, 2k<qg -0,<2k.

When the transmission line is congested and itsepow

flow is k, the zonal prices are

=a-b(g, -k),P, =a-b(g, +k) (10)

Similarly, when the line power flow is-k , the zonal
prices are

=a-b(q, +k),R, =a-b(g, ~k) (11)

Therefore, under the consideration of power network

constraints, the price function of power marketibith
the following piecewise form:

a-b(q, +k) 6~ 0, < 2K
R=la-2(G+q) -sg-gsk  (12)
a—zb(oﬂ—k) g, —d, > 2k
a_b(qz_k) 0 — 0, <-2k
P, = a-g(qﬁqz) ~2ksq-g, <2k (13)
a-b(q, +k) -, > 2K

Figure 2 shows the piecewise continuous curveeif-el

tricity price function in the zonal market 1.

ﬂ\

Py/($/MWh)

Line is not cogested

<«

|
qZ'Zk [o73

2k qu/(MWh)

Figure 2. Curve of electricity price of zonal market 1

Copyright © 2009 SciRes

of the proposed one are

1) The market participants need not have globaketar
information, such as the market demand and the com-
petitors’ cost. They decide their generation questiby
estimating their own marginal profit. This decisiproc-
ess reflects the actual situation of the econonystesn to
a certain extent, indicating some feasible andonafi
features.

2) If the dynamic system is finally able to conwetg
the equilibrium condition, i.e.07z /dq (t)=0, each gen-
eration company reaches its own maximum profit isnd
unable to improve the profit only by changing itaro
generation strategies. In this situation, the markaches
the condition of Nash equilibrium.

3) 077/dq (t) is the marginal profit function. From

(3), it can be observed that @7z /0q (t)>0, the genera-
tion company will increaseg, in the next time; other-
wise, the generation company will decreage

4) The system of discrete difference equations embe
ded with the optimization problem considers the aotp

of the power network constraints on the behavidrthe
market participants. It can indicate that the dyiam
model of power market is more complex than that of
general commodity market.

For a duopoly Cournot game as shown in Figured, th
dynamic Cournot model of power market with bounded
rationality considering the power network constrsiis

{ 0y (t+2) = . (t) + a4 (t) [a— ¢, — bk — 2, t)]
q2(t+1) = q2 (t)+ anZ(t) [a_ C2 + bk - quZ(t)]

if Q1(t)_ qz(t) <-2k

{ 4t+y)=q (()+a10a()[a ¢, ~bay (t) - 050g, ()
0.

(14)

(t+1) = 0, (t) + a0, (t) [a - c, - 050y (t) - ba, ()]
if -2k < q,(t)- 0, (t) < 2k (15)
{ql(t+1)= o (t) + 2y (t) [ ¢, + bk — 20g, (1)

0 (t+1) = g, (t)+ 2,0 (t) [a - c, ~ bk - 20, (t)]
if 0 (t) -, (t) > 2K (16)

3. Nash Equilibrium and Local Stability of
Power Market
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3.1 Nash Equilibrium of Power Market

Definition 1: A Nash equilibrium for (1) is a vecto
q'= (qf, qE,u-,qF,---,qﬁ) such that for each participdnt
given all other participants’ output,, g maximizes
the ith profit, that is
q Dargmax7z(q,q’,) .

In the dynamic model (3), ifg, (t +1) = g;(t) , the mar-

ket arrives at a fixed point. It is called the difpuium
point in economics, where the fixed poigf(t) =0 is

the boundary equilibrium point. It is easy to verihat
the nonzero fixed point is the Nash equilibriumroi

participant’s

For the duopoly dynamic game in the simple power

market as shown in Figure 1, represented by (1%), (
(16), the equilibrium points of the market are gnad
under the different operating conditions of powet-n
work, i.e., congestion or non-congestion. In thedeip
suppose the generation cost function is in lineamf
ie.,

Cy(on) = i, Co(a12) = Co0p

where c¢,,c, are the marginal generation costs.
If -2k <q,—-0,=< 2k, the transmission line is not

congested. By solving the fixed points in (15), van
have at most 4 equilibrium points:

q° = (00) 'qlz(%'oj' o :(O'a—bczj'

17)

g =[2are-20) 2a+q-2c)
3b ’ 3b

where q°,¢',q* are the boundary equilibriums, argl
is the Nash equilibrium. Due to the satisfactiontiod
conditions-2k<q;-qx<< 2k, ¢, .=0, only the equilib-
rium pointsq’, g and q are effective if B<a—c;<<2bk,
0<a—c,<2bk, at+c,~2¢,=0, atc;—2¢, =0, —bk<<c,—c,=
bk.

If g—g2<-2k or q;—q,<<2k, the transmission line is

congested. By solving the fixed points in (14), ean
have at most 4 equilibrium points:
a-c, —bk

0 2_oa—c2+bk
n ) A

. _(a—cl—bk a—cz+bkj

a°=(00), g =(

2b 2b

Due to the satisfaction of the conditiogs-q,<<-2k,
01,02=>0, only the equilibrium pointg® andq” are effec-
tive if a—¢c;>bk, ¢;—c,>2bk. By solving the fixed points
in (16), we can have at most 4 equilibrium points:

- bk a—-c, —bk
°=(00), o'=[ 22 0|, q?=[0 272X,
g =00, g [ 20 q o

Copyright © 2009 SciRes
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b 7 2

Due to the satisfaction of the conditiogs-g,> 2k,
01,02=0, only the equilibrium pointg* andq” are effec-
tive if a—c,>bk, c,—c;>2bk.

From the above analysis, it is found that theredifre
ferent Nash equilibriums in the power market undiér
ferent operational conditions of power network, rsas
congestion and non-congestion, while in some cihes
is no Nash equilibrium at all if the market paraemst
satisfy bk <|c,—c,| < 2bk.

. _(a—cl+bk a—cz—bkj

3.2 Local Stability of Nash Equilibrium

The local stability of equilibrium point is studidzhsed
on the complex plane of the eigenvalues of the kiaco
matrix of the mapping

q(t+1 = F(q(t))

Definition 2: For a dynamic systex(t +1) = F(x(t)).
(xORM), with a fixed pointg, if all the eigenvalues of
the Jacobian matrixdF(q) is less than 1 in modulus,
there exists an open neighbourhdoaf g. When xO1 ,
such that

!im X(t) =q

here,q is called the local stable fixed point [20].
If -2k <q;-0,<2k, the transmission line is not con-
gested, the Jacobian matriXF (q) is denoted as

1+a,(a-c,—2bg, - 05bg,) - 05bg, }

OF(a)=| _ . _
0.5bqg, 1+a,(a-c, - 05bg, —2bqg,)

when the market lies in the Nash equilibrium point

. _(2(a+c,—2¢) 2(a+c —2c,
3o ’ 3b

equation of the Jacobian matriXF (q') is:

j , the eigenvalue

¥ - (2-a;bq - aba;)A
+1-abe; ~abd, +> aabidd, =0
The stability condition of Nash equilibrium poist |4
<1,|A2| <1, and thus the market parameters should sat-
isfy:
4a)bq, +4a,ba, —16 < 3a,a,b’q,q, —4ajbq, —4a,bg, <0
(18)

a-¢ Oj
b 1 1

the two eigenvalues of the Jacobian matfie (q") are

when the market equilibrium point iqlz[
A =1-a,(a-¢) <1

JEMAA
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equilibrium, the market will be able to graduallgne

_.. 1
A —1+§a2(a+cl —2c,) >1 verge to the Nash equilibrium point

Thus, the boundary equilibrium poirg* is unstable. q*=((a_cl_bk’a_cz+bk]
Similarly, it is easy to prove that the boundaryiéb- 2 2
rium point ¢° is unstable too. of bk bk
If o, —q, <-2k, the transmission line is congested, the q :[(a_g; ,a—czzb— j (1)

Jacobian matrix(OF (q) is denoted as
3.3 Effect of Market Parameterson Stability

The equation in (18) gives the stability conditmfiiNash
equilibrium if the line is not congested. Figuresi3ows
the corresponding stability region of Nash equilibr
point in the plane of the adjustment spe@rsa,) ,

j , the stability condition of  which is bounded by the portion of hyperbola, i.e.,

1+a,(a—c, —bk—-4bq,) 0

DF(q):{ 0 1+a,(a-c, +bk—-4bq,)

when the market lies in the Nash equilibrium point
g :[a—cl—bk a-c, +bk

2b 2b
Nash equilibrium point is: 3a,a,b%q,q, —8a,bg, —8a,bqg, +16=0
abg, <1, a,bg, <1 (19) where:
when the market equilibrium point is = (L ,O] A, :(QLJ (22)
) a-c, +bk ) a+c,-2¢ atc -2c,
g° =| 0,——2——|, one of the eigenvalues of the Jaco- o - )
2b For the vaIues(al,az) inside the stability region, the

Nash equilibrium is stable. From Figure 3, the émsent

of the adjustment speeds will reduce the stabifigrgin

ary equilibrium point g* is unstable. when the other parameters are fixed. If the adjastm
If q-qp>2k, it is easy to prove similarly that the speeds go beyond the stability region, the Naslililequ

boundary equilibrium pointi* is unstable, and while the [)u;m pqint loses its stability through a period-tibag
ifurcation.

Nash equilibrium poing is stable if a;bg, <1, a,bg, <1. If the parametera, the maximum electricity price of
Therefore, in the dynamic Cournot game, whether thelectric power, is increased and the other parasiete
market can finally converge to a certain Nash éoypiiim a,,a,,¢c,c, are fixed, the stability region becomes

point is decided by the market parameters anditte | gmjier, as can be easily deduced from (22). Otisenif

flow limits, i.e., , he parametera is reduced, the stability of Nash equi-
1) When the difference between the marginal cost O}lbrium can be reinforced.

generation companies is less thak, i.e., bk <c;-c, If the other parameters are fixed, an incrementhef

<bk (the other market parameters satisiy-c, ~2c, =  marginal generation cost, causes a displacement of

0, a+c, —-2c, =0) and the market parameters satisfy thethe point A to the right and of A, downwards. Instead,

condition in (18), the generation quantities of gration N increment of the marginal generation cast causes

companies do not greatly differ in different zornmrkets. & displacement of the poing to the left and of A,
Thus, the transmission line can not be congestethis upwards. In both cases, the effect on the stalufitfash

bian matrix AF(q?) is greater than 1. Thus, the bound-

situation, if the generation quantities fall insitie stabil- ~ €duilibrium point depends on the position of thénpo
ity region of Nash equilibrium, the market will ladle to
gradually converge to the Nash equilibrium point 0.18 1=20,62=30,a=60,6=0.5
2( 2c, 2 2 B
. _(2(a+c,—2c, 2(a+c,—2c
a _( 3k2J ’ 3b 2] (20) 81: unstability region
2) When the difference between the marginal cost of = ggg -
generation companies is greater thak, 2e., |c, —c,| > 0.06 SRl e
2bk (the other market parameters satisfg,>bk or a-c, 0.04
>bk) and the market parameters satisfy the condition i f
(19), the generation quantities of generation cargsa % 0.0l 002 003 004 005 W
greatly differ in different zonal markets. Thuse tlrans- al

mission line is congested. In this situation, & tenera- Figure 3. Stability region of Nash equilibrium under non-
tion quantities fall inside the stability region dfash  congestion

Copyright © 2009 SciRes JEMAA
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T
Unstability
B, Region
Stability
Region
B, a

Figure 4. Stability region of Nash equilibrium under
congestion

(al,az). In fact, if the point (al,az) is above the di-
agonal a=a,, i.e., a,<a,, an increment ofc, can
destabilize the Nash equilibrium point, whereasiran
crease ofc, reinforces its stability. The situation is re-
versed if a;, >a, .

The equation in (19) gives the stability conditioh
Nash equilibrium if the line is congested. Figurshbws
the corresponding stability region of Nash equilibr
point in the plane of the adjustment spee(d;:, az).

where:
2 2
={——0/,B,=|0,——mMm—
B (a—cl—bk ] 2 [ a—cz+bk]
if ¢ —c,>2bk
2 2
or =|———0|,B,=| 0,———
5 (a—cl+bk ] 2 ( a—cz—ka
if ¢c,—c >2bk (23)

From Figure 4, the increment of the adjustmen

speeds(al,az) and the maximum pricea can cause

a loss of stability of Nash equilibrium, and whilee
increment of the marginal cost, and c, can rein-

force its stability.

Complex Dynamics Analysis for Catr@ame with Bounded Rationality in Power Market

4. Numerical Simulation of Dynamic Market
Behaviors

The dynamic behaviors of power market are demon-
strated with an example of two-node power market as
shown in Figure 1. The evolving characteristicsnafrket
behaviors are analyzed when the parameters liéfard

ent ranges by using the bifurcation diagram, pltdiae
gram, Lyapunov exponent and fractal dimension.him t
iterative process of the numerical simulation, ikeefit of
consumers is identical and assumed withr 60%/ MWh

and b=05 $/MWh?*; the maximum production outputs
of the two generation companies both are 200MWae,; th
flow limits of the line is 30MW.

4.1 Case 1: Difference between Marginal Cost of
Generation CompaniesisLessthan bk

Firstly, the dynamic behaviors of power market awe
merically simulated when the difference between the
marginal cost of the two generation companies §s le
than bk, i.e., -bk<c,—c,<bk. The generation mar-

ginal costs are taken ag = 20$/MWh, c, =30$/MWh .
If different values are selected, similar resulis @e ob-
tained. In this case, a Nash equilibrium pointbtamed.
By (20), the corresponding generation quantitieghef
two zones are (66.67MWh, 26.67MWh).

Let a, = 003MWh/$, the adjustment speed of the
generation quantities of generation company 2 @égkd.
Figure 5 shows the bifurcation diagram of the &edu-
lutions of the generation quantities and electyigitice
with a,. When the adjustment speed of generation
company 1 is changed, similar results can be obdain

If the adjustment speed of the generation quastitie
generation company 2 satisfies, <<0.12, the market lie

in the stability region of Nash equilibrium. Thengea-

tion quantities will gradually converge to the wnégsta-
ble solution, i.e., the Nash equilibrium point @BVIWh,
26.67MWh). In this case, the power flow on the lise
20MW, that is, the line is not congested. Thus, dlee-
tricity price of the two zones is identical, botlkeidyg

Therefore, the power market can be kept in thelestab 36.67$/MWh. Figure 6 shows the evolving curve d th

equilibrium condition by the following measures time
actual operation.

1) The plentiful competition is introduced to redube
difference between the generation marginal cosjeof-
eration companies in the power market; and themati
power network planning can improve the transferacap
ity of lines, in order to keep the market in thabde equi-
librium.

2) The variation extent of the generation quartiie
not too large; and the smooth operation of the gaae
has important effect not only on the stability afwer
system but on the stability of power market.

3) The maximum price of market is not too high; an
the restriction of the maximum value of electricjisice
can reinforce the stability of power market.

Copyright © 2009 SciRes

market converging to the Nash equilibriumdf, = 01.
With the increment of the adjustment speed, when
a, >0.12, the market will go beyond the stability region
of Nash equilibrium and thus loses stability. If
0.12<a, <0.175, the dynamic evolution of the genera-
tion quantities and electricity price will converg the
two periodic points and the two-period variatioexhibited.
Sequentially, with the increment af, , the more complex

dynamic behaviors are exhibited, such as four gsrieight
periods, sixteen periods, etc. Figure 7 shows tredic

gevolving curve of the market itr, = 016.

With the continuous increment of the adjustmenesdpe
a,, when a, >0.175, the market converges to many
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infinite points inside the bounded range and thense congested. Thus, the electricity price of zonal ket
ingly random chaotic variation is exhibited. When, is  and 2 is identical. Figure 8 shows the chaotic dwgl

in the neighborhood of 0.18, the stable solutiohshe curve of the generation quantities and electripitige if
market lie within a smaller range. In this case, pfower  a,=018; and the corresponding chaotic attractors as
flow on the line is less than 30MW, that is, theelis not  shown in Figure 9.
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Figure 5. Bifurcation diagram of stable solutions of power market with a, if difference between marginal cost of generation
companiesislessthan bk
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Figure 7. Periodic dynamic market behaviorsif ,=0.16
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However, when the adjustment speed lies in the non-congestion condition (as shown in Figure 9j,tha
other chaos area, the stable solutions of the mdake invariable manifold under congestion condition. Uiy
within a greater range. In this case, it is fouhdttthe 10 shows the chaotic attractors of the generatiant
line sometimes is congested to cause differentrédgg  ties and electricity price ifa,=0.202, their maximum
price in the zonal market 1 and 2; the chaoti@attrs of Lyapunov exponents and fractal dimensions being 0.3
market include not only the invariable manifold end and 1.10, respectively.
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Figure 9. Chagtic attractors of generation quantities and electricity priceif «,=0.18
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Figure 10. Chaotic attractors of generation quantities and electricity priceif a,=0.22
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4.2 Case 2: Difference between Marginal Cost of If the adjustment speed of the generation quastitie
Generation Companiesis Greater than 2bk generation company 2 satisfies, <0.028, the market
lie in the stability region of Nash equilibrium. &lgen-

The dynamic behaviors of the power market are nismer . " ; .
eration quantities will gradually converge to theique

cally simulated when the difference between thegmat ) ; S .

: C o - stable solution, i.e., the Nash equilibrium poisMiVh,
cost of the generation companles |§ greater 2bkni.e., 70MWh). In this case, the power flow on the line is
|, —c,| > 2bk . The generation marginal costs are taken a30MW, that is, the line is congested. Thus, theteilsty
c=40$/MWh, c,=5%/MWh . If different values are price of the two zonal markets is not identicaljnge
selected, similar results can be obtained. In ¢aise, a 42.5%/MWh and 40$/MWh, respectively.

Nash equilibrium point is obtained. By (21), therree With the increment of the adjustment speed, when
sponding generation quantities of the two zones argy, >0.028, the market will go beyond the stability re-
(SMWh, 70MWh). gion of Nash equilibrium and thus loses stabilithe

Leta, = 0.IMWh/$, the adjustment speed of the gynamic market behaviors exhibit the periodic ahd-c
generation quantities of generation company 2 istic variation. The constraint of transmission lzteange
changed. Figure 11 shows the bifurcation diagrathef the route of period-doubling bifurcation to chaeshib-
stable solutions of the generation quantities aled-e iting intermittency. Figure 12 shows the chaotiolging
tricity price with a,. When the adjustment speed of behaviors if @,=003. The corresponding chaotic attrac-
generation company 1 is changed, similar resultsbea  tors are shown in Figure 13, their maximum Lyapunov
obtained. exponents and fractal dimensions being 0.53 ar@l 0.6
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Figure 11. Bifurcation diagram of stable solutions of power market with «,=0.22 if difference between marginal

cost of generation companiesis greater than 2bk
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Figure 13. Chactic attractors of generation quantities and electricity priceif a,=0.03

4.3 Case 3: Difference between Marginal Cost of  and 0.80, respectively.

Generation Companies Liesin [bk, 2bk] Whether the transmission lines is congested or ifot,

] ) . the market participants with bounded rationalitynco
The dynamic behaviors of the power market are nimer inyously adjust their production strategies, tharket
cally simulated when the difference between thegmaf | finally converge to the Nash equilibrium undgre
cost of the generation companies lies [bk,2bk], i.e.,  satisfaction of its stability condition. Sequeritiah state

bk<|cl—c2|<2bk. The generation marginal costs arethat the market participants simultaneously maxémiz

taken asc=45%/MWh, ¢=25%/MwWh. Similar results their respective profit is achieved.

, . In the complex dynamic power market, the equilibriu
can be obtained for other selected values. By tladysis  qngition is short-term and temporary. In the efiiim
of Section 3.1, there is no Nash equilibrium pamthis

) X condition, many uncertain factors, such as thestajent
case, that is, no matter how large the adjustmeeeds  o0ds and marginal cost of generation comparties, t
are, the markgt cannot converge to a staple Ngﬂhbeq maximum electricity price of market, are changifg t
rium at all. Flggre 14 shows the blfurcaﬂoq .d|agraf operating condition of market and pushing it toveard
the stable solutions of the generation quantities elec-

g i . B chaos. The appearance of market chaos is verytisensi
tricity price with a, (wherea, = 0IMWh/$). to the market parameters. The change of parameaers

From Figure 14, it is found that the dynamic marketjead to a great difference between the long-teraiving
behaviors exhibit the periodic and chaotic variatiand  trajectories of the dynamic market. Once the maeket
the chaotic and periodic windows appear in turgufé  ters the chaotic condition, it will be unpredicebin
15 shows the chaotic attractors of the generati®mti-  \hich the generation companies are unable to éftdgt
ties and electricity price ifa,=0.052, their maximum determine the adjustment of output quantities &ltng
Lyapunov exponents and fractal dimensions bein@ 0.2term.
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Figure 14. Bifurcation diagram of stable solutions of power market with a, if difference between marginal cost of generation
companiesliesin [bk,2bk]
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Figure 15. Chaotic attractors of generation quantities and electricity priceif «,=0.052

However, when the market lies in the chaotic coodjt
it is still possible to effectively predict the shterm

‘
42 44 46 48 50 52 54 56 58 60
P1(@)

contract transaction, also to the Power Exchangrig
the Pool transaction. So long as the relationsbkipvben

dynamics and change the chaotic market attractors the demand and electricity price is identical ie tiwvo

control the chaos. Therefore, in the case, thergéna

transaction models, the similar results, such assdme

companies with bounded rationality should contirsipu market equilibrium points and dynamic behaviors ba

survey their own surroundings and adjust their apen
objectives. The market managers should timely nyodif
the operation rules in order to change the chaunticket
attractors and adapt the variation of the markeiren-
ment.

5. Conclusions

This paper proposes the dynamic Cournot game model
with bounded rationality considering the power ratw
constraints, i.e., the difference equations embeddiéh
the optimization problem. By using the theory ofiio- [1]
ear discrete dynamic system, the Nash equilibrinthits 2]
stability for a duopoly market are quantitativehadyzed.
It is found that the power market has different iNagqui-
libriums with different market parameters corresiog  [3]
to different operating conditions, i.e., congestiand
non-congestion, while in some cases it has no Kqgsi
librium at all. The effect of market parametersnigesti- [4]
gated on the stability of Nash equilibrium. It is@re-
vealed that the smooth adjustment of the generation
quantities and the restriction of the maximum vabde [5]
electricity price can reinforce the stability ofetlpower
market. In the dynamic evolution, the market exhila
variety of dynamic behaviors, i.e., converging tee t (6]
Nash equilibrium, period and chaos.

Based on the above work, there are the following is[7]
sues need to be explained and discussed.

(a) For descriptive simplicity, the generation niaad)
cost is assumed to be a linear form in this papdris a
quadratic function, the Nash equilibriums of margett  [8]
their stability conditions may be similarly obtaiheas
well as the periodic and even chaotic dynamic biehav
when the market go beyond the stability region.

(b) In the dynamic Cournot game, the generatiomgua
tities are regarded as the decision variables néiggion
companies, which may be sold to the users throbhgh t

(9]

Copyright © 2009 SciRes

obtained.
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